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Outlook

3. Sub-diffraction properties of electromagnetic waves:
A. Scanning Near Field Optical Microscopy (SNOM);
B. SNOM-based “nanoscopies”

4. “Lithographies” (better denoted as “nanomanipulations”) associated with:
A. AFM;
B. STM;
C. SNOM
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3. Scanning Near Field Optical Microscopy (SNOM)

STM AFM SNOM

Electron tunneling Force microscopy ear-field

Locally probed quantity

SNOM holds the unique ability to analyze optical properties with sub-diffraction space resolution
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Introducing near-field and SNOM

Main motivation: extending optical microscopy (and sepctroscopy) analyses into the nanoworld
(which implies to overcome the diffraction limit!!)

Optical near-field: an e.m. field with frequency in the optical range and a non-propagating nature
Near-field is the probed quantity in SNOM, and can be exploited in many different configurations

Apertured tapered

Apertured prob
pertured probe —__ optical fibers: <\C

A Hollow cantilevers;
: Etc.
i (Also for e
e Reflectignfand electroluminescent & & a
“transmission” samples) IS

microscopy

COLLECTION MODE

(the near-field produced by conventional
EMISSION MODE irradiation is collected by the near-field
(the near-field interacts with the sample probe)
and the result of the interaction is
collected and analyzed in the far field)

Other configurations can be involved, e.g., apertureless, “photon tunneling”, etc.
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SNOM probes (tapered fibers) |

Fig. 7.7a—d. SEM micrographs

of SNOM probes: (a) Tip of an
aperture probe consisting of a
thermally pulled tip of a quartz
monomode fiber coated with
aluminum. (By Courtesy of Sun-
ney Xie). (b) Etched fiber tip ac-
cording to Ohtsu [7.23]. The tip
is fabricated by wet etching of
a monomode quartz fiber. The
thickness of the fiber coating is
strongly reduced at the end of

Different configurations for SNOM exist

Here we will mention mostly aperture-SNOM,
which often exploits tapered optical fibers as
probes

the fiber and a sharply pointed
tip sticking out from the end is
formed from the core. (¢) Aper-
ture probe fabricated on the ba-
sis of an etched tip, as shown
in (b). The etched tip is coated
with gold which is removed from
the apex of the tip by a litho-
graphic process such that a small
aperture is formed with the tip
sticking out [7.117]. (d) Tetrahe-
dral tip. The tetrahedral tip con-
sists of a glass fragment which
is coated with metal. By cour-
tesy of, R. Reichelt, Institute of
medical Physics and Biophysics,
University of Miinster

(b)

Most common SNOM probe:
tapered optical fiber, with
metallization and apical aperture
a<<\ (aperture-SNOM)

(c)
D==;’ ‘ Typical aperture diameter:
| ‘ 50-100 nm
- Primary Taper S;c:n:i;a.ry
Taper
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SNOM probes (tapered fibers) Il

Conventional probe fabrication An alternative technique
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Figure 1.1: o) Heat and pull, one of the procedure to taper optical Bhres for Figare 1.13: {a) Schematic cf o SNOM Eire probe produced by selective
SNOM applications. b) Metallization of -he SNOM fibre tip at steep agle chemical etching (3CE). The protruding cone & formed due to a dower etch.

ing: rats af the= sare with rampaat to the -:|||-£r:|:115. Afear st matallimation
[Enelicated by light gray lines) the tip & punched against o hard susface pro.
duzing & flattenad apex with a sub-wevelangth aperture st the center (black
ammow), as evidencad by the SEM ru.i-fn:-;grnph in { B).

An alternative probe

to leave & ubowsvelength eperture st the end. o] SEM image of the resulting
tip and sketzh of its interior.

Many probes are available, including
hollow cantilevers (similar to those for
AFM, but with a pyramidal aperture)

Figure 5.1: Back of an koZow cantilever. The square is the back aperturs of

Materiale tratto da Antonio Ambrosio the pyraamiclal hole produced by selective chemical etehing. The inss shows s
PhD Thesis Applied Physics, Pisa, 2005 light spat coupled directly imbo the cantilever's hols by mesans of & ricroscope
ajective,
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Example of non propagating fields: the evanescent wave

From Maowell's equations, wea know that the componsnt of the eleconc fisld tangens fo
the interface of o dielecmics mnst be condnnons across thar interface. For 2 plane wave
moving from one dielecimic fo apother,

ki Sin[ey] = ky Sin[e:]

whers k is the wava vectar, theta is the angls bervesn the wave propagaticn and the
imrerface normal, snd subscripts i and t stand for ncident and wansmited wave froors,
respectvaly.

The frequency of the wave is idenfical on either side of the interface, so we have Spell’s
Tama:

ny 8infey] = ng 8in[&]

with © the mdex of refracton of each of the media.

At mncomung angles egual o and above the crincal angle
y 1

@, = Azxcfin|—]
ny

The reflectance is 1, the mansnuttance Is 0, aopd 211 energy is reflected back o the
incomming side of the inferface. However, as eleciric fislds noupinze on our uncharged
dielacmmic interface. the bowndary conditions due o BMaxwell’s equations and the
conservaton of moementum demand that there be a matching field oo the far side. Tha
compouent of &, parallel to the interface iz sdll egqual to the compowent of k; to obey the
boundary conditdons.

We have an incomung plane wave
E_i_ [-"‘. 't] = |5_i_ .'i [huﬂi- hil E = o t-'l
With amplimede E1, wave vector k and fraquency w. The z direction 15 normal to the pla

of interface of mve dielecmics, and the x direction is chosen so that the wave vector lies
enfirelv in the xz plape

Tom Hunt
http://www.physics.harvard.edu/~tomhunt/pubs/evanescent.pdf

N

A
Z n,>n
:
N> :
1

N

Er.t] = Eqexp(i(ker-t))
Ky =k;sin®; ; k,,=k.cos6,

><V

n,

2

With Snell’s law:

ksin®, = n,k;sin6;/n,

kicosO,= tk; (1-n,2sin?6,/n,2)"2
= 4i k; (n42sin?0/n,2-1)"2=+i 3

Hence:
E{r.t] = Eqexp(-pz) exp(i(k,x-ot))

Physical situations exist where
e.m. field is not propagating
(see, e.g., evanescent waves)
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Non propagating fields and diffraction

Diffraction and the Heisenberg’s microscope

The remolving power of o comventional microscope, Lo the distance [Ar)
between two ohject pomts which & microscope can just resolve, depends on
the mumerical apertuss [VA] of the objsctive and the wavelength [A] of the
light umed. The relation betwesn thess quantities is fixed by the Hoyleioh's
eriterion that sets: \

Ar =081y L1

The whols limits diseused sbove can be regarded in terms of quantum
mechanies. [n fact, apolying the Hesenberg's uncertain principe to the
components {1, of a photon's position and to theee of the linsar momentum
] of the photon:

LY L3
whiere 1 is an index it eating the projections along z, yor 2 axe. Each com-
poment of the s momentum of the photon i related to the coresponding
components (k) of the ght wevevacear (£) by gy = Ak The relasion 13
miay then be written an:

1 1 A

|_m=m5 (1.3

This formuls fives the physieal lmit for the linear dimensions of & focussd
beam as well as the achievable optical resclution. The posible values of &
are limited by the mathematical condition being between each vector and its
COfnpanEte:

&) =B+ B+ LLal

Propagating waves:
k;are real and |k, | < k = 2rt/A

Heisenberg'’s principle: k, = 2 / Ax

Ax = A
(actual parameters give the Abbe’s limit)

. but ...

In non-propagating (e.g., evanescent)
waves:
k; can be imaginary, and, e.g.: |k, | 2 k = 2r/A

0

The Heisenberg’s principle is no longer
ruling the ultimate resolution!

Clamizal opties and microscopy employ fres propagating waves Sor which
all the compoments & are real In this case B = |k and the reation 1.3
limits the best resolution ackievable to valus o much smaller thar 372,

Materiale tratto da Antonio Ambrosio
PhD Thesis Applied Physics, Pisa, 2005

Sub-diffraction space resolution
associated with the non-
propagating character of the field
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Near-field “conversion” to far-field

7.2.1 Ray Optics of a SNOM

SNOM techniques differ mainly in the types of probes which are used and also
by their ray optical components, i.e., their optical scheme, which is useful for
a classification of most types of SNOM concepts. As shown schematically in
Fig. 7.4, three different regions where the rays propagate can be distinguished:
I} the body of the probe, IT) the outside and III) the substrate of the object.
In general, regions I and III will have a higher refractive index than the
outside region II. Different angular domains of rays propagating in regions I
and IIT exist, which can be distinguished by the criterion of total reflection

II
Outside Fig. 7.4. Ray optics of a SNOM. One
can distinguish between three different
regions where the rays propagate; the
body of the probe I, the outside IT and

T | the substrate III of the object. Differ-
of a ray falling on its boundary or of it being partially refracted into the I, ent angular domains of rays propagat-
outside IT. Thus, in the case of a transparent substrate III, we distinguish S e W ing in regions Il and I at an angle
between the angular domain III; of angles £ with —e; < & < &, where ¢, is e I, h & Lak f_b"" rll'smﬁligf.“il_md 1:1\% [111;11;:,1:":
the critical angle of total reflection (g, = 41.5° for glass of refractive index wE T It X {::J:;; uiarl?: rzfll\.]:;the:-f“inli; the s;m‘;
1.5) and the angular domain ITT; with 90° > € > g, or ~90° < £ < —&, which o : Substrate\\\ domain (IITz,12) or being partially re-

is sometimes called the range of forbidden light. Rays of the domain III; are = ' =2 fracted into the outside I1 (III1,I;)
totally reflected in the substrate, whereas rays of domain III; are partially
refracted into the outside IT. Also within the body of the tip I two different
domains may be distinguished (Fig. 7.4}. This figure only shows the case of a

rectangular wedge, a two-dimensional analog of the three-dimensional body
of the tip. For such a wedge, with a refractive index n = 1.5, rays entering at
an angle within the angular domain (—3.5° < £ < +3.5°, region I) will be
totally reflected back into a reflected ray of the same angle €. Rays entering
the wedge at different angles will also be reflected into the same angle and he
partially refracted into the outside I1 of the wedge. This situation also applies,
if the wedge is coated with a partially transparent metal film, as is typical
for SNOM probes. Similar considerations also apply for a three-dimensional
tip.

In summary, in many cases it is possible to distinguish in regions I and
III between angular damaing 1y and III; where total reflection of the rays
occurs into the same domain and the domains I and III; from where light
is partially refracted to the outside II. /

.

\
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: : Critical angle

Critical angle Critical angle

SNOM probe can “convert”

near _fl el d In tO far_fl e_l d ocours. The midd'e and the right panel schematica®y envision the energy flow between two dense med'a through an air gap
(eS p ecCl al | y I’el evan t N [frustrated totalinternal reflectizn).

collection mod e) http://www.chem.vu.nl/~sneppen/literaturereport.pdf

Figure & the leff panel shows he peneiration 3f an electromagnetic fild in the less dense medium when togl intemal reflestion

Da Wiesendanger Ed., Scanning
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A qualitative picture of tapered fibers

A whole slew of scanning near field optical nucroscopes (3MHOME) have besn developed
by researchers over the past 15 years. These microscopes smash the diffracton linut of
far field micrascopas, potentally acheeving resoluten an order of magwimde befer than 2
standard confocal micrascops [Heot 2000]. Oue such S0 s the scanning uonsling
opfical mecroscope. This mictoscope nses a sharp glass dp o locally fmstrate total

_~ Hbpirnm

Evansscezt falds producsd by the tzpared cp
of a SHOM. [Eecz, 2000]

intarmal reflection below a surface,
mdirectly imaging feanres on rhat
surface a1 bigh spatial resobumon.
Aperture based SIWOMs are more
comnnon snd more practical. [Haer 2000]
They produce an evanascent feld by
forcme Light thronzh a small apermure
(se2 figure). The evanescent field locally
ilnunares the sample. Once fres of the
apermure, the field is no longer
evanescent, and it expands m the far
field 1o be picked up by a detector. To
achieve high resolution the apermre
rowst be small, apd close fo the sample

surface so the field is tightdy confined when it interacts with the sample. Full analysis of
the field-zamiple interacion of a SHOM is a diffioult or impassible undemaking, ar the
data produced can viald important and detailed information sbowt a samiple surface,

A simpiified ray optics picture in the
tapered region. Light can both:

- be back reflected

- (partially) absorbed by the metal layer

Suggested reading: Hecht et al., J. Chem Phys. 112, 7761 (2000).

Note: metal layer (typ Cr, Ni) can absorb
radiation - power entering the fiber cannot
exceed the m\W range!

