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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

A
pertured probe —__, - ptical fibers; — C

A Hollow cantilevers;
S Etc.
(Also for e
NEARFRLO——"_ “Reflectipn” and electroluminescent & & a
“transmission” samples) |

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,

(b)

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

Bk %14 B i University of Miinster
(c)
250 pm
F_—%‘— Typical aperture diameter:
50-100 nm
I Primary Taper S;_tl_:ggg;iry
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SNOM probes (tapered fibers) Il

Conventional probe fabrication An alte}rnative technique
a 10 g
1mng *‘m:ung z) (&) _ _ —
e Coaing 24m § Gold
— o | coiting
Tmpered Fiter L. o ] ’

l:":ulul'nl: e 1.|x|||||5.

Figare 1.1 a) Beat and pull, ene of the procsdirs to taper aptical Bhees for Figure 3.13: (a) Schematic of a SNOM e probe produced by selective
SNOM applications. b) Metallization of the SNOM fibee tip at steep angle chvemmical etching (S0E). The protruding cone & formed due to a dower ecch-

ing rate of the core with respect to the cladding. After gold metallzation
- Iﬂ:; ;:::J‘?h“?ldmsth aperture at the end. ¢) SEM image of the resiiting [inclizated by light gray lines), the tip & punched against a bard susface, pro-
tp o of its interior. ducing & Hattensd apes with a subwavelength apertuze st the center [hlack

amrow), a5 evidenced by the SEM rn.i.r:n:-:;ruph in {b).
An alternative probe

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

Figure 5.1 Back of an holow cantilever, The souare ts the back sperture of

Materiale tratto da Antonio Ambrosio the pyramical hole produced by selactive chemizal stehing. The inps shows a
PhD Thesis App“ed PhySiCS, Pisa, 2005 Light epat coupled directly into the cantilever's hols by means of o microscope
chjective
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Example of non propagating fields: the evanescent wave

From Maowell's equations, we know thar the componsnt of the elecoic fisld tangenr fo
the inrerface of o dielecmics mnst be condnnons across thar interface. For a plane wave
moving from one dielecimic fo apother,

ki 8in[ey] = k¢ Sin[6y]

whers k iz the wava vector, theta is the angls between the wave propazation and the
imrerface nommal, znd subscripts 1 and ©stand for mecident and ranstitred wave ooars,
respecivealy.

The frequency of the wave is identical on either side of the interface. so we have Snell’s
lzm

ny 8infey] = ng 8in[e]

with  the mdex of refraction of each of the mediz,

At mnconunpg angles egual to and sbove the crincal angle
Mg

@, = Arefin[—]
nj

The reflectance is 1, the transnuttance is O, and 2ll energy is reflected back to the
incoming side of the interface. However, as electric fislds impinge on our uncharged
dieleciric interface, the boundary conditions dae to RMaowell's eqonations and the
conservation of momentum demand thar there be a matching field cn the far side. Tha
component of &, parallel w the interface iz sdll egual to the compoeent of k; 1o obey the
boundary conditions.

We have ap incomung plape wave
With amplinude Ei, wave vector k and frequency w. The z direction is normal to the pla

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

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

A
Z n,>n,

N

E([r.t] = Egexp(i(kyr-ot))
K =k;sin®; ; ki,=kicos0;

Xy

n, !

N4

N

With Snell’s law:

kisin®; = n,k;sin6/n,

kicosO,= tk; (1-n,2sin20,/n,2)"2
= +i k; (n42sin20,/n,2-1)"2 = +i B

Hence:
E{[r.t] = Eqexp(-Bz) exp(i(kx-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 resolving power of a comventional micrescope, Le the distance [Ar)
betwesn two ob et points which & microscope can just resolve, depenids on
the mumerical apertuze [N A] of the objective and the wavelength (4] of the
light used. The relstion betwesn these quantities is Sxed by the Dogleiah's
eriferion that sets: \

.|'l'|.t=|:|.ﬂ]ﬁ (L1}

The whole limits discused above can be regarded in terms of quantum

mechanies. [0 fact, applying the Heisenberg's uncertain prineiple to the

components | 1) of a photon's pesition and to theee of the [inesr momensum
[pi) of the photon:

Az |p| 2 & LI
where i is an index incfeating the propctions along =, y or 2 axes. Hach com-
ponent of the Enesr momentum of the photon & related to the comesponding
components (&) of the Eght wavevector (£} by gy = k. The relasion 1.2
may then be written an:

I 1A

TR 2
This formula fixes the physical lmit for the linear dimensions of & focussd
beamn as wel ap the achievable optical resclution. The posthle values of &

are limited by the mathematical condition being between each vector and its
components:

(1.3)

|k = /&3 + B + K 14)

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

Heisenberg's principle: k, 2 2r / Ax

AX2 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 = 2n/A

ll

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

Clamical optics and microseopy employ fres propagating waves for which
all the compenents k are real [n this case B = |k|* and the relasion 1.3
limits the bt remolution achievable to valies no much smaller than A2,

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 he 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
of a ray falling on its boundary or of it being partially refracted into the
outside IT. Thus, in the case of a transparent substrate III, we distinguish
between the angular domain III; of angles £ with —&; < & < &;, where &, is
the critical angle of total reflection (g, = 41.5° for glass of refractive index
1.5) and the angular domain IITs with 90° > ¢ > &, or ~90° < £ < —&;, which
is sometimes called the range of forbidden light. Rays of the domain III; are
totally reflected in the substrate, whereas rays of domain III; are partially
refracted into the outside II. 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 I5) 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 be
partially refracted into the outside II 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
IIT between angular domains I; 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.