Note: probe “throughput” (i.e., ratio between
output/input power) is quite low for fiber
probes, ~ 1E-5 — 1E-8, but near field
intensity can be large enough

g, = a

in in-1—
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Near-field throughput

Howewver, the amount of light that can be
transmitted by a small aperture poses a
limit on howe small it can be made before
nothing gets though. To a degree this can
be lived with, as more optical power can
be generated, but the cutoff is so severe
that it cannot be made smaller. As the
figures illustrate, this is not a subtle
extinction.

Little power is coupled into the near-field!

Yhen the aperture is 100 nm, the cutoff is
down four orders of magnitude, and when
it reaches S0 nm, only one part in 10
makes it through. Furthermore, the input
power cannot be increased arbitrarily
because 173 of the power 15 absorbed in
the coating. Increasing the input power
above approximatel T0my will destroy
the coating. This severly limits the
signal-to-noise ratio of small apertures,
and is the reason our group uses anather
approach.

http://xray.optics.rochester.edu/workgroups/novotny/snom.html

Apertire diameter [nm|
20H) | 50 10K 50 1]

X500

Piz)

12} ]
[ g e ) KRR e L S e e RS T S L R
bl LY 40 2N 1]
Distance from aperture [mm)

L Manvieny anid [ W, Pohl in Phorss ged Local Parsbes,
MNATT AN Senes b, po21-55, Khuiwer Achdemss, 11

|'.||'h_'r q]_'||-\.|'|.
Faciorad &
T rpen ||

0+ X =

L. FMovedny aid [, W Fobil in Pl ned’ Loced Proibys
MATCRAST Sevies B, p21-533, Kluveer Soodemic. 1995
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Optical Near Field and Fourier optics

Unperturbed Diffraction Near-field
|ldeal case (e.g., studied in the pmpa?(at'on K
20’s by Synge and reworked in | I | W k
the 4018 by Bethe) radlatIOn B. ...... i- .i;I ------- B----\\\T ------- ‘/;---n B-----M----
sent onto a conductive plane o |
with a subwavelength circular i K K
or elliptic aperture Airnns I ....... AW
> > —
a a a
Onda piana Onda piana Onda piana
a>a a~A a<<A

In terms of Fourier optics, the subwavelength
aperture produces radiation with extremely high
spatial frequencies (transverse wavevectors)

— space resolution no longer limited by diffraction

When aperture diameter is (much)
smaller than the wavelength, far-
field (propagating) intensity gets
negligible compared to near-field
(non-propagating) intensity

The subwavelength aperture acts as a
hi-pass filter for the spatial frequencies
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Optical Near Field

Typical approach to radiative problems is based on
manipulations of Maxwell’s eqs exploiting potentials

(scalar and vector)

Vector potential

Possiamo infatti esprimere il campo B in termini del potenziale vettore J‘l[:ﬂ, comn:
Vxd=F8 {5)
dove 4 = A7, t), con che Iequazione .8 = 06 automaticamente soddisfatta.

Scalar potential (in the Lorentz gauge) ¢. 5, 2"

VV = —(E + ";—’fl E:J D
Potentials and charge, currents density

iry = £ f At = Arf8) g (12)

V{Ft) = ﬁ J( —"{"7";’_&"’”} dr’ (13)

dove 7 é il vettore tracciato a partire dall’origine al punto P dove si caleola i campi; P
il wettore tracciato a partire dall’'origine al generico punto dove & presente 'elemento di
carica prdr o lelemento di corrente jdr; Ar = |F=¢'| il vettore che va dal punto dove sono
i generici elementi di carica/corrente al punto P;

delle onde elettromagnetiche nel mezzo.

o velocitd di propagasione

In the far-field (retardation effects!):

e possono essere trascurati. Quindi, a grandi distanse dal sistema di cariche, i potensiali
diventano:
1 Ho

ARy = J:f[r-;,t—rlh.'+ ?]dr' (19)

1
Virt) = Trear f:p[r_,,t—rfu+

-7

) dv’ {20)

[+

dowe 51 & ipotizzato di essere nel vuoto (e = ey, p = pg) 11 termine i ~ﬂ_f"r tra gl argomenti
degli integrandi indica quanto Ponda elettromagnetica proveniente dalle parti pit distanti
del sistema che irradia & ritardata rispetto all'onda proveniente dalle parti vicine. In altre
parole, il termine r' - i/c determina il tempo che Ponda elettromagnetica impiega ad at-
traversare il sistema. Se la velocitd delle cariche é v, in tale tempo esse si saranno spostate
di wir' - fi)/e. 11 ritardo interno al sistema sard trascurabile quando tale distanza sard
piccola rispetto alle dimensioni del sistema, . Quindi la condizione & i..‘{:r1 AT
o, equivalentemente: v < ¢, In tal caso le cariche non avranno il tempo di cambiare
appressmabilmente e loro posisioni durante il tempo che Fonda impiega ad attraversare il
sistemna.

and Maxwell egs. |

Trascurando il ritardo interno al sistema, Pespressione del potenziale vettore diventa:

_.i'{ﬁt] = 'u—nff[r-’,t—rl.l'n] dr' (21)

4mr

Sostitniame in questa espressione g Jil prodotto g, dove ora la densitd di carica p é
caleolata al tempo ¢ = rfe. 3i ottiene quindi:
AfFt) = 4’% j:ﬂ{r‘f,: —r/fe)T dr’

Motiamo ora che, se avessimo a che fare con una singola carica puntiforme e, Pintegrale
nell'ultima espressione scritta sarebbe semplicemente ef. Per un sistema di cariche esso
SArA:

2 el (prye)
i

dove la somma va caleolata al tempo dtardato + = rfe. Ora, i1 momento di dipolo di un
sistemna @ definito come:

r= Z E.‘,-r‘",-

per cui é Retardation (inside the
;- ze-“;"' emitter) is neglected, i.e.,
o dt emitter is considered

ed infine, il potenxiale vettore diviene: p0|nt||ke

= pn =
A = o Bierja)

ad un dipolo variahile nel tempo. Le espressioni ottenute somo:

Abbiamo in definitiva ottenuto delle espressioni per 1 potenziali vettore e scalare relativi

- I ore
L [F+ E;';] T (b fe) (22)
- _|:|:| —

= L?P.:: r/e) (23)

Da Chiara Roda
www.df.unipi.it/~roda/fisica2/postscript/potenziali.ps

Retarted potential methods allow to
derive potential wavefunctions
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Optical Near Field and Maxwell egs.

Explicit field solution in the far-field

Le equazioni di Maxwell nel vuoto sono in genere risolte assumendo che
la distanza del punto r in cui si vogliono caleolare i campi E(r) e B{r) dall
sorgente sia molto maggiore delle dimensioni della stessa. In realta [2
soluzioni complete delle equazioni per i campi generati da un dipolo elettrico
p posto nell’origine sono:

ik

E(r)=kn=p) = ne
"

) . 1 ik -
+ [Bo(n-p) —pl (-r_3 - E) etk (27

ee-i.:r' 1
B(r) = &° L (1 - —) (28)
(r) =k(n = p) Fy =)

Dove i &1l versore di r e & & il modulo r:lel vettore d'onda k, con b =w/c=
2r/A. Sia E che B sone dati dalla somma di due contributi eon un diverso
andamento in r. Nel limite di campo lontano, con kr = 1, si ritrovano le

usuali soluzioni
e:.i.'f'

Efgrir) == Fin=p) =n - (209
E,‘ii-!
B (r) = k> [}JT (307

per le quali vale E = B x n. Queste soluzioni rappresentano onde sferiche la
cui ampiezza scala come 1/r.

Explicit field solution in the near-field

I L 1

Nel limite opposto in cui kr <= 1 sviluppando

™ = ottengono 1 campl
fy oy 1 fa1)
Esear(r] = [311L" Pl 11‘]?,—3 (31)

B arir) == ik(n = P)=3 (32)

i quali sono nella stessa forma di quelli prodotti da un dipolo statico o
lentamente variabile nel tempo, come ci sl aspetta nel limite di kr — 0.

Static dipole means non propagating (the oscillating temporal behavior
is indeed preserved)!

Nicola Paradiso, Tesi di Laurea in Fisica, Pisa 2005

Suggested reading: Jackson, Classical Electrodynamics

Pereamodita u:u:unsiderim;m.sepalatmnent:a i campi nel -: nel
u:aseﬁnendu:u il parametro adimensionale = = kr, le (277 & (28) =i
TISCTIVOID ]

e 1—ix
Eyfs) = =k'p (1-—) (33)
ix 1 —
B)ir) = z—|ln = p) i (34)
. - z'r -
Ej(z) = ETI.:SP . (35)

Nel primo casc E e B sono entramhbi trasversi, mentre nel secondo caso il
campo elettrico ha una componente longitudinale non mulla dovuta al con-
tributo del campo prossimo. Tale componente tende a zero per » — oo, Le
ampiezze dei campi B (r), By (7) e E| sono rispettivamente

P 1 1
Bull =Koy F+ 5 (37)
P 1
Byiz)| = ksn,n'l += (38)
o 2 1 o
|Ey(z)| =—=p .'|1+—2 (39)
T T

Come si pud vedere il campo Ey diventa dominante per x piceoli. Questo
significa che per valori di r molto pit piccoli di A gli effetti del campo prossimo
diventano importanti. Cuesti risultati, benché ricavati nel caso particolare di
un dipolo elettrico nell'origine, sono molto generali e almeno qualitativamente
descrivono 'emissione in campo prossimo di ogni tipo di sorgente.

The field close to the emitter
(the near field) holds unique features
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Electric/magnetic dipoles in the near-field

e .
E = 1 I (11KP}K11€_+[311(11_13}_13](%_¥]Eﬁ?
a [

dire,
ck* g’ 1 _ _ o
H= 4—{113‘{11] - 1- = Behavior of electric and magnetic fields
Per Near-field condition
F = ! [3n(m-p) - p] ! Equivalente | Schermo opaco™ |
dreg, = all’'emissione di un S
i 1 dipolo statico.
H= ' *(“Kl])r_g

Near-field space distribution of
electric and magnetic fields in the
ideal case can be approximated with
two mutually orthogonal dipoles
(electric and magnetic, respectively)

Materiale tratto dal seminario di Stefano Tirelli, 2006
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Optical Near Field and Maxwell egs. IlI

Bouwkamp, following Bethe’s ideas, carefully considered the boundary conditions

7

(V. BOUWEAMP'S SOLUTION 50’s

Bouwkamp's approach [7] in selving the diffraction
preblem consists in first deriving the selution for a disk and
then usmg Babinet’s principle to obtain the magnetic
currents for the case of the aperture. [2]

Electric cwrents are induced on the disk dus to the
mteraction with the imcident fields. Once such currents are
known, the vector potential can be obtamned through:

(29
which 1n the Lore

H :L?xgi B =imd- S W[V, ,-i;'l-
s ik "
Using the appropnate boundary conditions for the problem:

E;=-1LE =0.H: =0 (x*+y*<a) {31)
combined with egs. (290 and (30) a system of integro-
differential equations 15 obtained for the fields in the
aperture:

(30

dd,  ad,

h N dy i :ﬂ T —Expl:r'kﬁ}d

4, P4 e aad 4EI =T g 42
A =ik L

R g 4, =ty ZRB0 4,

a a 4r’ ¥ R

at4, 34

—r+—L+E4 =0

dx®  dv”

This system of eguations cannot be solved analytically. In
order to obtain a solution, it 15 necessary fo use the

symmetry of the problem and impose the additional
boundary conditions at the edge of the disk.

Diffraction by a Small Circular Aperture
Contribured by Alberto M. Maring and Gievanni Piredda

Smee a plane wave a2t nommal imcidence 15 being
considered, the problem has amial svinmetry. Tlos together
with the boundary conditions at the edge of disk imphes that
the behavior of the electric cwnrent density mst satisfe:

1y Aw)+Bpjecosp 1, _ BW) 5y (33)

Fid “lllll_p'.' c -'T:ﬂllll_pz
from which the following condition can be obtamed:
;o-la 1 J-afuxaﬂ (34
T2 2T Em @

A simular condition can be obtamned for the vecior potential.
Theza relations allow egs. {32} to be reduced to an misgral
aguation contaning onlv one vanable (J, ar I), zo that
through a series expansion the cosfficients 4 and B of eqs.
{33) can be obtained.

Through the uze of Babmet's prmeiple the electne
currants will act as magnstie curvent densaties, whoch o first
order are zrven by

K - 8k Ja® —x" -2y r _ Gk xy {35

x “Ilﬂ: — — 1

LT 2 PL )
Jat—xt -3
The fialds in the aperture can now be obtained:

4ik 2at —x* - 257

E.o= i | H,=U
..|||n —x* =
o ik bl g o= 1 (3a)
¥ ir -.JI{'.‘:—I:—_].-E * M
E =0 H = L

Hael 1'||l":|.: —x -yt
These eqguations can now be duecily compared to Bethe's
rezultz [eqs. (78)]. Az can be seen, the axprezsions for the
magnetic fislds are the same, which iz due to the faet that o
first ovder there 15 no conmbution from the magnetic curent
density to the magnetic fialds.

A contour plot of both Bethe's and Bouwkamp's results
can ba zesn in Fig 2 and Fig. 3, respactivaly. In thase plots,
the lighier regions represent lugher miensity.

Fig. 2. Total electric field |£r in the aperiure obiained by Bethe.

Fig. 3. Total eleciric fleld |;_=1:_"?| the aperture
obtaimed By Bowwkamp.

Fig. I. Ellipsotd with uniform dismibution of dipoler oriented
along the plane of the aperure. The charge disoibution in the
hole is obsained &y making the length afaxis b very small.
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How to calculate the actual near-field distribution

3.2 THEQRETICAL MODELING OF NEAR-FIELD
NANOSCOPIC INTERACTIONS

Although Maxwell’s equations provide a general description of electromagnetic
phenomena, their analytical solutions are limited to relatively simple cases and rig-
orous treatment of nanescale optical interactions presents numerous challenges.
The vatious ways of approaching the theory of near-field optics can be classified
according to the following considerations (Courjon, 2003):

¢ The physical model of the light beam

¢ The space chosen to catry out the modeling (i.e., the direct space or Fourier
space modeling)

* Global or nonglobal way of treating the problem (e.g., performing separate
calculation for the field in the sample and then computing the capacity of the
tip to collect the field)

Among several methods used for electromagnetic field calculation, one can dis-
tinguish techniques derived from the rigorous theory of gratings like the differential
methed (Courjon, 2003) and the Reciprocal-Space Perturbative Method (RSPM)}, as
well as techniques that operate in direct space like the Finite-Difference Time-
Domain Method (FDTD) and the Direct-Space Integral Equation Method (DSIEM),.

In general, analytical solutions can provide a good theoretical understanding of
simple problems, while a purely numerical approach (like that of the FTDT
method) can be applied to complex structures. A compromise between Ili ely an-

alytical and a purely numerical approach is the multiple multipole odel
(Girard and Dereunx, 1996). With the MMP model, the system being simulated is di-
vided into homogeneous domains having well-defined diclectric properties. Within
individual domains, enumerated by the index 7, the electromagnetic field S, wy)
is expanded as a linear combination of basis functions

FO, wgy = > AP5r, @) (3.0
F

where the basis functions f(r, wg) are the analytical solutions for the field within a
homogeneous domain, These basic fimctions satisfy the eigenwave equation for the
eigenvalue g, (analogous to the equation in Table 2.1):

Detailed description of the near field
produced by actual probes requires
sophisticated numerical methods and
accounting for multipole distributions

—V x ¥V x f{r, wo) + g7 f{r, wp} =0 (3.2)

MMP can use many different sets of basis fields, but fields of multipole character
are considered the most useful. The parameters 4}’ are obtained by numerical
matching of the boundary conditions on the interfaces between the domains.

As an example of the use of this technique for investigations of nontinear optical
proccsscs in the ncar field, we show here investigations of second harmonic genera-
tion in a noncentrosymimetric nanocrystal exposed to fundamental light from a
near-field scanning tip (Jiang et at., 2000),

Ome notes that a consequence of nonlinear optical interaction in the near-field is
that the phase-matching conditions do not need to be fulfilled because the domains
are much smaller than the coherence length. Starting from Maxwell’s equations, the
electric fields of the fundamental and the second harmonic (SH) wave can be shown
to satisfy the nonlinear coupled vector wave equations

2
V x ¥ x E(r, wy) - s(r wdB(r, wy) = 4= —sz(r W) (3.3)

4o}
VXVXE(I',ZG;)U}*—CZ—

. 4 2
e(r, 20g)E(r, 20p) = 41 ;" PAT, 209)  (3.4)
where (r, wg) and &(r, 2wy) are linear dielectric functions for the fundamental and
the SH waves, respectively.

The propagation constant k, atong the z direction is

k, = (k2 — k)12 = k(1 — 2 sin? B)12 (3.5)

where ky = 27/h, A is the wavelength of illumination light in free space; a, is the re-
fractive index of the tip, and 8 is the incident angle. If 1 — #} sin® 8 >> 0 (ie., £, is
real), the waves will propagate with constant amplitude between the probe and the
sample, which corresponds to the “allowed light” in the sample, In the areas where
k, is imaginary, the waves will decay exponentially within distances comparable to
the wavelength, thus such waves have evanescent character and produce the “for-
bidden light” in the sample. From the electrical field distribution of the fundamental
wave calculated with the MMP method, we can cbtain the electrical field distribu-
tion of the SH wave and the different contributions of “allowed light” and “forbid-
den light.”

Da P.Prasad, Nanophotonics
(Wiley, 2004)
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Actual calculations: an example

a b

Incident polarization
-

In a tapered optical fiber near-field distribution can
be simulated by considering nanosized emitters

Fig. 2 - (a) 3D view and (b) (z.z) cross-section of an optical fiber tip with the associated electric-field
lines and a greyv-secale logarithmic intensity map. The polarization of the incident light propagating in
the fiber core (z direction) is oriented along the x-axis. The electric field is generated by polarization
charges in a perfect metal coating modelled by a surface charge distribution on the lateral and inner
surface of the metal coating surrounding the tapered fiber (aperture diameter 2a). The distance from
the aperture rim /i and the cone angle 3 are indicated in the figure. The electric-field lines in the
immediate vicinity of the metal surface show artefacts mainly due to the numerical discretization
procedure, which become, however, insignificant at larger distances. S/

b
Bethe case
>
Actual space distribution of the
near-field can differ from the
[ Ef E}'z |:1‘2

ideal case

ig—3 < Intensity maps for the slectric fisld { E? and eomponents B, EHE. and E.%) at & distance of
@ from the tip aperture of radiug a created by (a) a surface charge distribution as illustrated
FUROPHYSICS LETTERS 1 April 2004 and {b) a planar Bethe aperture (Bethe-Bouwkamp solution). All images show an ares
Eumophys. Lett., 66 (1), pp. 41-47 (2004) af 4a by 4a, and the images in each row shars the same color bar, The two images on the laft
DOI: 10, 1208/=p1/ 12003-10138-T corragpond to those that would b= obtained using & pointliks, sealar detector for the electrie fiald
{eg. an idealized, infinitely small Auorescent nanosphera). The images of the last three eclumns
correspond to Auorescence images predicted for pointlike vector detactors for the electric fald {eg.

The optical near-field of an aperture tip
single, Auorescent malecules ) oriented along the o, ¥, and = direction, respectivaly.

A. DREZET, M. J. NassE, 5. HUANT and 1. C. WOEHL{*)
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Actual calculations: another example

=
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b=|
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In any case, near-field distribution gets a maximum value for apertures ~ 0.1 A

Light diffraction by a subwavelength circular aperture

Che-Wei Chang, * A.K. Sarvchey, and V.M. Shalaev

Lazer Phys. Lett. 2. Mo, 7, 351-355 (2005) / DOI 10.1002/apl. 20051 0006 mﬂ
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Near-field extinction

In the presence of a non-propagating (evanescent) , L2 e
wave, field undergoes a fast extinction as a function of 1(0,0,2) = 8ka E:?
the distance from the aperture (z) AT I

(ideal case, after Bethe)

“Normalized” field intensity as a
function of the distance (r)
from the aperture (estimation)

[(FA)E]

In practice:

a~ 50 nm (~ A/10) and the field
drops rapidly to zero for r> a
(i.e., for /A~ 0.1)

The space distribution of the near- 10" 10" 10" 10" 10" 10 10
field (confined within a distance ~ a) I/
gives SNOM its sub-diffraction
space resolution
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How to concern a sample with the near-field

A distinctive feature of near-field is that its amplitude rapidly drops to zero within a range ~a

During the scan, the probe tip must be kept “close” to the surface (typ at a distance < 10 nm)

“Constant gap” operation is strictly required for the SNOM images to be reliable

A method to continuously monitor tip/sample distance is needed
A feedback acting on the vertical piezo displacement is used (as, e.g., in non-contact AFM)

A topography image is simultaneously acquired during each scan, with a lateral resolution
depending on the probe size, typ in the 100 nm range

fiber ozc,
amplitude
[arb. unitz)

tip approach curve

wnDrking point

1] 10 20 30 40nm

lip-z=ample distance

If the tip is kept in longitudinal oscillation, the oscillation
amplitude depends on the distance due to shear-forces
(mostly associated with friction of the air layers between
tip and surface)

Notes:

Oscillation amplitude must be small (typ ~ 1 nm) to
prevent resolution loss

Oscillation at resonance frequency is required to get
maximum sensitivity
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Shear-force method

Filtro v=vi-v2 ‘—P To feedback circuit

Sostegno portapunta,

Shear-force method

T
Scheda PC
ixer

Oscillatore ] .
02 Amplificatore = 3

b . * : f Q=400
Oscillatore Il F.=33800

Fiber tip is glued onto a tuning fork
(a quartz diapason acting as a mechanical s
oscillator and showing capabilities to L
measure the oscillation amplitude) Piezoelettrico di dither” _—
Punta - ‘
Fork N Mech resonance spectrum

(undamped oscillation)

« Adithering piezoelectric transducer keeps the probe tip in oscillation along a direction
parallel to the surface

» Oscillation amplitude is monitored by a tuning fork

« When the distance gets smaller (typ., below 10 nm), the oscillation is damped (and
phase is changed) due to shear-forces involving many effects (e.g., viscous interaction
of the air layer between tip and sample)

« Similar to AFM in tapping mode, but for the oscillation direction, the relevant distance and
the involved mechanisms
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Operation modes for SNOM

Fiber probe 0 R — ;

hl‘. Near-field rr’
'.J_ight signaIFr

', Fiber probe [

i Detector . Source !

|
Excitation ;
Light i

Source

IR TSR AR AR TSR Ditccice
e S D P D Dblectlve il Sllt_lﬁlﬁltﬂ.
-ﬂm Objective [ T T Dbect :

Near-field Fig. 7.3. The characteristic components of a SNOM. In collection modes the posi-
Light signal tion of the detector and of the source is interchanged with respect to their position
Excitation in the illumination modes

Light
[llumination mode Collection mode

In illumination mode (the most common) the surface is concerned by the near field and
the resulting scattered light is collected “in the far field” (either in transmission or reflection)

In collection mode the surface is illuminated by a propagating (conventional) field and the
resulting scattered light is collected in the near field by the probe

Sub-diffraction space resolution is due to the non-
propagating character of the near-field
(typ resolution comparable to the aperture size, i.e.,
tens of nanometers)
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A very few words on apertureless SNOM

3.5 APERTURELESS NEAR-FIELD SPECTROSCOPY
AND MICROSCOPY

As mentioned in Section 3.3, an emerging approach is the apertureless near-field
spectroscopy and microscopy (Novotny et al., 1998; Sanchez et al., 1999: Bouheli-

er et al., 2003}. The use of an aperture such as a tapered fiber opening poses a num-
ber of experimental limitations, Some of these are: '

® Low light throughput due to the small fiber aperture and the finite skin depth
(light penetration) into the aluminum metal coating around the tapered fiber.

® Absorption of light in the metal coating; this can produce significant heating
that can create a problem in imaging, particularly of biclogical samples.

* Pulse broadening in the fiber, when using short pulses for nonlinear optical

studies. Also, the fiber tip may be damaged by the high peak intensity as al-
ready discussed in Section 3.3.

Tht_e apertureless approach overcomes these limitations, at the same time providing
a significantly improved resolution. It has been demonstrated by Novotny, Xie, and
co-workers (Sanchez et al., 1999; Hartschuh et al., 2003; Bouhelier et al., 2003) that

optical images and spectra of nanodomains =25 nm can be obtained using the aper-
turel m

Figure 3.22. Metallic tip enhancing the local field by interacting with the focused beam at
A. The optical response at another wavelength X is collected by the same objective lens,

The two approaches used for apertureless NSOM are:

1. Scattering type, which involves nanoscopic localization and field enhance-
ment of the electromagnetic radiation by scattering of the light from a metal-
lic nanostructure. An example is provided by Figure 3.2 where the light is
scattered by a sharp metallic tip. Scattering and field localization can also be
produced by a metallic nanoparticie within nanometers of distance from the
sample surface. The localization and enhancement of electromagnetic field
by plasmon coupling to a metallic nanoparticle is discussed in Chapter 5 un-
der “Plasmonics.” This principle of obtaining nanoscopic resolution using
scattering from a metallic nanoparticle also forms the basis of “plasmonic
printing,” discussed in Chapter 11 on “Nanolithography™.