1

e

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 I and
the substrate III of the object. Differ-
ent angular domains of rays propagat-
ing in regions 11l and I at an angle
¢ can be distinguished by the crite-
rion of a ray falling on its boundary
being totally reflected into the same
domain (IITz,I2) or being partially re-
fracted into the outside II (I111,14)

\

i
5
Fy

Critical angle Critical angle

SNOM probe can “convert”
near-field into far-field
(especially relevant in

collection mode)

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

Figure & the left panel shows the penetration of an electromagnetic f2id in the less dense medium when total intemal reflection
ocours. The midd'e and the right panel schematica™y envision the energy flow between two dense media through an air gap

[frustrated total internal reflection).

http://www.chem.vu.nl/~sneppen/literaturereport.pdf
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A gqualitative picture of tapered fibers

A whele slew of scanning pear field optical microscopes (SROME) have besn developed
by researchers over the past 15 vears. These microscopes smash the diffracton linwet of
far field microscopes, potentally achieving resohinon an order of magnimde bemer than 2
standard conforal microscope [Hect 2000]. One such SWOX = the scanning mnnsling
optcal microscope. This mictoscope nses a sharp glass op o locally fmstrate toml
mrtamal reflection below a surface,
mdirectly imaging features on rhat
surface at bigh spatial resolomon.
8B rry =388 Aperture based SIW0OMs are more
comunon snd more practical. [Hecr 2000]
They produce sn evanascent feld by
forcme light throvzh a small apermure
(ses fizure). The evanescant field locally
E ihmieates the sampls. Once fres of the
) g aperture, the fiald is no longer
gvanescent, and ir expands o the far
Evanascezt :'Ln!d.: p.r:hdu_-:_,;d Ty the tzpamed op field to be picked up by a detector. To
of a EMOM. [['.P:'.. :El:'.'_ ackiave ]:I.l.;ﬂl resplution the ApeTTire
romst be small avd close fo the sample
surface so the field is tightly confined when it inferacts with the sample. Full analysis of
the field-zample interacioen of a SHOM is a difficult or impossible wndemaking, bar the
data produced can viald imperant and detailed information sbowt a sample surfaca.

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

- be back reflected

- (partially) absorbed by the metal layer

_~ Hbrirnm

‘9/',n = in-1— a

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 mW 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
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Near-field throughput

However, the amount of light that can be
transmitted by a small aperture poses a
limit on how 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 50 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!

Vhen the aperture is 100 nm, the cutoff is
dowin four orders of magnitude, and when
It reaches S50 nm, only one part in 10
makes it through. Furthermoaore, the input
power cannot be increased arbitrarily
because 1/3 of the power is absorbed in
the coating. Increasing the input power
above approximately 10my willl destroy
the coating. This sewerly limits the
signal-to-noise ratio of small aperures,
and is the reason our group uses another
approach.

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

Apertune diameter o]
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Optical Near Field and Fourier optics

|Ideal case (e.g., studied in the
20’s by Synge and reworked in
the 40’s by Bethe): radiation
sent onto a conductive plane
with a subwavelength circular
or elliptic aperture

Unperturped Diffraction Near-field
propagation
| ]k | W | .
= S I Beeecree Ve T - WS
1k k
..... e debarana, Alrebuedepdiens?
L S 4 > —
a a a
Onda piana Onda piana Onda piana
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 and Maxwell egs. |

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) .. {%1; .
vV = —(E + %r] 15

Potentials and charge, currents density

Tiot
iy = ﬁ J“‘-.!{r,t;r.ﬁr,n"u) dr' (12)
V(7 = ﬁ frw dr’ (13)

dove 7 & il wettore tracciato a partire dall’'ocigine al punto P dove si caleola i campi; P é
il wettore tracciato a partire dall'origine al generico punto dove é presente Pelemento di
carica T o 'elemento di corrente Jdr; Ar = 7— i il wettore che va dal punto dove sono
i generici elementi di carica/corrente al punto P; i velocitd di propagasions
delle onde elettromagnetiche nel mezzo.

In the far-field (retardation effects!):

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

_.i'{ﬁt] = F—fo[r-’,t—rﬁ:] dr' (21)

dxr

Hustituiame in questa espressione a J il prodotbo g, dove ora la densitd di carica p é
caleolata al tempo ¢ = rfe. 8i ottiene quindi:

..'i'{ﬁt] = iij:p{;',t—rfn:l{fdri

ar

Notiamo ora che, se avessimo a che fare con una singola carica puntiforme e, Mintegrale

nell’ultima espressione scritta sarebbe semplicemente e, Per un sistema di cariche esso
BATH:

X (erje)
i

dove la somma va caleolata al tempo rdtardato ¢ — rfe. Ora, il momento di dipolo di un
gisterna & definito come:

o= Zei;"i
per cui & Retardation (inside the
s dr; emitter) is neglected, i.e.,
= ?EEE

emitter is considered
ed infine, il potensiale vettore diviene: p0|ntl|ke

. = o 0 =
l-!_pum]m} essere trascurati. Quindi, a grandi distanze dal sistema di cariche, i potensiali 4 = Ay Pilt=rje)
diventano:
. o A.f
AF ) = iif.f[r',t—rfu+—n]d'r' (19)
xr Jr [
Abbiamo in definitiva ottenuto delle espressioni per i potensiali vettore a scalare relativi
Vi = L f."[‘fj t—rfe+ P ’-‘] et (20) ad un dipolo variabile nel tempo. Le espressioni ottenute sono:
’ Agregr o : : o
- - 1 r=
dove si & ipotizzato di essere nel vuoto (e = e, pp = pg) Il termine ¢ -1/ tra gli argomenti V = I T [FJ -+ —5] “T {t—rjc) [22J
degli integrandi indica quanto I'onda elettromagnetica proveniente dalle parti pia distanti £0r -l'.
del sistema che irradia & ritardata rispetto all'onda proveniente dalle parti vicine. In altre . p
parole, il termine ¢ - 7i/e determina il tempo che Vonda elettromagnetica impiega ad at- = 4_01?;“ rle) (23)
— .

traversare il sistema. Se la velocitd delle cariche é v, in tale tempo esse si saranno spostate

di ufr' i) /e, 11 ritardo interno al sistema sard trascurabile quando tale distanza sard
piceola rispetto alle dimensioni del sistema, . Quindi la condizione é: 1:{r1' Ai)fe @
o, equivalentemente: v < ¢. In tal caso e cariche non avranno il tempo di cambiare
appresabilmente le loro posizioni durante il tempo che Fonda impiega ad attravemsare il
sisterna.