2. Field-enhancing apertureless NSOM, where a metallic tip is used to enhance
the field of an incident light in the near field. In this case, the light is incident
on the tip as a normal propagating mode (far-fieid). The strongly enhanced
electric field at the metal tip produces nanoscopic localization of optical exci-
tation. This approach offers simplicity and versatility of using light by just fo-
cusing on the metallic tip through a high-numerical-aperture lens. Hence it 1s
described here in detail, with examples of some recent studies utilizing thig
approach.

A nanoparticle, or a nanosized tip,
irradiated by a propagating field, acts as
a quasi-pointlike source of the near field
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Advantages of apertureless sources

Apertureless SNOM

In addition to methods based upon optical aperture probes, it

is also possible to excite near-field phenomena in the absence
of an aperture by using a metal tip as the probe. There has
recently been a growth of interest in these so-called aperture-
less SNOM techniques, in the hope of delivering superior
resolution to that provided by aperture probes. They rely upon

the fact that when a nanoscale metallic asperity is held in close
proximity to a surface and illuminated with polarised light, the
electric field associated with the excitation may be significantly
enhanced in a small region directly beneath the lip.S The
magnitude of the enhancement in the field strength may be

very large—several orders of magnitude under optimal
conditions. The phenomenon has become known rather
evocatively as “the lightning-rod effect”. The field enhance-
ment is associated with scattering from the tip, and consists
mainly of non-propagating (evanescent) components. The

advantages of apertureless approaches are that they deliver
significantly enhanced resolution compared to techniques
based on aperture probes and, moreover, tips are significantly
easier to fabricate than optical fibre probes. Fig. 3 shows the
extent of the resolution improvement that is possible in
principle by comparing the spatial variation in the electric field

|E?|

Advantages:
Better space resolution (below 10 nm??)
No, or negligible, throughput limitations

Disadvantages:
Cumbersome operation
Stray light (in the far field)
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Fig. 3 Decay of the electric field intensity |E%| along the x, v and z directions (z is parallel to the probe axis) for an aperture probe (dashed line) and
a silver plasmon probe excited aperturelessly (solid ling). (Reproduced with permission from ref. 5. Copyright 1995 Elsevier.)

1152 | Chem. Soc. Rev, 2006, 35, 1150-1161

This journal is @ The Royal Society of Chemistry 2006
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3.B What can be measured by SNOM

The effects of the local interaction between the sample surface (i.e., al
S

.............. [ P 1 P o e e P

yer with
llllelIEbb bUlledldUIe lU e riedi e U ldllge) dllu LIIB near IIUIU pi‘ Ol_ I

are ecorded
They can be regarded as analogous (but for the sub-diffraction resolution and the surface
origin) of conventional optical transmission and/or reflection measurements (depending
whether the sample is transparent or opaque)

Non propagating behavior of the exciting near field can however play a role (for instance,
specific polarization can give access to otherwise forbidden transitions, ...)

Examples
v' Local variations of the “refractive index” can be derived by analyzing ine scauered

radiation

v In case of emitting (photoluminescent) samples, fluorescence can be excited by the
near field, and photoluminescence maps can be acquired

v" By implementing a polarization control system (see later on), optical activity of the
sampie (e.g., dichroism, birifringence) can be analyzed at the sub-diffraction ievel

v" More advanced spectroscopy (e.g., Raman) can be carried out

Examples ==

Collection mode can be used to map emission of, e.g., electroluminescent devices
Also, evanescent radiation, e.g., stemming from a waveguide surface, can be mapped

In addition, the tip/sample distance control, being based on a feedback system,
allows acquisition of topography maps simultaneously with every SNOM scan (with
a space resolution in the tens nm range)

Morphological and optical information acquired and compared at a glance!

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 5.3 - pag. 26



Examples of SNOM in reflection mode |

NiFe stripes embedded in
an alumina matrix

Compositional differences
(e.g., two-phase materials or
structural fluctuations)

associated with variations in
the optical properties (i.e.,
refractive index)

YBCO/YSZ/NiFe
multilayer
deposited by PLD

6 areevidenced in SNOM with a
sub-diffraction space
resolution
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Examples of SNOM in reflection mode Il

Contrast enhancement due to
the use of optical signals

@ 1868 Z28BB J8AA 4888 GRABA GAAE oH

Gnantum dnts

Shear Force {(topographyd (39 and reflection (b images of In-Ga quantum dots made with the use of He-Cd 442 nm laser.
Images courtesy of lgar Dushking NT-MDT.

Scan size: TT um 600nm

Source MDT-file: download (5145 06 Kh)

Onm °

Buried structures can be
detected (when using
ilumination light at a
wavelength transmitted by the
upper layers of the device)

2. 2, Topography (lelt) and oblique reflection (right) mlerographs of alumintum structures burled underneath Interlayer dlelectries.,
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Examples of SNOM photoluminescence

- Saiki et al. (1998) and Matsuda et al. (2001) conducted room temperature photo-
luminescence study on a single quantum dot from InGaAs quantum dots grown on a
GaAs substrate. Their result is shown in Figure 3.12. Because of the spectral resolu-
tion obtained by sampling only a single quantum dot (no inhomogeneous broaden-
ing), they were able to observe, at an appropriate excitation density, emission not
only from the lowest level (subband) of the conduction band but also from higher
levels. (See Chapter 4 for a description of these bands.) They were able to study the
homogeneous line width, determined by the dephasing time of excitation (see
Chapter 6 for a description of dephasing time), as a function of the interlevel spac-
ing energy. They found that the line width was larger for a smaller-size quantum dot
for which the interlevel spacing is larger. (This is predicted by a simpie particle in a
box model as the length of the box becomes smaller, see Chapters 2 and 4.)

(a) b
3 5 (b)

300K .

| rghi
it

large 4+——QD 5i2e m—-zmall
0 1 L A A
1.4 20 4C A 60

Intarval Spacing DE, , [meV]

Linawidth [meV]
=

PL intensity [arb, unil.]
o

11

1.2 1.3
Photon Energy [eV]

Figure 3.12. Photoluminescence spectrum of single QD at room temperature (a), and depen-
dence of the homogeneous linewidth of ground-state emission on interval spacing, which is

c.losely related to size of Qd’s (b). From Saiki and Narita (2002), reproduced with permis-
s101.

Da Wiesendanger Ed., Scanning
Probe Microscopies (Springer, 1998)

0pm 0 pm

Figure 3.13. Fluorescence NSOM images of single molecules. From Professor D. Higgins
and Professor P. Barbara, unpublished results.

QWR- QWR aw aw
Position PL PL PL

Detection Energy
Ege=1459 eV

QWR-
Position

QWR aw

Tip Position (pm)
Tip position (um)

146 1.49 1.52 1.55 1.58

147 1.49 151 1.53
Detection Energy (eV)

Fig. 7.23. Spatially resolved near-field photeluminescence spectrum of the quar
tum wire heterostructure. The spectrum was recarded for spatially resalved cxe gy,
tation of the sample at 1.959eV. The tip was scanned along the lateral directic %
perpendicular to the wire. The PL intensity (in arbitrary units) is plotted asa fun (1 direct
tion of tip position and detection energy. The color red corresponds to high, whi i
purple corresponds to low PL intensity. The quantum wire emission is centere
around 1.46eV. Note that, in addition to the flat quantum well luminescence at
1.522eV, a further, slightly blue shifted, sidewall quantum well emission is resolved

Excitation Energy (eV)

7.24. Spatially resolved near-field photoluminescence excitation spectru
ted as a function of tip position and
ndicular to the wire. The photolumi
ed corresponds to high and purple to

m
"he

Single, isolated nanostructures,
nanoparticles, or emitting molecules
can be analyzed in spectral terms
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SERS and TERS microscopies

Light scattering from a nanoparticle or a tip (apertureless SNOM)
]! wetalip || 1S USed to locally enhance the field distribution allowing reliable

dlandxack

acquisition of (weak) Raman signals

b '_.'nr.nn y h
Laurfan:E enhanced raman scattering), abbinata a una
: NA_H sonda_ditdimension nanometriche, permette o studio di spettr
vibrazionali localizzat,
Inoltre, il segnale Raman & molto debole (x-sedion inferiar di

A=633nm
< L O0pW 1014 rispetto alla fluorescenza)l e necessita di techiche
particolar per essere rilevato, Sindal 1974 =i usa la SERS,
APD amplificazione dell'effetto Raman dovuto a risonanze plasrmoniche
Filter e “lightning rod effg owuto alla geometria delle superfici
nanostruturate. L tip enhanched...) permette di
RpearOgrapD combinare questi effetti-4ll'amplificazione del campo che si ha in

prossimita di una punta NOM (stimato almeno di un fatbore 4,

Spectroscopy for advanced
characterization of materials can be
carried out at the very local scale

Fig. 3 Raman scattering images of SWNTS. (a) Confocal Raman scattering image
integrated over the G’ Raman band {~ 2600 cm™'). (b) Raman scattering image taken over
the same scan area with asharp Au tip placed in the laser focus. The integration time per
imaae pixel 5 ~ 10 ms (256 x 256 pixels ).
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SNOM with polarization modulation (PM-SNOM) |

Linear Quarter
polarizer EOM Waveplate
’/T
A system is used to > / L !
control the polarization Fiber l Fiber
of the laser light collimator coupler
. : _ e, Tapered
entering the fiber photod.odej fiber
probe: polarization is Single-mode | oy (NSOM
linear but continuously optical | driver probe)
rotating (at a fiber IV , Tuning (]
f i converier fork NSOM tip
requency typ. in the Saw-tooth
kHz range) b p. Feedback generator @B&lmple
. “— | control out i
Fiber ‘ Lens O Piezo-
coupler scanner
* /I//I/I Interf filter @ (NSOM

synchr.
Iris /‘ d?vi'r out Photomultplier. ﬁj head)

]
Ao 1 % refin IV
N s e . - converter
Optical activity of samples
(e.g., dichroism PelPlEssm |
T ’ tR out 8
birifringence) can be Laser & - —
anlyzed with sub-diffraction Ar Intensity stabilization Low-pass
. 488 :
space resolution e Polarization control out filter
Detection and analysis to data Cqmsnmnl
NSOM head ac dc

Michele Alderighi, Tesi di Laurea in
Scienza dei Materiali, Pisa 2003
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PM-SNOM I

A viable example of application:

Investigation of host-guest systems (high density PET matrix
containing a dispersion of molecular chromophore)

Mechanical stretching of the polymer film leads to linear dichroism

Tertiophene-like chromophore dispersed (3% wt) in a ultra-high molecular
welght polyethilene (LUIHMWE)

Chromophore molecule
AR AAAAAAAAS

Chromophare choice:

» chemical compatibility with the host;

» rigid structure;

» absorption in the blue (peaked around 400 nm);

» optical activity (right- and left-handed isomers available).

Fabrication process (at Dipartimento oi Chimica e Chimica industriale,
Universita di Pisa, group of Prof. Ciardelli and Prof. Ruggeri):

- cast {to obtain pristine films) followed by

- high temperature drawing (to obtain films with stretched polymer chains)
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PM-SNOM Il

sample: L-F {(520:20) stretched (drawing ratio 307, 1010 wm scan

" Topography Dichiroic ratio » Map of ¢
fme=50 nifm
[rumi]
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15 i
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s}

1
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drawing direction

Topographical varations
due to local changes in Local optical activity strongly affected by (host) stretching

palymer chain stretching

Chromophore melecules follow host molecule alignment
Macroscopic dichreism (¥~0.1 in this sample) due to the combined effect of
elongataed islands with lo cally inhomagenasus optical activity

Information on the sample properties (and suggestions to improve the
fabrication process) can be found which are masked in conventional
(macroscopic) polarimetry

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 5.3 - pag. 33



PM-SNOM |V

Rippled Gold samples depositted onto glass through an ion-beam
ssisted method (see U. Valbusa, C. Boragno, and F. Buatier de
Mongeot, J. Phys.: Condens. Matter 14 8153 (2002))

Localized plasmon resonances and associated dichroism are
observed at the macroscopic scale g

- 45°
100 4 . oo

80+

60

Transmittance (%)

20

T T T T T T T 1
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

y gl i Far-field
— Icpographyimap

(tip/sample
distance
= 1um)

Mear-field
(tipdsample
distance
< 10nm)

Nanowire axis

Near-field excitation demonstrated

Enhancement of the dichroic contrast with near-field excitation
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4. “Lithography” with SPMs

“As usual”, (scanning probe) microscopy is “accompanied” by (scanning probe) “lithography”

In this case, the term “lithography” can be better replaced by “manipulation”, since position
and/or local properties of the matter can be modified, i.e., manipulated, by SPMs

Indeed, as we will see with several examples, matter can be manipulated at the
nanometer or sub-nanometer level by using SPMs in order to fabricate nanostructures or
prototypal nanodevices (the latter we will see in the following)

This kind of “lithography” is obviously serial, due to the scanning nature of SPMs,
and not suited for industrial environment, though attempts are being made to get
some parallel character (e.g., by using several probes in parallel)

Wide variety of methods can be envisioned: we will mention here in the following a few of
them, based on AFM, STM and SNOM

Their relevance is in fabrication, in surface modifications, in nanowriting for data storage
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Examples of surface nanomodifications

Roughly speaking, we can for instance:

v'Modify the surface, e.g. by mechanical scratching (nanoindenation) or by electrical means
(STM-based);

v’ Induce “chemical” modifications on the surface (mostly STM-based), including resists
impression (lithography);

v’ Manipulate single atoms or nanoparticles on the surface (AFM and STM-based);

v “Write” patterns on a material surface for data storage purposes (mostly SNOM-based)

A feW examples Chemical modification

Mechanical scratching

Molecular writing

—— I

Many different tools and
methods have been proposed!