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 eui si vogliono calcolare i campd E(r) e B(r) dall
sorgente sia molto maggiore delle dimensioni della stessa. In realtd [2
soluzioni complete delle equazioni per 1 campi generati da un dipolo elettrico
P posto nell'origine sono:

ik 1 ‘.‘,lii‘ . .
E(r)=kn=p) = ni_ [Bo(u-p)—p| (—3 — —2) gttt (27)
r ror
gther 1
B(e) = K(n x pro (1 1) -
\r) (1 pJ ; - l=5)

Dove n & il versore di r e k & il modulo del vettore d'onda k, con b =w/c=
2m/A. Sia E che B sono dati dalla somma di due contributi con un diverso
andamento in v. Nel limite di eampo lontano, con kr = 1, si ritrovano le

usnali soluzioni
Eﬂ.‘f‘

Efor(r) = k*n = p) xn -

ikr
B (r) = k*(n x p,le— (30

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

Explicit field solution in the near-field

. 1 1

Nel limite opposto in eui kr <= 1 sviluppando

B

™ 81 ottengono 1 campi

o ’ ; 1 -
Ejeor(r) = [3n{n - p) — 11\]?‘—3 (31)

B, orir) = 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 s 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 E“Dl]SidEIiM]‘lD.SEpM'E‘LtmnEDt:E i campi nel u: nel
caseﬁuendu:u il parametro adimensionale = = kr, le (277 & (28] si
TiECTIVOTD )

e 1—ix
Ey(x) = =h'p (1-——) (33)
- 1— z'z' .
Biir) = z—m wp) (34)
. z'r .
Ej(z) = ETksp . (a5}

Mel primo caso E e B sono entrambi trasversi, mentre nel secondo caso il
campo elettrico ha nna componente longitudinale non oulla dovuta al con-
tributo del campo prossime. Tale componente tende a zero per = — oc. Le
ampiezze dei campi E) (r), By (r) e E| sono rispettivamente

1 1
[ELiz)| —ks—\ 1- =+ (37)
p | 1
o] = LEE, | = (TR
[Byiz)| =k T\ 1+ (38)
. 2k | 1 -
|Ey(z)| = ?P'H."l +— (39)

Come si pud vedere il campo Ey diventa dominante per x piceoli. Cuesto
significa che per valori di r molto pin piccoli di A gli effetti del campo prossimo
diventano importanti. Chuesti 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 =

i .
: k? mKl’j’:”‘“E—+[311(11'13:'—13](%_%]3"”
4 F r r

&,

2 ik
]—Iziﬂu:ﬂmjlE [1—_1]
47

Per Near-field condition
1

ikr

r

Behavior of electric and magnetic fields

E= [3n(n-p) - p]i Equivalente Schermo opacd™ |
e, - all’'emissione di un
i o 1 dipolo statico. —
H=—m~xp)—
4 I8 -
—
Near-field space distribution of —» 8
electric and magnetic fields in the
ideal case can be approximated with
two mutually orthogonal dipoles -
(electric and magnetic, respectively) —
—
Onda incidents

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

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

)
[V. BOUWEAMEP'S SOLUTION 50’s

Bouwkamp's approach [7] in selving the diffraction
problem consists in first denving the solution for a disk and
then using Babinet's principle to obtain the magnetic
currents for the case of the aperture. [2]

Electrie cuwrrents are induced on the disk due to the
mteraction with the incident fields. Once such currents are
knowm, the vector potential can be obtained through:

(29

which in the Lore

A :LTx,-I E- _:I-!li'.'l— |:T f-ﬂ

I'I
Using the approprate boundary conditions for the problem:

E;=-LE=0H;=0 (x*+y* <a) (31
combined with eqs. (29) and (30) a system of integro-

differential equations 15 obtained for the fields in the
aperture:

(30

dd,  dd,
dy v My ¢ explikR)
: A, =—|I,——d
Pdy B oy and 4= [ =4 3y
=ik
e a] n =,i-l'_jJI EKP(I}R—d
4= ¥ R

a—‘{ﬁ+a;{3+kfa =0

dx=  at *
This system of equations cannot be solved analytically. In
order to obtain a sclution, it 1s necessary to use the
symmeiry of the problem snd 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 at nommal incidence iz being
considered, the problem has axial svmomety. Tlos together
with the boundary conditions at the edge of disk tmples that
the behavior of the electic cwrent density mmst satisfi:
1y 4@+ B@lesdy 1) BO) o 53

x

° '1 -p* I & .,‘.1 p*
from which the fl}]lI:l'l.'l.".i.'Ilg condifion can be obtamed:
__lar, _1f ar, &, (34)
Yo Z2ap 27 ax a

A simular condition can be obtained for the vecior potential.
Theza relations allow egs. (32) to be reduced to an misgral
aguation contaming only one vanable (I, or I), so that
through 2 series expansion the coefficients 4 and B of egs.
{33) can be obtaimed.