Magnetic writing

Space resolution is typically
excellent

C. Ligbar (Harvard), Science 257, 375 [1392); H. Dal [Stanford), APL 11, 1508 [1333)
C.F. Quate (Stanford), J. of App. Phys. 70, 2725 (1591); www.nanosclanca.de/group_rimim

Juniar Ressarch Saminar Manoacals Patterning and Syatems

Tarl W. Ddom
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4.A.Nanoindentation and scratching

AFM tip can be used to produce a controlled indentation
(note: typ force is in the nN range, but indentation area can be
in the nm2 range, hence pressures in the GPa range can be
easily achieved — remember that max elastic modulus is ~ 1

TPa for diamond; shear moduli are typ in the 10 MPa range)

(Nano)scratches can be also obtained by scanning the tip (that
involves nanotrobology issues)

produced

- 3 e

225-3 Nanoscratching consists of moving a diamond tip through
material at a specified depth and with a measured force.

Mechanical forces (pressures) in tip/surface
FE2 Nuwindeamio sgssae: ) egogranetis Tppaghlods 4 interaction can be us_eql to perman_ently qulfy
dsataiien: £} imagiu s Teppinglisd. the surface (nanoscribing on plastic materials)

http://www.veeco.com o )
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Another example of nanoindentation and scratch

X0 configuration

The highly controlled operating conditions of
AFM (load, speed, tip position, etc.) opens the
way to nanostructuring of (plastic) surfaces

AFM indentation and

scratching of polycarbonate
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Te-Hua Fang et al., Microelectr. J. 36, 55 (2005)
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“Fast” ripple formation on soft substrate

Fig.1 Example of 3D ripple structures on PCL (upper)
and PET (lower). The images were obtained in ar
(relative humidity 40%), with a silicon conical shape
tip (PSI Instruments) with a nominal radius of 10 nm,
a cantilever stiffness of 0.24 N/m, and scanning
velooity of 1 Hz on 80-nm thick films.

T I
5

dmitatt G0

Fig.2 General mechanisms for fast nipple formation.

References

[1] M. D'Acunto, S. Napalitano, P. Pingue, P. Giusti, P.

Rolla, Materials

Decermber 2008,

Letters, in press, available on line 4

Surface modifications on alarge
scale following mechanical
interactions with the AFM probe
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4.B. Nanomanipulation by SPM

The excellent space resolution offered by SPM can be exploited also to:

» Manipulate (spatially) nanoparticles on a surface;

* Produce very local (chemical) modifications of the surface;

* Induce chemical reactions on the surface involving additional “reactants”

5 Manipulation of Atoms and Molecules

The scanning probe microscopes do not only have the ability to image inslividua! a10ms.
The interaction needed for imaging the surfaces can also be used to manipulate individ-
ual adatoms, molecules, or the surface structure itself on the atomic scale, Indeed g large

umber of works concentrated on the manipulation of individual atoms and in the fol- The same instrument can

lowing novel nanostruciures were built, Here we briefly show the werk by Ei_glcr q.nd

coworkers [44], [45] as examples, followed by a more subtle tip-induced mamphl;a;uon be used to pro duce and
ip-i igrati ip-i it t of t ; ;

of atoms, and the tip-induced migration of defects by tip-induced excitement of cefects assess th e mani p U | ation

[46], [47]. More recently the group of Rieder could even perform full chemipa! rca{_:tions
with single molecules [4%]. Three different manipulation modes can by distinguished:
the lateral and the vertical manipulation as well as the tnnel current induecd changes.
The combination of 4ll three modes snables to achieve tip controlled chemical reactions.

%ﬁﬁ@%ﬁ}ﬂamﬁns MANIPULATION Wi

Figure 32: In the STM imaging
mode the tunnel current is kept
constant and the cantilever is
raised. For manipulation the tip is
lowered above an atom dragging it
to the desired position, lifting the
cantilever losing interaction with
the atom [44].

TIP
/

Da R. Waser Ed., Nanoelectronics

and information technology (Wiley- * r -
VCH, 2003) %%_@ NE
o _.‘_ ‘_“
SURFACE .2
- -'_-.‘_'.'_1:::““\..-":"‘
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STM and nanofabrication

In the STM device, the tip is so close to the target as to make the electron
current highly spatially confined - it is the key to the extremely hlgh spatlal
resolution of STM images e key eleme als

the STM tip. To affect these modetcatlons one utlhzes ;
sample interactions, including attractive and repulsive forces, electric

tum-size effects when their size is reduced to the nanometer or atomic
scale. By STM and other techniques, it is possible to discover new phe-
nomena, design new devices and fabricate them. Next, STM can be utilized

to repair masks and integrated circuits. The surface topographies can be im-

fields, and the effect of highly spatially confined electron currents. The
small distance between tip and sample, which is about one nanometer,
causes electrons to tunnel to (or from) a region on the sample that is approx-

imately one nanometer in dlameter with an even smaller major distribution
area. Thus, the surface fabrication produce STM must be performed on
the nanometer scale, i.e Later, we will see that it
is also possible to manipulai¢ a singlea of molecule adsorbed on the sur-
face with STM.

Since the invention of STM in 1981, as a nanofabrication tool it has
been used in direct surface identation, electron-beam-induced deposition,

etching, single-atom manipulation, and so on. All of these techniques have a
wide-spread application potential. First, it is possible to reduce the line-
width of large-scale integrated circuits from the micrometer scale to the
nanometer scale by lithography, beam-induced deposition and etching,
which is one of the goals of high technology. In most cases the resulting
feature with dimensions on the order of hundred nm [9.1], but features with

imensions of a few nm have also been achieved [9.2=4]. An exciting possi-
bility will be o use the tip 1o rate” on biomolecules such as DNA and

proteins. The electronic properties of devices may be dominated by quan-

Nanomanipulation by STM:
application of suitable voltages or
voltage pulses can be used to
“modify” (i.e., to damage) matter
through field-emission from the tip

aged in situ during the surface fabrication process by STM, which makes it
possible to discover defects in masks and circuits, to repair them by surface
deposition and etching, and then to examine the final results by STM. Last-
ly, using the STM as a tool, the essential research on the growth, migration

and diffusion of clusters on surfaces, and the interactions between small
particles or between substrates and particles can be performed m order to
manipulate clusters or atoms on purpose.

Lens-focused electron beams, ion beams and X-rays can also be emp-
loyed in nanofabrication. Although the STM seems unlikely to become com-
petitive in some areas of nanofabrication such as wafer-scale resist pattern-

ing, it has its own ch; tsties—Eirst, an STM can work in either the tun-
neling mode or thé field-emission mode en working in the latter, a low
applied voltage (higher ¢ volts) can produce a strong enough elec-

tric field to make electrons emit from the tip over the barrier, because the
distance between tip and sample is very small. These emitting electrons
with a certain current and energy, will not diverge greatly because of the
small separation which results in a nanometer beam diamter on the substrate
surface. Unlike conventional high-energy electron lithography, the low-
energy STM beam reduces the problems associated with electron back-

_sesttering and the generation of secondary electrons. A resolution of about

@ and exposure rates comparable to those of conventlonal electron

11thography have been achieved. Secondl

forces m a small region on the sample sUTTz
ly Lastly, at present, STM is the only ins

can prowdc a nm-
the importance of
electrons with low energy is obvious whe 2 '- that many of the
processes such as migration, bond breaking, chemical reactions that would
be interesting to control, have activation energies less than 10 eV per atom
which require a low-energy beam.
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Resist-assisted lithography with STM |

9.3 Nanolithography on Resist Films

Direct writing of nanometer-scale features on organic materials opens the
00t sing Tilm as a resist for the etching nd the possibility of
etching in air [9.30]. ' '

The resists can directly be exposed with conventionally focused elec-
tron beams to create various structures. The e-beam resist materials fre-
quently utilized in conventional lithography are PolyMethylMethAcrylate

<PMMA) and polydiacefylere—with urethane substitutuents (P4BCMU).
They are typically sensitive to low-energy (<20eV) electrons. The primary
beam of a conventional e-beam lithography system has a considerably high-
er energy, so exposure of the resist occurs through interactions with secon-
dary and backscattered electrons produced by the primary beam; 2 resist is
consequently exposed over an area which is significantly larger than the pri-
mary beam spot size. The STM, even working in the field-emission mode,
can supply focused electron beams with low energy which can interact with
resists directly. Because the tip can be held within a few nanometers from
the sample, which leads to an effective beam spot size on the sample of the
order of the tip-sample separation, and the tip can transversely scan over
the surface controlled precisely by a computer, STM can easily be em-
ployed in lithography for writing directly on the resist surface. The degra-
dation in resolution because of interactions between the resist material and
secondary electrons in conventional lithography can be overcome in STM
lithography, which makes it possible to obtais-
ing STM it is also possible to make a thorough investigation of the exposure
mechanism by controlling the bias voltage precisely (i.e., the energy of
clectrons with which the resists are exposed) in a certain time interval under
constant current. In addition, STM generally ought to work in the field-
emission mode because the electrons must have enough energy to induce 2
chemical reaction in resists (i.e., to expose resists). In this mode, a linear

dependence of the tip-sample separation on the bias is expected in the ab-
sence of geometric effects, which make the widths of the features increase .
with the bias voitage. : |
In order to be successfully exposed with an STM, the resist film coated
on conducting substrates such as Si, GaAs, Au, graphite and so on must be
EX pn the order of a few tens of nanometers, for two reasons.
lerst,‘ the low-energy electrons must be able to completely penetrate the
film in order to properly expose it and to prevent excessive charging of the
surface. Second, if the film thickness is greater than the gap between the tip
apd the conducting substrate, the tip will penetrate and Elamage the resist
film. .Experimentally, the thickest film that can be used is V nm, where V is
the bias voltage in volts. There are different kinds of materials which can
be used as resist films in STM lithography, inciuding polymers such as
I?MMA and PABCMU which were often employed in conventional e-beam
lithography, metal halides such as GaF, and AlF,, etc. The resist can be ap-

plied to the subsirates by evaporation or deposited from a Langmuir-Blod-
gett (LB) film balance and spin coating.