Through the use of Babinet’s prmeiple the electne
currents will act as magnetic curvent densities, which fo frst
order ave grven by:

o Bk lat -t -0yt L B a {35

]

R q.ln:il'z _x-_-_l}lz 3 a,'llﬂz—l':—,'lz

The fslds in the apertue can now be obtamed:
Ak 2qt —x? =2y

E. = E = = H, =0
Y3t —xT =y 36
2
E =— L H,:L
LR S M
_1_ »
E.=':' H_: }

. . Hy el 1'||I";|,:_I1 -y
Theza squations can now be divectly compared to Bethe’s
results [eqgs. (28)]. As can be seen, the exprassions for the
magnetic fields are the zame, which 13 due to the fact that to
first order there 15 ne conmbution from the magnetic current
density to the magnetic fialds.

A contour plot of both Bethe's and Bouwwkamp's results
can be seen in Fig ? and Fig. 3, respectively. In these plots,
the lizhter rezions represent lugher miensity.

Fig 2 Total electric fleld |£r in the aperture obtaimed &y Bathe.

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

Fig 1. Ellipsotd with uniform dismibution of dipoles ortented
along the plane of the aparture. The charge distribution in the
hole is obsined by making the lengeh gfaxiz b vary small.
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How to calculate the actual near-field distribution

3.2 THEORETICAL MODELING OF NEAR-FIELD
NANOSCOPIC INTERACTIONS

Although Maxwell’s equations provide a general description of electromagnetic
phenomena, their anatytical solutiong are limited to relatively simple cases and rig-
orous treatment of nanoscale optical interactions presents numerous challenges.
The various 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 carry out the modeling (i.e., the direct space ot Fourier
space modeling)

¢ Globat or nonglobal way of treating the problem (e.g., performing separate
caiculation 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-
Dormain Method (FDTD) and the Direct-Space Integrat 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 multipote odel
(Girard and Dereux, 1996). With the MMP model, the system being simulated is di-
vided into homogeneous domains having well-defined dielectric properties. Within
individual domains, enumerated by the index i, the electromagnetic field ST, wg)
is expanded as a linear combination of basis functions

FOr, wgy = > ALf(r, @) (3.
F

where the basis functions f{r, ;) are the analytical solutions for the field within a
homogeneous domain. These basic functions 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

VXV x f{r, wg) + g7 f{r, wo} =0 (3.2)

MMP can use many different sets of basis fields, but fields of multipole character
are considered the most useful. The parameters 44 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 nonlinear optical
processes in the near field, we show here investigations of second harmonic genera-
tion in a noncentrosymmetric nanocrystal exposed to fundamental light from a
near-field scanning tip (Yiang et ak., 2000).

One 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
VX VX wp) - > a(r, wpE(r, w) = 4w —sz(r @) (3.3)

4}
Vx 2w,) = 41 —Pz(r 2e9) (3.4)

where e(r, wy) and &(r, 2wg) are linear dielectric functions for the fundamental and
the SH waves, respectively.
The propagation constant &, along the z direction is

= (k2 - K32 = (1 — ni? sim? §)12 (3.5)

where k, = 27/A, ) is the wavelength of illumination light in free space; a, is the re-
fractive index of the tip, and 6 is the incident angle. If 1 — n sin® 6 > 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 ebtain 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, 2) cross-section of an optical fiber tip with the associated electric-field
lines and a greyv-scale logarithmic intensity map. The polarization of the incident light propagating in
the fiber core (= direction) is oriented along the z-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 /2 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

4]
Bethe case
>
Actual space distribution of the
near-field can differ from the
g2 E.f Erz FTE

iIdeal case

Fig—2 - Intensity mape for the alectric field (E% and components B2, E‘HE. and E.%) at & distance of
@ from the tip aparturs of radius a ereated by (a) 8 surfass charge distribution as illustrated
BUROPHYEOST FTERS 1 April 2004 Afiz—7 and (k) & planar Bethe aparturs {Bethe-Bouwhkamp solution). All images show an area
Furophys. Lett., 66 (1), pp. 41-47 (2004) af 4a by 4o, and the images in each row share the ssme eolor bar. The two imeges on the laft
DOL: 10.1208/5p1/12002-10138-7 correspond to those that would be obtained using & pointliks, sealar detestor for the elestrie fisld
{eg. an idealized, infinitely small Aucrescent nanosphare). The images of the last thres eclumns
correspond to Auorescence images pradicted for pointlike veetor detactors for the electric feld {ag.
gsingle, Aucrescent maolscules § criented along the x, 4, and & direction, respectivaly.
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Actual calculations: another example

=
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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) / DOT 10.1002/1apl. 200510006 mﬂ
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Near-field extinction

In the presence of a non-propagating (evanescent)
wave, field undergoes a fast extinction as a function of 1(0.0,2) = {

the distance from the aperture (2)

4

8,(’&]? i
e

T

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

(ideal case, after Bethe)

In practice:

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

The space distribution of the near-
field (confined within a distance ~ a)
gives SNOM its sub-diffraction
space resolution

[(r/\)ET]
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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)

{1

“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 hon-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 o=,
amplitude
[ark. units)

tip approach curve

working point

1] 10 20 30 40nm

lip-zample 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

Sostegno portapunta [Filtro V=Vi-v2 — To feedback circuit

-
Scheda PC
scillatore _
2 Amplificatore = my,
T e W Q=400
scillatore g Il Fo=33800
1 -'"*'---.._____ 22 I
Fiber tip is glued onto a tuning fork "
(a quartz diapason acting as a mechanical —_— |
oscillator and showing capabilities to 08 .
measure the oscillation amplitude) Piezoelettrico di dither gl ~ m L
Fork * Punta Mech resonance spectrum

(undamped oscillation)

» A dithering 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 ; O — :

Lull Near-field /
u!_ight signa!rr

\:\i Fiber probe r,f
Excitation f
Light

Detector Source
Tip
Ray Optics b Ray Optics
Source
b | B .
Detector

T e ey Db]ECtI'n"E N su':.l!ﬂﬁltl:.