The local electric field produced by
the STM tip behaves similarly to the

Lithography can be accomplished
only in a serial manner, but resolution
can be excellent (without the need for

complex EBL setups)
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Resist-assisted lithography with STM I

By applying 2 Liftoff process, MeCord and Pease used the
5TM to pattern 2 20 om tluck polymethylmethacrylate
(PMMA) filon that acts as a mask for the subsaquent deposi-
tion or etchmg process. As shown in Fig. 2(a), a 22 nm wide
and 12 nm thick geld—palladmm (Au-Pd) line was deposited
on a 51 substrate. The positive PRMBA resist was exposed to
a 100 pA; —20V [negative polarity at tip) beam at a writing
speed of | pm/s. In addition to PMIIA severzl other polw-
mer resists have also been adopted by 5TM for pattermng
stuctres with a lmewidth below 530 nm, mcluding the Sha-
pley Advanced Lithography 601 negative resist® and self-
azzembled monolayers (SAM:) oF :|:|.1.-:r-]-:u:u.‘l-n:.sh Tha lattar, af-
ter exposure and ligation of the catalyst, has also been used
as a template for electroless plating, thus, producing a me-
talhe eich mask for pattern transfer with a feature size of
15 nm ¥

EBoth p_|-:.'-13.1.'i1iea can be used i resist exposures. MeCord
and Pease have oied a positive bias (the buas voltage with a
posttive polarty at the STM tip), so that the electrons can be
fisld enutted from the sample wp through the resist withowt
scattening melastically and can gmekly gain enough ensrzy
to cause exposure. As shown m Fig. 2(b), a 2.5 kil thin-film
resistor device having less than 100 nm width at ifs narmow-
est reglon was fabricated using a2 patterned PMMA resist
exposed by a positrve polanity. The thin-flm device was fzb-
ricated by the Lftoff teclmique havimg 2 13.5 mm thickness of
Au-Pd. In addition fo mecreasing the pattern resolution by
avolding the problems associated with backscattering and
secondary electrons, the other advantaze of reversing polar-
ity 1z that the beam cumrent mmstabality caused by elscton
induced desorption (or lonization) of atoms and molscules

can be reduced, espectally at relattvely hugh voltages.
STML in an ambient condition con be wsed for modifea

tions of meta]]&-: and ceramic materials. As mentioned sarlier,
Dagata er al” uwsed 5TM to imduce local oxidation on a
hyvdrogen-passivated 51 substrate m awr, m which the feld-

Conventional technology (e.g., liftoff) can

Fiz. 2. Nanostructures fabnicated by hftoff usmg STML patterning of
PMMA resis; subsequently with Au-Pd deposition: (a) Au-Fd line with
12 nm thickness and 22 nm width adoptimg 100 pA beam with 20 V {nega-
lve polaily sl Gp) and 1 s wiiling speed i resist pallemg (1)
13.5 nm thick Au-Pd thia-film resistor having less than 100 am width at
narrowest reglon using tip-positive polarity pulse for patterming (after Ref
T

be combined with STM lithography

Nanofabrication by scanning probe microscope lithography: A review

Ampere A, Tseng®

Dgparment af Mechanical and Aerozpace Engincering, Arizona Stave Universiny, Tempe,
Artzona §3I87-6108

Andrea Motargiacomo®™

Dgpartment af Physics, Roma TRE University, Rome 00146, Traly

T. P. Chen

School of Elscrrical and Eleemonic Eneinoarine. Nowane Technological University, Singapere 639793

877 J Vac. Sei. Technol. B 23(3), MaylJun 2003
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Nanofabrication by STM
(2) (b)

Electron-beam-induced etching and deposition is a way of writing patterns

on substrates in solution and in gaseous environments. The basic idea for

etching and deposition i The focused beam is used to supply
energy toCdecompose chemicals in a localized region>The decomposition

products can include a merallic species to be deposited on a surface, or-a

corrosive species intended to participate in an etching reaction resulting in
locally etched structures on a surface. The substrates used include Si, GaAs,

graphite and metals. The STM system for operation in solution should supp-
ly the necessary solution. To minimize unwanted Faradic leakage current,
the tip must be treated using some special methods such as coating wax up
to the extreme end of the tip (Chap.4). Deposition and etching can also be
induced with the STM<ip_as an electrochemical electrodeto drive a local-
ized Faradic current of jons. A gaseous environment can be utilized by in-
troducing organometallic gas with a pressure of several Pa into a vacuum
chamber with a base pressure of 10~ + 10-% Pa. For different deposition

metals, the introduced gas is different. They i Cd, W(CO),
WF, and organometallic chemical of AQ__Three possible mechanismghave

been assumed to account for the dissociation of organometallic molecules
{9.35]. () Electrons tunneling inelastically between the tip and sampie
break apart gas molecules adsorbed on the surface of the substrate. (ii) Cut-
rent traveling between the tip and sample can locally heat the surface of the
substrate enough to cause pyrolytic dissociation of adsorbed gas molecules.
(iii) High fields between the tip and sample break down the gas creating a
microscopic plasma between the tip and sample which then deposits the
metal atoms on the surface. All of these will break the chemical bonds from
the energy of electrons traveling between the tip and sample, thus the STM
ought to be operated in the field-emission mode.

Electric fields locally applied by STM
can induce local modifications,
decomposition, chemical reactions,
structure growing, ...)

Fi 1. Schematic of the setup for the STM CVD deposition in ar. The
substrate together with the solid precursor material 1 placed m a trough
(viton ring) coufining the vapor of the precursor molecules.

S4n STM-induced deposition

4 trom precursors in ambient

0
0 14 28 42 56 70 atmosphere

X (nm)

Fie. 2. Deposit from MeyAu-tfac on HOPG substrate at a tip voltage of -6
W, current of ~300 4 and & pulze time of (.5 me (ten times); (a) befare, (bi
after deposition, (c) landscape plot of a close-up of (b).

substrate  precursor
material

Fig. 5. Row of smgle dots deposited from CpPtMe; on ITO at a tip voltage
of —6 V, current of ~30 nA and a pulse time of 13 ps (smgle pulse).

Low energy electron beam decomposition of metalorganic precursors
with a scanning tunneling microscope at ambient atmosphere

H. Bricki?
University of Bielefe'd, 33615 Bislaféld. Garmany and Instinute of Solid Stats and Maverials Research,
IFF, 01177 Dresden, Germany

J_Kretz

Institute of Solid Sta'e cnd Materials Research, IFF, 01177 Dresden, Germany

H W Koops

Deutsche Teletom AG, 54293 Darmstads, Germany

1350 J. Vac. Sci, Technol, B 17(4), Jul/Aug 1999
G’ Re-rlrsn?nfﬁmwpw 33613 Rielefeld Germam:
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STM nanomodifications |

5.3 Effects induced by the Tunnel Current

[t is also possible to excite atoms by the tip-sample interactions. Figure 42 shows a set of
consecutive STM images acquired with § s time interval. The images show that the
defects change their lattice positions [58], [59]. The tip can excite defects by several

nhysical mechanism. The case shown here is based oue to
the strong electrostatic field penetrating i semiconductor. Defects can, however,
aﬁml?mm:md by a charge
carrier recombination with electron-phonon coupling [47]. There are surely even further

mechanisms which may possibly excite atoms on the surface. Which of those will take
place depends sensitively on the measurement conditions.

Finally, in Figure 43 the cutting of a carbon nano tube with an AFM is presented
[60]. Earlier experiments controlling the length of carbon nano tubes were carried out
using a STM [61]. At first the 600 nm? area is scanned then the AFM cantilever is low-
ered at the positions marked in the left image and for cutting a voltage pulse of -6 V is
applied. The image on the right hand side shows the carbon nano tube after cutting.

Figure 42: Migration of

phosphorus vacincies on
GaP{110) surface. The chanes
the lattice positions of thevas
cies is induced by thetlp
scanning tunnelling mienik G
In this particular case the jit
are field-induced. F

Field-induced migration of
a single Pvacancy in a
GaP surface

Defects can be “excited” (or created)
by local tunneling currents
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POSITION (nm) POSITION (nm)

Fig. 4. STM images of (a) an open trench pattern and (b) a closed trench
pattern observed at a sample bias of ~2.0 V and a tunneling current of
1.0 nA. Lower panels are the cross sections of the patterns. When the

trench is completely closed, the inside of the partern is observed 0.08 nm
lower than the outside.

Tpn. T Appl. Phys. Val. 38 (1999) pp. 3866-3470
Part 1, No. 6B, June 1992
(©1999 Publication Board, Japanese Journal of Applied Physics

Bl

Control of Surface Current on a Si(111) Surface by Using Nanofabrication
Seiji HEIKEM?*, Satoshi WATANABE®, Yasuo WADA'? and Tomihiro HASHIZUME!

Charge tunneled from the STM tip can
be “trapped” in the oxide layer leading
to topography modifications
Or
Field emitted electrons can modify the
surface (maybe, in a “resist-assisted”
process)

Figure 1. Schematic diagram of the experimental set-up of the
silicon oxide removal by electron beam irradiation at an elevated

temperature by using an STM. Current Image Topograph Image
Figure 2. STM currentand topographic images on a typical fabrication result from a native Si oxide layer with the LEESR/STM processing.
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Nanolithography on 8iO,/Si with a
scanning tunnelling microscope

Hinxhi Twosaki, Titsan Yeehinobu and Koichi Sudoh
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Tunneling charge trapping

In STM, chrages tunneling from the tipi to the sample

1IN AW \-Irll W\ 1 7 LI ]

defects, hence creating local stresses with possible morphological modifications
The process is particularly efficient in native silicon oxide surface

Such modifications have a typically latent character (few hours) "I outside
3
g
VIV]
intside
g il
STM offers a simple and straightforward way L
to nanomodifications
0 -
Efforts are still needed to achieve permanent S R
modifications (e.g., with further coatings) =
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STM nanomodifications il

5.4 Complex Chemical reactions with the STM

In 1904, Ullmann et al. heated indobenzene with copper powder as catalystand discov-
ered the formation of biphenyl with high purity [62]. This aromatic ring coupling mech-

anism is now nearly 100 years old and known as the Ull ining the
presented ST ipulation methods, namely ing of adsorbents and the influ-
e via increased tunnel currens; it is possible to control this complex chemical reac-

tions at low temperatures step by step. S. H. Hila et al, presented
biphenyl molecule out of two iodobenzene on a copper surface'at 20 K [48

The synthesis consist of three different steps. First two iodobenzene (CgH,l) have to
be dissociated into phenyl (C4Hs) and iodine (Figure 44a and b). Secondly the two phe-
nyl rings have to be located one to another (Figure 44d and e) and finally in the third,
step, through tunnelling electrons the two phenyl rings are associated to biphenyl
(Figure 44e).

To abstract the iodine from the iodobenzene the STM tip is positioned right above
the molecule at a fixed height and a the sample voltage is switched to 1.5 V for several
seconds. The energy transfer from a single electron causes the breaking of the C-I bond

Figure 45a — ¢, [62]. As the bond energies of the C-H and C-C bonds are two and three
times higher than the C-I bond, it is not possible to break them with a single electron
process at this voltage. After preparing to phenyl reactants and moving away the iodine,
the left phenyl Figure 45¢ is brought close to the other one by lateral manipulation using
the tip adsorbate forces Figure 45d. Though the two phenyls are close together they do
gtot join at 20 K. The two phenyls can easily be separated again by lateral manipulation.
Both phenyls are still bond to the Cu step edge via their o, bonds. Figure 46 shows a
model where the phenyl is lying with its 8 ring on the terrace while one of its C atoms is
pointing towards the step edge and o-bonding to a Cu atom. The final reaction step to
associate the two phenyls 1o biphenyl is done by positioning the tip right above the cen-
tre of the phenyl couple and increasing the current drastically. The successful chemical

‘association can be proved by pulling the synthesized molecule by its front end with the
STM tip [62].

STM-controlled
electrochemical
reactions

Field-induced
iodobenzene
dissociation and
diphenyl formation

20 +2Cu= O +2Cul

Figure 44: Schematic presentation of
the tip-induced Ullmann reaction.

(2), (b) Electron-induced abstraction of
the iodine from the iodobenzene.

(¢} Pulling the iodine atom to a terrace
site.

{d) Bringing together to two phenyl
melecules by lateral maniputation and
{e) electron-induced chemical agsocia-
tion to biphenyl.

(f) Pulling the synthesized molecule by
its Front end to prove the association,

Figure 45: STM image of the Ullmann synthesis
induced by the tip.
{2) Two lodobenzene molecules are absorbed at a

Cu(111) step edge. Introducing a voltage pulse
through the tip abstracts the iodine from the phenyl
molecules

(b) (the left molecule).

(¢} By lateral manipulation the molecules are fur-
ther separated and

(d) the phenyl molecules are moved together to pre-
pare for their association, (scan arca 7 » 3 nm?) [48]
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“Vertical” manipulation

5.2 Vertical Manipulation (:EI]'

In the vertical manipulation process, the adparticles are transferred from the sample sur-

face to the tip apex and vice versa [51], [52]. The first experiments on vertical STM

manipulation were carried out by Eigler “picking up” Xe atoms [51]. The group of cO
Rieder showed that transferring a Xe atom to the tip apex leads to markedly improved e
resolution [33]. The single Xe atom obviously “sharpens” the tip.

In Figure 41(a) {54], {55] a schematic presentation of the pick up process of a Co ° cO
molecule from Cu(111) is shown. It i3 well known that CO molecules-s 2 O e W

gt on a - 3 B T, AT, T T T
Cu(111} surface [56] with the carbon atom bonding to the copper atoms Due 10 0cca- § g R ;[: ..-J; I.,_ v ;L g :1,__ A
sional contact between the tip and the surface some copper atoms are transferred to the '
tip apex. During the transfer of the CO molecule ) lhe tip, the molecule must conse- EU -Surface

quently rotate. A reliable proced

tip-surface dlstance 4 : at §ca : e tip
apex leads to a clear chemlcal contrast F igure 41b is scanned w1th a clean metal tip and
all adsorbents appear as depressions. After the transfer of the CO melecule to the tip

. apex (indicated with an white arrow) and rescanning the area, Figure 41c shows that all
CO molecules changed their appearance to protrusions, Only the oxygen atom in the
upper left part of Figure 41b and ¢ retains its appearance.