-ﬂm- Objective Object L
Near-field J/f 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
lllumination 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 preduce significant heating
that can create a problem in imaging, particularly of biological samples,

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

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

The 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-

N

T,

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 exatnple 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 nanoparticle 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 “Plasmenics,” 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 tight in the near field. In this case, the light is incident
on the tip as a normal propagating mode (far-field). 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 is
described here in detail, with examples of some recent studies utilizing this
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 tip_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

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

Disadvantages:
Cumbersome operation
Stray light (in the far field)

20
X ¥
15
1.0
05
t31!3(} -50 0 50 100 100  -50 0 5 1000 10 20 30 40 50

Distance / nm

Fig. 3 Decay of the electric field intensity | Y| along the x, y and z directions (zis 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., a layer with
thickness comparable to the near field range) and the near field photons are recorded

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 tne 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
sample (e.g., dichroism, birifringence) can be analyzed at the sub-diffraction level

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!
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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/YSZI/NiFe
multilayer
deposited by PLD

6 are evidenced 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

] = L]
@ 1668 ZBBA J6BA 24888 2 GCBBA cHEE oH m

CQnantim 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 Igor Dushkin, NT-MDT.

Scan size: THI pm EIID['H[TI

Source MDTfile: download (515 06 kh)

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

g. 2, Topography (lelt) and obligue reflaction iright) mlerographs of aluminlum structures burled underneath Interlayer dizlectries.
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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
cnly 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
sox model as the length of the box becomes smaller, see Chapters 2 and 4.)

() (b)
3 20
300K .
Z
) = +
Z1s £ 10} 4*‘##
= =1,
g i
5 5T
o
large «——QD size=—-zmall
0 o L L 1 M
1.4 1.2 1.3 14 20 43 a 60

Photon Energy [eV] Interval Spacing DE_.., [meV]

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

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

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

0 pm 0 um

Figure 3.13. Fluorescence NSOM images of single molecules. From Professor D. Higgins
and Professor P. Barbara, unpublished results.
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Fig- 7.23. Spatially resolved near-field photoluminescence spectrum of the qua Excitation Energy (eV)
tum wire heterostructure. The spectrum was recarded for spatially resalved exc Spathally resotved Tioarfald photekimiamcuics’ st
tation of the sample at 19596V, The tip was scanned along the lateral directic s plotod e s funcilon of tip position p
perpendicular to the wire, The PL intensity (in arbitrary units) is plotted as a fun ik to the wirs, The pho
tian of tip pesition and detection energy. The color red corresponds to high, whi orresois Yo high Aol parple s
purple corresponds to low PL intensity. The quantum wire emission is centen
araand 1.46eV, Note that, in addition to the flat quantum well luminescence at
15226V, & further, slightly blue shiftod, sidowall quantum well emission is resolved

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)
]! netalip || 1S USed to locally enhance the field distribution allowing reliable

rdlandback

acquisition of (weak) Raman signals

X :|' AROON

LEILH‘fEIEE enhanced raman scattering), abbinata a una
sonda didimension nanometriche, permette o studio di spettn

Hﬁ.-i - M . | : .

vibrazionali localizzat,
A=633nn Inoltre, il segnale Raman e molbto debole (z-sedion inferiorn di
"= ] 00pW 10714 rispetho alla fluorescenza) e necessita di tecniche

. particolan per essere rilevato, Sin dal 1974 =1 usa la SERS,

APD || amplificazione dell'effettn Raman dovuto a risonanze plasmoniche
Filier e "lightning rod effg owvuto alla geometria delle superfici
nanostruturate. La tip enhanched...) permette di
combinare quest effettidll’'amplificazione del campo che si ha in
prossimita di una punta NOM (stimato almeno di un fattore 4.

Epircirraph
LR

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 (~ 26800 em™'). (b) Raman scattering image taken over
the same scan area with a sharp Au tip placed in the laser focus. The integration time per
image pixel is ~ 10 ms (256 x 256 pixels|.

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 5.2 - pag. 30



SNOM with polarization modulation (PM-SNOM) |

Linear Quarter
polarizer EOM waveplate
1\ A ™/
A system is used to @ S \ f ‘
. > — o \
control the polarization / Fiber l M Fiber
of the laser light collimator coupler
. : _ ®, Tapered
entering the fiber PhOtOdIOdeT fibr
probe: polarization is Single-mode | v (NSOM
linear but continuously optical | ‘ driver probe)
rotating (at a fiber NV Tuning (]
. converter fork NSOM tip
frequency typ. in the Saw-tooth or
kHz range) p|p | eedback generator [ l. H@ample
Fiber ‘ control e Lens | | Piezo-
coupler scanner
* /l//IA Interf filter @ (NSOM

synchr.
Iris /‘ d?vljer out Photomultplier. ﬁ/ head)

|
o 1 % refin IV
. . converter
Optical activity of samples
(e.g., dichroism DSP lock-in input :
T , tR out B
birifringence) can be Laser & : .
anlyzed with sub-diffraction Ar Intensity stabilization Low-pass
: 488 .

Space reso lution e nm Polarization control out filter
Detection and analysis to data cqms;t:oni
NSOM head ac de

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
R ALK AAAAAAAA

Chromophore choice:

» chemical compatibility with the host;

» rigid structure;

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

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

Fabrication process (at Dipartimento di 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 {(20:20) stretched (drawing ratio 307, 1010 wm scan

" Topography Dichroic ratio » Map of ¢
fme=50 nifm
[rumi]
020 A=
15 i

o 2 a4 8 & 10olam] o 2 g 1o [am] o 2 4 & & 1o [um]
magadl 1 4 NN O 1l oom Tega raeE) 184 _J000 3 1 Cere e s CaTs, sGiHE L raca¥_1E_4_ 02 _3_10rwidsl Thets oDy, 0016 e, =0

E
-]

drawing direction

Topographical variations
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
elongated islands with locally inhomogeneous optical activity

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

Meolecular writing

Many different tools and
methods have been proposed!

Magnetic writing

Space resolution is typically
excellent

. Ligbar (Harvard), Science 257, 375 (1932); H. Dal (Stanford), APL 11, 1508 (1358)
CF. Quate (Stanford). J. of App. Phys. 70, 2725 {1391); www.nanosclanca.de/group_rimim

Junlor Reseanch Ssminar: Manoacale Patterning and Systems

Tarl W. Dxdom
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4.A. Nanoindentation and AFM

“4 Introduction to nanoindentation

http://www.nanoindentation.cornell.edu/
Indentation tests are perhaps the most commonly applied means of testing the mechanical properties of materials. In such a test,
a hard tip, typically a diamond, is pressed into the sample with a known load, After some time, the load is removed. The area of
the residual indentation in the sample is measured and the hardness, H, is defined as the maximum load, P, divided by the residual
indentation area, A, , ar

H = P/a,

The idea of nanoindentation arose from the realization that an indentation test is an excellent way to measure very small valumes
of materials. In principle, if a wvery sharp tip is used, the contact area between the sample and the tip, and thus the volume of
material that is tested, can be made arbitrarily small, The only problem is determining the indentation area. It is easy to make an
indentation that is so small that it is difficult to see without a powerful microscope.

To solve this problem depth sensing indentation methods were developed. In this method, the load and displacement of the
indenter are recorded during the indentation process and these data are analyzed to obtain the contact area, and thereby
mechanical properties, without having to see the indentations.

Manoindentation refers to depth-sensing indentation testing in the submicrometer range and has been made possible by the
development of 1) machines that can make such tiny indentations while recording load and displacement with very high accuracy
and precision, and 2% analysis models by which the load displacement data can be interpreted to obtain hardness, modulus, and
other mechanical properties,

(Nano)indentation is a common technique to ascertain
N Elastic recovery elastic/plastic behavior of the materials

loaded _ (Pmax, hens) | (if Ccarried out with a load modulation, also surface
- viscoelasticity can be analyzed)
partially
unloaded

Data pertaining to the elastic modulus and to the plastic
behavior (e.g., shear modulus) can be attained and
comparison with macroscopic results (e.g., Vickers

|
:
i
= {Ppart, hpar)
]
]
]
]

— L, hardness, Rockwell,...) may lead to interesting insights
/ on the microscopic nature of surfaces and nanostructures
Displacement, h

Plastic deformation
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Surface modifications 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)

ch produced

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
) R e g interaction can be us.e(_j to permangntly qulfy
iedumtision; 5} imagiee i Tappinzilads. the surface (nanoscribing on plastic materials)

http://www.veeco.com o )
Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 5.2 - pag. 37



More details on nanoindentation

31.7 Polymer Medium

The polymer stomape mediom plays a crucal role in

malligrede-like thenmomechianieal = k. Thi
Than-lilm mulnlyer stniciome wi 'w aclive
lyer (see bFig. 31,2005 nol the only possteThoice, con

sidering the almost ualimited minge of polymer malerials
available. T e medinm sonld e easly delonmaie
T W, el (NG nTanens st EH & LR R H S
wear and thenmal degradation. Fnally, ose woukl also
like o be able krermsr et Tewnwe daE repeatedly. Inoor

Polymers can be
plastically deformed

If thermoplastics are
used (and tip is
heated), deformations
can be reversed

Fig. M.i8a=c Viscoelastic madel of indentation writing.
al ip heats 3 small valume of polymer material

Phe shear modubas of the poly mer dops
fam GFa o MPa, which in e allows the tip
to_indeni ihe polvieer In respomse, elastic stress {repre
senled ax compressiaon springs] builds up in ke palvmer.
Im neditian, viscous boces (represenied as pisbons) nssoo

abedd with the relaxalion ine for the local deformastion of

muodeoalar segments limit ihe indeniation speed. (] Ai the

end of the writing process. the lenspersture is guenched on

o macmosecond e sonle o mom lempeature: The siresced
configurntian of the polymer is froeen-in (represented by
the locked ]1ir-mn.-::|.':|!] The final indentation comespomds 10
a meiasinble configamtion. The original unsressed flal date
af the polymer can be recovered by beating the indentation
volume o msare than & which unbocks the compressed
sprimes {afier [31.15])

der o be able o address all imporfant aspects properdy,
some underslanding of the base phiysical mechanisam of
IBermimmechamcal writing and eraging is regquinsd

.71 Writing Mechanism

In a pecimbenr expenmenl we visualise woling of an
imlemation as the maodion ol mgid body (the lip) in a s
s e ke polymer meeln), Let us indbially assume

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 5.2 - pag. 38

Lhat the polymer, i e, PMMA, beloves ike a ample li
uek@lir il has been beated above the glas-transilion
Lemperyiune In a5 . 6% VISCOLE
rag lorces musl nol excesd the losding Foroe applied
Lo thie lip duning indentaliom. we cis estimalke an upper

Bestand Tow thee wiscosily £ ool s polymer mell using

S hkES"S o)Al

I = Galipv. 131.1p

In actual indentaies foomation, e lp losling Tonce
is on the onder l:|:I'r|.-J the radiug 11y
walme al the apex of e wp is wpacally