In [57] it has been described, how to combine the potential of single atom manipu- =
lation of STM and single atom sensitivity of an atom probe mass spectrum to realize an I zure 41:
ultimate technique for surface science. The System used by Shimizu et al. consists of an ; -t “the el Ay sl
STM, an atom probe, load lock chambers and a mechanism to transfer tip and sample. e sketch M, thip }“Ljunr_' HP P! {.-ILL.[hlrL g {}. {
The tip can be transferred reversibly between the STM and the atom probe stages. To molecules on Cu( 111} surfaces. Notice that the CO
investigate the pick-up of Si atoms during manipulation, a clean Si surface was e : il » carha s
approached with a clean tungsten tip applying a bias of + 2 V and 0.3 nA at the sample. molecule stands ME Igl" with the carbon atom

After manipulation the tip was transferred from the STM to the atom probe. The atom attached to the surface and has to switch its orien-
probe analysis showed the formation of to different layers on top of the tip apex. The top e i o A I

most layer was W8I, and the next layer was W4Si,, finally the clean tungsten surface tation when h""“f_—': transferred to the ti P. o
appeared. Using this combination of an STM and an atom probe could prove that the (b (c) STM 1images showing the pick up of a CO
tips during manipulation do not only adsorb atoms but furthermore depending on the lisrnsls Ui i Al e Beratrertha
“conditions alloys can be formed, molecule. Notice the chemical contrast after the

pick up [34].

Molecules or atoms can be “trapped” or “released” by the STM
tip by simply varying the bias voltage
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“Lateral”

Eizler and Ehweizer first used an 3TM tp fo
position individual atoms on a surface by moving Xe

atoms on Ni(ll0) at 4K [23, 4] To move a Xe

aomn, the fip-sample separation was decreased by
increasivg the sstpoint current (10-80nd), resdting

In 2 sironger tip-sample interaction. The tip with az
accompanying Xe anm was then moved to it new
destination with the feedback activeted. Toorelease
the Xe atom, the womel cument was raduced fo

Imazns condiiens gtl n..!t} In addition to nuble

gasel, 2 umber g

Far *KHU.‘JE Fe acatom
Cuilll) m arder to consmuct ccar n:-:lml nmn;
1 radivs of Tom (23] Due te smong scattsning
bemwzen the surface state electrons and Fe adatoms,
the electrons becoms confined within the corral and
prodnce an electron density distribafion consisteni
with that far an alartran frapped in @ roand 2T hos
[26]. Fiz. 1 shows STM images of Fz atoms amanged
on Cu(l1l) to form a vanety of quintim “corals,”
whare the ripple fearres indicate variations o the
surface electronic density [27] In mother example,
Fig. 3 shows the atomrby-atom maripulation of Az
abews vn Az(111Y o Jom o bisoplo wual [28]
Although all of the previous experinents have beer
performed with LTSTM, it i3 posdble to perfom
limited lateral mavipulaten of woms at room
temparature (RT), ore example bein? the movement
of Br atoms oo a Cuf001) surface [29]. However, the
creation of kighly ordersd structures such as quanfum
comals requires the comtrolled enviorment of low
TREIDETATITES.

stages during the construction . d

Fig.9.10a-f. A sequence of STM images taken during the built-up of a patterned array of
the letters [, B and M constructed of xenon atoms on the Ni(110) surface. The atomic struc-
ture of the nickel surface is not resolved. (a) The surface after xenon dosing. (b)-(f) Various

Typically, LowTemperature STM are used (e.g., to
prevent atom diffusion)

To bapublished in “Advanced Semicoaductor and Orzinic Nano-technisues, Par 3 (edied by Morko).” Araderic Fress (2000)
Suggested reading:
Fabrication of Nanoscale Structures wsing STM and AFM

Alzon A, Baski

manipulation of single atoms |

Nanomanipulation of Xe
atoms on a Ni surface

9. 40]

Nanomanipulation of Ag
atoms on a Ag surface
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“Lateral” manipulation of single atoms Il

5.1 Lateral Manipulation

In the lateral manipulation mode a particle on the sample surface is moved along the sur-

face to the desired loeati i t losing contact to the surface. The motion can be
obtained either by dragging or pushing. Bigure 31a to d show the build up of 2 quantum
corral by manipulatin atoms on a Cu(111) surface at 4 K [44]. The final

structure of 15 nm diameter consists of 48 ['e atoms. At this stage one may ask how such
a fine manipulation can be achieved. The procedure is as follows: Fe atoms are evapo-
rated onto a Cu(l 11) surface cooled to 4 K. The surface containing statistically distrib-
uted Fe atoms is then examined by STM. Normally, no atoms ate displaced, but if the
distance between tunnelling tip and a Fe atom is reduced, then the tunnelling tip éxer-

cises an attractive force on the Fe atom and the Fe atom can be dragged by the unnelling

tip to the desired location on the surface [44], [45]. Once the desired location is reached,

the tip is retracted. Increasing the distance d the sample reduces the
tip-Fe atom interactions and, hencé,the Fe atom remains at its new positior (Figure 32).

Figure 31e shows that in this way a whele circle of iron atoms can be built up. The arti-

ficially build nanostructure shown in Figure 31 confines the electrons of the two-dimef=—

sional surface electron gas on Cu{111). Thetefore, as scon as the circle is complete, the
electrons are scattered in the circle and form standing electron waves due to quantum
mechanics. Figure 31e thus illustrates the wave nature of the electrons.

In a quantum well, due to the qua e electron states, not only standing
electron waves but alsociscrete energy values of the electronSyre expected. Conse-
quently, increased electron def retld—6 eeific energ1es As already
described, the density of states can be
measured current-voltage characteristick by calculatmg (dI/dV)/(I/V) Por metals, how-
ever, I/V is generally constant and the sampiede gtefore proportional
to dI/dV, The variation of df/d¥ as a function of voltage reﬂects the density of states var-
jation as a function of energy. Figure 33 shows the density of states thus obtained for

three different surfacs positions, At the centre of the circle, as expected, peaked energy
levels occur (curve a), whereas outside the circle no structure in the density of states is
mezsurable (curve ¢). If the density of states is measured at a distance of 0.9 nm from
the circle centre, even more energy levels occur as shown by the arrows in curve b.

This example of spectroscopic measurements and of the spatial distribution of the
electron waves in a potentxal well provides a particularly illustrative picture of quantum
mechanics. The construction of different quantum structures by an atem-by-atom
manipulation approach using scanning probe microscopes nowadays allows a new look
into the quantum world and a direct spatial measurement of the electron waves.

Artificial quantum structures
can be produced by placing in
close proximity different atoms

(physisorbed) on a surface

guantum corral

difdv (107° Q" .

Figure 31: %2 0> 00 o0z 104
{a) to (d) show the process of building a quantum
corral consisting of 48 Fe atoms positioned on a
Cu(111) surface. The resulting structure and the
standing waves induced by the quantum confine-
ment of surface electrons in the structure is visible
in the three-dimensional view

(¢} of the quantum corral [44].

voltage (V)
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“Lateral” manipulation and surface reconstruction

Instead of evaporating foreign atoms onto a copper surface it is also possible to
reconstruct the substrate surface itself, which is more difficult due to the higher coordi-
nation. number and binding energy of the atoms located in the surface or 9.
The experiments shown here are camied out on Cu(211) substrates a 30 - 40K,
Figure 34 a sphere model of the copper surface is shown, whereby the ato: d
darker the deeper they lie. Lateral manipulation of single Cu atoms parallel and perpen-

dicular to step edges is presented in Figure 35 [49]. A measure for _the minimun:t force -~
necessary to move a copper atom is the tunnel resistance which displays the distance

between tip and sample. The tunnel resistance used for motion along a step edge was
approx. 700 k(2 and ~500 k€} for moving them over a step edge. Figure 36a — ¢ demon-
copper atoms from even higher coordi-

fgure 18 used as a marker. Figure 36b, ¢ show the
drag out of single Cu atoms leading to a corresponding vacancies in the initial site of the
atoms,

Furthermore instsad-ef-mexing single atoms, the lateral manipulation technique is
ules)Gimzweski et al. deposited hexa-tert-butyl deca-
cyclene {HB-D sateg Cu(100) surface [50]. The decacyclenecore of the
HB-DC 15 equipped with six bulky f-butyl-legs (Figure 37). At monolayer coverage, the
molecules are immobile, forming a two dimensional van der Waals crystal (Figure 38),
Separated HB-DC molecules on a Cu(100) surface are extremely mobile, making it
impossible to get STM images with atomic tesolution.

For this reason a coverage of just less than one menclayer was chosen and STM
images resemble those of the immobilized 2-D lattice at full monolayer coverage. How-
ever, there are some random voids. In this layer the molecules can be at sites with differ-
ent symmetry with respect to the surrounding molecules (Figure 39). Molecules at sites
of lower symmetry rotate at speeds higher than the scan tate used for imaging and there-
fore appear as torus Figure 40a. The molecules at the higher symmetry sites are
observed as six-lobed images, proving that they are immobile Figure 40b. Gimzweski
used the lateral manipulation to drag a rotating HB-DC molecule from a low symmetry
site into a higher symmetry site and the six lobes of the immobilized molecule was again
clearly observed.

Figure 35: STM image showing
the lateral manipulation of a sin-
gle Cu atom (a) parallel and (b)
perpendicular to a step. The
motion is indicated by an arrow.
In the upper part of the image a
single copper atom serves as
marker. The processes involved
correspond to the motion shown
in Figure 34a and b [49].

Surface reconstruction:
practically, atoms
belonging to the surface
can be displaced from
one site to another

Figure 40: STM images of'a Cu(100) surface after
. . exposure to a coverage just below one complete

Mo I ecu I alr mani p u I ation monolayer of HB-DC molecules at room tempera-

ture. In (a) the molecule is imaged as a torus and is

in a location where it is not in phase with the over-

all 2D molecular overlayer. Th =cule is rotat-

ing. (b) The same molecul
Figure 38: STM image of an Cu(100) surface 0.26 nm and imaged as a six-lodet
after exposure to a full monolayer coverage of
HB-DC molecules at room temperature. lmage
area is 1 1.4 nm by 11.4 nm [30].

StEncture in reg-
istry with the surrounding molecules. Image area is
5.75 nm by 5.75 nm.
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4.C Resist-assisted nanolithography with SNOM

O SR
L

SNOM (in emission mode) represents a very local
scanning source of light, hence allowing for a (serial)
implementation of optical lithography

14

SWOM scannmg  head
(Brodner of MNT-MDT)L
We mse a meachamcal
shomer to maks 3 [zht
pulses. We o conirol
the skoder dmecily fom
Solver SRIOM software
(Lithosraphy  opfion)
throngh  scanming  haad
contreller.