Aszuming a depih of the indentation of. sy, & = Hinm
aml K e
welesity duning indestation [ormalion is on e onder
|:lZ'~k:IvL' st thermal relaxation
timnes are o the onder ol mecnmeconds [ 30,200 21] aml.
lence. the heating Dme can be equabed fo the me at
Lakes © fomm am indentamon. With ihese parmeters
wie oblain = 25 Fas, whensas vpecal values For il
shear viscosly of FMMA are a1 least seven onders ol
magnilade larger even al emperaiures well above the
glags-Lransilion point | 31.35%]

This apparenl comrdiction can b resolved by con

sidering thal polvmer properiies are sinomgly depemsdent

luralion, [he mwan

i the wme scale of chservaion. Al Ome =2ales on e
ordler of 1ms asd mllzw@@w im el
Teet froden imand the PR KA moleciles Tomm a relatively
slatic nelwork. Daelormmation of the PRI nesy proceeds
by means ol uncomelated deformations of shool moelecu
Lar segmmenis. rther than by a flow mechanian mvolving
Lthiz coomdinated molios ol entire molecular chaing. The
prce ome has o pay is bl elastic siress baikls up in D
molecalar network as a resull of the deformation (=
podymer is in a so-calle U tlee oibeer
lsand, comnespoading relaxation Wmes ane condirs ol mag
miludke smaller, giving nse 0 an edfective visoosly al
millipede Wme scales on be onber ol 10Fas 31,349,
ag requinad by our simgle argurment (see (30105 Mote

that, unlike normal siscoary, this lagh- frequency vis
costly is basically imdepenclent of The detyibed molecalar
sirsciare of The FMM AL § e, chain lenglh, Beieity, poly
dispersily, etc. In facl, we can even expect thal simdlar
lnigheTreguiemcy visoois properties cin be fousd in a lirge
class ol other polymer matenals, whach makes [bermio
mechanical wriling a rather mobust process in lerms ol
kel selection.




Examples of indentation

Besides tribological and
nanomechanical applications,
nanoindentation can be envisioned
as a nanofabrication tool or a data
storage method

Fig. ¥l.20a,b Topopmphic imnee of individual indemin
tions. (8] The region around ihe aciual indeniagions cleady
shows the theeefold symmetry of the tip, heoe a three-sided
pvramid. (¥ The indeninions themselves exhibit sharp

edges. ax con be seen fram dhe inveded 300 image. Image ° ':"

-
=+

size is 2% 2 pm? (fram [31.15] i 2002 [EEE)

:

Fig. 1.5 Written indenintbons for different palymer materials. The healing palse lesgih was 10 ps. b losd aba @ grey
scale is the same for all imapes. The beater tempemstures far ihe indeniaticn on the lefi-hand side are 445, 4000 365, aed 275°C
for the polymers Paly=sulfane, PMMA I (amicnically polymedzed PRMMA, M =2 26k PMBA 1 (Palymer Siasdard Service.
Cermany. & 7= 500'k). and Palystymene. respeciively. The tempembare inorease belween evenis on the hodzoninl axis is 14, 22,
20, and 9T, remﬂ:llreh. (Fram [31.15] ﬁm IEEE]

L1 LA

i

=1

.5 Ak 1.4 .

Fig. 1. 268—¢ Indeniniions in a PMMA EI
The depibi of dhe indentations is =~ 15 nm, roughly the sume as

the thickness of the PMMA laver. The indentations an the befi-
hiznd side were wilken Gst, then o secomd senes of indesiolbons
was made with decrensing distance Fram the firg series going from

(&) o (e} fafler [31.15])
Da B. Bhushan, Handbook of

nanotechnology (Springer, 2003)

decrensing the paich in the nuu:ldlrcl:llurllly a fnolor of theee, showing that llrﬂ:nll; scheme woaks for individaal Bnes. One
cnm alwa emse entire fields of indenintions wilkout destroying indenintions af the edges of the fields. This is demonstmied in (€.

:i::a Iﬁrllglgmuﬂnm; from nm indeniation Geld smilar to the ane shown in (a). The distance between the lines is 70 nm FISIca de”e NaI’IOteCﬂO/OgIe 2007/8 - ver. 6 - parte 52 _ pag 39



Another example of nanoindentation and scratch

[}

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

0 comfguration

i)

T T T
i 1m il

2 condlguraiion

€ gig
i 1T
{ Akl

=~ o004

Dhstmnce|um|
Furnrw depils variations.

Fag. 1. The bopagraphics ol the line furnss fir the Joads of 200 40, &0 a0l
Blbp™L a0 M gonfipumhion, (b 200 configursfion, (b fmmow depih
W A o

Table 1

The workisg parameters of the senbing expernimenis

Fruperiss

Resonast frequessy
Ferve consian)
Cantiliever length
Cunlilicver thizknes
Canhiligver widih

T mmate il

Tip migius

Tip Bazighu

Woerkpieoe malenal
Weekpieor roughness, Ba

425 kHz

4k fdm "

125 pmm

4 pm

35 pm
Halicon

1 mim

15 pmm
Pelvearksale
L.l onm

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 air
(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
velocity of 1 Hz on 80-nm thick films.

A
R oot B v
L ad £
it 0O
c D
.-".-"-;
\/ ‘
G i T i e
5
[
N L N o U o N . O
. B ) T L
e — -k
'.'!| E g o ':"'

Fig.2 General mechanisms for fast ripple formation.

References

[1] M. D'Acunto, S. Mapolitano, P. Pingue, P. Giusti, P.
Rolla, Materials Letters, in press, available on line 4
December 2006,

Surface modifications on a large
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 infiividual_ atoms.
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 a large .