In our ex-
perimants we sed g thi
laver of positive photors.
gist on flar 51 subsmate
After probe approaching
we wade & skear force
image of sample surface
to ensure that @ is rache:
flat ard free foom artifacs. Then we moved probe over surface by especial marker in sofiware
or by progranuning it bedavier. Scfiware slows 23w draw raser (pox files) ar vector foages
(lmes, circles md alphabet signs) Dunog probe movernents 3 laser prlses were made, The
pulses lensth was of 0L1-3 sacomds. The total power rezched probe apermre apd bence the
samplz surface was 1-10mW. Drawing imrwediately followed by shear frce scaming,

|

Srjediie
Lasrcaupiing i

[ Computer ftware }

Fizure |. Experimental s«tup.

www.ntmdt.ru

L] 2 4 ] 8 18 12 14

[ w EEETEWEEEEEY o |
.I'. 1 B.18
8.83 i H B.0hz
B
8,825 || ---------
Py
A8 Sl *
[ A
| Y
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Figure 2. Dot: on a positive photoresist and a crozsection of one dot.
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SNOM “nanowriting” |

However, $NOM cap.abilities seem particularly appealing in the area of “nanowriting” (of
photosensitive materials) for extreme data storage applications (serial reversible process)

5| Photoaddressable Polymers

5.1 Introduction

Polymers are perfect materials for a diversity of applications. Due to their macromolecu- BaS | C |d ea.

lar architecture there is an enormous variety to modify and control the synthesis of poly- T d f th t l -

mers. Thus, they can_he tailored to even quite difficult demands. Since a whole industry O Mmodal e opti i

deals with the processing of polymers, efficient production lines have been developed h t dd y bl p ca propertles Of a

for almost every polymer. Not only the molecular compesition, but also the cost of poly- otoa ressapie m i I I

mers has been optimized. Now these materials can be considered even for highly sophis- p ate I al (I €. ’ tO Wrl te) on a

ticated applications, as optical and holographic data storage. ve I’y |OC8| SCa I e th rou g h a | |g ht-CO ntrOI Ied
Locking at the development of optical media, it is obvious that polymeric materials .

play a major role for the compact disc (CD): fmporiart for the success of the CD-ROM meChan ISM a nd tO read by the same methOd

and CD-AUDIO was the development of a specific palymer — polycarbonate — which
serves as substrate material, carrying the digital | ation in the form of tiny pits. In
the ROM the-rforfation is imprinted during production and canmot-be-crased.
Tt photopolymers the optical information is stored by changing the optical'preper-
ties of the material by a light-induced polymerization or a ring opening reaction. These
materials turned out to be the most suitable holographic media for write-gnce-read-many
{WORM} applications [66]. Since especially the optical requirements for holographic
data storage are very stringent, there are some drawhacks-tim e tie-trireduction of
hose polymers into mass production. So far, 1€ shrickage during illumination is the
most 3evers_problem for photepolymers. .
As far as rewniabie-hetessaphi age i ereffaclive crystals like
iron-doped lithium niobate {(LiNbO;) are mostly used for rewritable (R/W) laboratory

... but ...

Suitable materials are needed

demonstrations [67]. In the following chapter, a polymeric class of materials, the s0- Pu I‘e|y I | g h t'd rven o ptl C al mo d |f| Cat| ons

called photoaddressable polymers [68] - [72] and the results of holographic measure- . .

ments with these materials will be presented. These polymers show no shrinkage effects are accessli b | e (W | t h ou t an y mor p h (0] I 0] g y
i ibl Tt 1 light and are therefore able to meet

the requirements for l%(aivj holographic data storage. 2 C h an g e’))
In principle, all matend i ith 2 change of specific properties can

be described as photoaddressable polymers. Since the change of material properties is

the basic condition for storing information in 2 material, wg have to deal with a reversi- . L.

ble modification in order to fulfill the requirements of an R/W material. In the following FaSt an d reversi b | e Wrli tin g
section the name photoaddressable polymer (PAP) is used as a synonym for a class of

pelymers wis reversible antennae for the incident light. Those PAPs are

basically azobenzene-containing side-group polymers. The aim of this chapter is to give

an overview of the optical and photophysical properties of those polymers.
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Photopolymers |

5.2 Photochemistry(of Azobenzene
The photophysical reactions of azobenzene have been well studied. [t can be demon-

strated that due to controlled light-induced reactions of aze chromophores, properties of
the whole system incorporating the dye can be modified. Those properties include for
example viscosity, solubility, mechanical parameters, bioactivity, and optical constants

(73]. Additionally azobenzene molecules can be used as a probe for their molecular sur-
roundings. In this way a detailed study of polymeric parameters can be performed by
monitoring the photochemical behavior of the azo dyes. The success of azo dyes in all
these applications can be explained by detailed knowledge-6- sir light-induced photo-
reactions: Azobenzene chromophores exist in to_isomeric states. The rodlike long
shaped trans form and the bent ¢is configuration. The 1sometization can be induced by
light in both directions, from trans to cis and from cis to trans, whereas the cis-isomer

ndergo a thermal back relaxation to the thermodynamically mare stable trans-

isomer (Figure 21).

A look at a typical absorption spectrum (Figure 22} of unsubstituted azo chromo-
phores (Figure 21) shows two absorption pands: The so-calied wn* band with a maxi-
mum absorbance at A, and the so-called nm* band with A, @ The
spectral position of the absorption maximum of the mm* band can be shifted By chemical
modification of the dye, namely by the replacement of donor/acceptor substituents,
Those substituents do not influence the spectral position of the nw™ band. The isometi-
zation cycles have a distinct influence on absorption and optical index, which can be
used for data recording,

The absorption bands define the laser wavelength needed: Azo-dyes undergo then
isomerization cycles by illumination with light of wavelengths from the UV to the
green/yellow range of the optical spectrum. ’

0.6 ' v r r T
mn” band
0.4 - g
tunable by donar!
8 acceptar substitution

nn* band

0.0 T T T ;
300 350 400 450 500 550 &0

wavelength (nm)

Figure 22: Absorption spectrum ol
unsubstituted azobenzene in solution.

hv

fp—
hv', kT

trans azobenzene cis azobenzene

Figure 21; Trans-cis isomenzation of azoben-

e,

5.3 Azobenzene-Containing Polymers
There are three ways to incorporate chromophores into a polymer:

* In guest-host-systems chromophore guests are doped into a polymeric host. In these
systerns the chromophore concentration cannot exceed a specific value, because
highly concentrated chromophores tend to phase separation and crystallization.

. Thls dlsgd\fantage can be avoided by attaching the chromophores to the backbone as.

» Or the chromophores are fixed as part of the main chain

The first mvestigqtions of the isomerization kingtics of azo chromophores in polymers
m_}gre performed in 197_2 [74] and mainly focused on spectroscopic measurements
{h 1— [78]. Those experiments can be summarized by the experimental observation that
the isomerization of azo dyes in a polymeric environment is possible, even at tempera-

fures belOW the glass transition tem al i 14)¢] i ide chain Wi
: hai per fure. [hlS result aj 1es to sid i
; ' as well as

Since the isomerization results in a change of the molecular shape of the azo
;:h_mmoplllorgs, as described above, there is a specific demand for free volume to enable
this teaction”, In solutiop this free volume condition is fulfilled. Tn polymers, however,
?l_iere might be some sterical constrainis due to the inhomogeneous free volum:e distribu-
#on. For some c_hro_mophores there are local environments with large free volume
?rhere the Isomerization can be performed in a similar way as in solution. But there aré
so configurations where the free volume is not sufficient for the isomerization of the
g:;& Therefore strong deviations of the photochemical reactions in polymers oceur, if

pmpared to the reactions in a solution. l

1 l;nwever, experiments performed in polymeric systems demonstrate that azo dyes
Wre able to undergo isomerization reactions in this environment
B .
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Photopolymers Il

Pho tosensitive polymer sample
Polyne tharrydaie (PHA) netwodds, nmd.lﬁzdm the four position with an

azohenzens es0 gENAc Umit {lnﬂﬂt}’l—ﬂl-"._-putvh:q}'] connecied i the main cham

by an hexamethylene spacer (PRLAA)L

PMA4

chemical struchume
_""N—D—ﬁ—iﬂhrﬂh homopolymer{x =
co-polyneer (x# 0

CHy  {OH; -

_Tﬂﬁ_ —-'L‘I-:lt——]i— ........................... e ARRRREELEL LR

¥ 1y

Sannle Py 'T = M4 K
* highly concendrated sohoion of FhIA4 ; 1o
powder dissohred in chlorohenzene, stirred ﬁl]:‘n;rggTﬁmam ALY
at Toorn temperature for a few homws :
* Hhemnal irextynend hef ore Inpres sLom

= il froon single drops of schoion (n
Comning 4077 gdass atharate a:nﬂqlm'm.g
at = 2000 - L0000 Tpan.

.|

* Comdf comnatiomal tramsiiiom ad 330 K.

“Filin thickmeess ~ 100 - 200 nan

:;55 Photoaddressable Polymers for Optical Storage

ﬂ'he motivation of the development of polymers follewing the scheme of Figure 23 can
# summarized as follows:

i': The dye acts as an antenna for the inctdent light. In order to optimize the response to
; light, adequate dye systems must be used. Azo dyes are the perfect chromophores for
? this purpose because of their well-known photochemistry,

Il is the task of the mesogenic groups to stabilize and to amplify the reorientation of
" the chromophores. The physical reason for this can be explained by the intrinsic ten-
? dency of the mesogens to spontancously organize in domains,

——

chromophoric side chain

°V\}*@ =

a)

......... H .....:..................

Irafs-Cis

| ‘.
X spacer
mesogenlc side chain
M tata s
e Photopolymers can be
n-x* ! engineered to improve their
b i properties (e.g., to limit the
topography changes upon

Trans Cis LE

irradiation)

Tratis-cis photoisomerization of

Ahzorphion spectiam

the azobenzene moiety.
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SNOM “nanowriting” Il
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chain via six hexamethylene spacers.

Material engineering

the spacer length is adjusted to obtain both stability of the azo-molecules
configurations in the polymer and a liquid crystaline phase, particularly ap-
preciated for holographic high density data storage (see next section). As a
result, the glass transition temperature of the resulting compounds ranges
into the interval 30°C-100°C.

The rate of thermal isomerization from cis to frans configuration is neg-
ligible with respect to the rate of photo-activated transitions. In order to
achieve light-driven complete frans-cis-trans somerization cycles, research
iz oriented towards materials presenting frans-fo-cis absorption band super-
impose to cis-fo-frans absorption band. Following the classification intro-
duced by Rau [117], these materials are the so called pseudostilbenes, ie.,
azobenzene-based polymers containing electron-donor and electron-acceptor
substituents connected to the szobenzene groups. Pseudostfilbenes have a
m—=* band practically superimposed to n—7* band allowing light-induced
excitation from frans-fo-cis and cis-fo-frans using the same light source.

ematic of the azo-polymer we used for near-field lithogra-
PMA4 is polymethacrylate (PMA) containing 3-methyl-4'-

Near-field illumination has already been used for pure optical lithography
on PMA4 samples [132]. This technique has provided (see also next section)
sub-wavelength resolution. The best resolution achieved in this process until
now is of 120 nm [132]. The application of near-field microscopy (SNOM) in
pure-optical lithography on azo-based polymers leads to estimated potential
storage density of at least 1 Gbit/em”.

=a7Obenzene unit connected at the 4-position of the main polymer

SNOM writing is based on a
(reversible) modification of
optical properties following azo
iIsomerization (remember: trans
and cis have a different
geometry and exhibit different
birifringence properties)

Write mechanism

Since the pioneering work by Todorov et al. [121], azobenzene containing
polymers have been largely studied as materials for high density data stor-
age. Due to the rod-like shape of the azobenzene frans isomer, in the light
driven isomerization, the transition momentum of trans-cis isomerization
has its maxinoum when the molecule is oriented along the light polarization
direction. Thus, complete trans-cis-frans isomerization cycles driven by il-
lumination with linearly polarized light yields to a statistical orientation of
the azo-moieties perpendicularly to the light polarization direction.

The orientation of azo-moieties perpendi ¢ to the ig
direction results into theGariation of the refractive index componentz
side the polymeric compound as i &

of azo-containing polymers occurs under illumination. This phenomenon
has suggested azo-based polymers as material for holographic data stor-

’ - _Birefringence patterns dre
written well below the glass transition temperature of the polvineric com-

pound and are stable for months. Nevertheless the written data may be
erased by heating the sample above its glass transition temperature (T, ) or
by exposure to a single circularly polarized light beam that destroys the or-
der among the azo-molecules [125]. The writing process is not energetically

Antonio Ambrosio, PhD Thesis Appl. Phys., Pisa 2005 (unpublished)
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Examples of nanowriting (topographical)

SINOM topography i;mages of the optically

et de thin film Topographical nanpwrltlng
5 (due to local photoinduced
{a) homopolymer fexposure time =:1s/dot image size = 5 x 5 jtm) mass migration)
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Examples of nanowriting (optical)

Figure 4.4: a) Hepresentation of the birelringence pattern realized on the

[ree surface of & 30,70 PMA/FM AL copolymer film. b) SNOM fmage of the
pattern really realaed. In order to read the written information we have used

the high-contras medhaniam resalting from polarization madulation thas we
hve implemented in our SNOM setug.
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AC/DC [arb.un.]

Examples of nanowriting (topo+optical)
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Thanks to the large intensity in the near-
field (up to kW/cm?), writing can be
acccomplished in a very short time
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Azobenzene polymers are a viable
alternative to other photosensitive
materials for highly efficient nanosized

optical writing
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Conclusions

v" Exploitation of a probe able to “produce” (or “detect”) an optical
near-field allows to overcome limitations due to diffraction in the
space resolution of conventional microscopy

v Spectroscopy methods (including advanced ones) can be
transferred to the local scale thanks to SNOM

v The excellent space control offered by SPM can be exploited
also for fabrication (nanomanipulation) purposes, leading to
techniques with a poor applicative potential (slow, complicated),
but with enormous capabilities in a bottoms-up context, compatible
also with “soft” (typ organic) matter
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