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

lowing novel nanostructures were built. Here we briefly show the work by Eigler and

coworkers [44), [45] as examples, followed by a more subtle tip-induced nmmginft:;n be used to pro duce and
il T8 R it i _ _

of atoms, and the tip-induced migration of defects by tip-induced excitement o 5 assess the manlpulatlon

[46], [47). More recently the group of Rieder could even perform full chemical reactions
with single molecules [48], Three different manipulation modes can by distinguished:
the lateral and the vertical manipulation as well as the tunnel current induced changes.
The combination of all three modes enables to achieve tip controlled chemical reactions.

Nﬂq{iﬁé‘:ﬁmamoﬁ MANIPULATION:

‘h .,
.

Figure 32: In the STM imaging
mode the tunnel current is kept

77
/i "
) ;: .‘;;"'
i

TP

f ¥
"

;'.i )
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-

s,
‘.':‘:r

/ TIPS

A 2 .:*;:;_.;_ constant and the cantilever is
A . 2 l-:‘;': raised. For manipulation the tip is
¥¥ '_':;}‘:; lowered above an atom dragging it
R S tothe desired position, lifting the
o === cantilever losing interaction with
Da R. Waser Ed., Nanoelectronics . .'j-.'.?.\‘-t the atom [44],
and information technology (Wiley- e

VCH, 2003)



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 2

the STM tip. To affect these modetcatlons one utlhzes . A
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 ed by STM must be performed on

is also possible to mampulate a sing
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
<dimensions of a few nm have also been achieved 1. An exciting possi-
bility will be to use the tip o "operate” 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 ¢ isties—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 tha W 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-

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

\L(J_lp} and exposure rates comparable to those of conventlonal electron

lithography have been achieved. Secondl

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

af can prowdc a nm-
he importance of
electrons with low energy is obvious whe ; ed 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 ing film 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 polydiacefylene—with urethane substitutuents (P4ABCMU).
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; a Tesist 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. : a
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
a_nd 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
electron beam in EBL

| 1l
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 Il

By applying 2 iftoff process, BMeCord and Pease used the
5TM to pattern a 20 nm thick polymethyimeathacrylate
(PMMA) film that acts as a mask for the subsaquent deposi-
tion or etchmg process. As shown in Fig. 2(a), 2 22 nm wide
and 12 nm thick gold—palladiom {Au—Pd) line was deposited
on a 51 substrate. The positive PRBA resist was exposed to
a 100 pA; =20V (negative polarity at tip) beam af a writing
speed of | pm/s. In addihon fo PRRA severzl other polv-
mer resists have also been adopted by STM for patterung
stuctures with a lmewidth below 50 nm, meluding the Sha-
pley Advanced Lithography 601 negative resist® and self-
assembled monolayers (SAM:) of molecules.” The latter, af-
ter exposure and ligation of the catalyst, has also been used
as a template for electroless plating, thus, producing a me-
tallic eich maszk for pattern tramsfer with a feature size of
15 om

Beoth p_lc.'-lariﬁea can be used 1 resist exposures. MeCord
and Pease have med a positive bias (the bias voltage with a
positive polanity at the ST tip), so that the electrons can be
feld enutted from the sample up through the resist without
scattering melastically and can guickly gain encugh energy
to canse exposure. As shown mn Fig. 2(b), a 2.5 kil thn-flm
resistor devies having less than 100 nm wadth at it narrow-
est region was fabricatsd using a pattermed PRIAA resist
exposed by 3 positive polanty. The thin-Alm device was fzb-
nicated by the Liftoff technique havmz a 13.5 nm thickness of
Au-Pd. In addifion to mereasing the patterm resolution by
avolding the problems associated with backscattering and
secondary electrons, the other advantage of reversing polar-
ity 1z that the beam cumrent mstabality caused by electon
induced descrption [or 1omzation) of atoms and molecules
can be reduced, especially at relatively lugh voltages.

STML 1n an ambient condition can be wsed for modifica-
tions of meta]J;l-: and ceramic materials. As mentioned sarlier,
Dagata er al” uwsed 5TM to mduce local oxidation on a
bydrozen-passivated 51 substiate m ar, i which the field-

Fic. 2. Nanostructures fabricated by hiftoff usmg STML patterning of
PMMA resist subsequently with Au-Pd deposition: (a) Au-Pd line with
12 nm thickness and 22 nm width adopting 100 pA beam with 20 V (nega-
tive polanty at tip) and | pm/s writmg speed m resist patternmg; (b)
13.5 nm thick Au-Pd thin-film resistor having less than 100 nm width at
namowest region using tip-positive pelanty pulse for patternng (after Ref.
71

Conventional technology (e.g., liftoff) can

be combined with STM lithography

Nanofabrication by scanning probe microscope lithography: A review

Ampere A, Tseng™
Department af Mechmuical and derospace Engincering, Arizona State Universify, Tempe,
Arizona §3287-6106

Andrea Motargiacomo®™
Department qf Physics, Roma TRE Univerzity, Rome 00146, Ttaly

T. P. Chen

Srhanl nf Flartrical awd Flartanic Frenacsine Nmoees Tochnological University, Singapore 639708

877 J.Vac. Sei. Technol. B 23(3), May/Jun 2003
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Nanofabrication by STM

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 ocused beam is used to supply
energy to_decompose chemicals in a localized region>The decomposition

products can include a metallic species fo 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 10-3 + 10-% Pa. For different deposition

metals, the introduced gas is different. They i Cd, W(CO),
WF, and organometallic chemical of AQ. Three possible mechanism$have

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, ...)

Fie. 1. Schematic of the setup for the STM CVD deposition in air. The
substrate together with the solid precursor material is placed in a trough
{viton ring) confining the vapor of the precursor molecules.

STM-induced deposition
'4‘3' from precursors in ambient

0 14 28 42 56 ?IJ atmosphere

X (nm)

FiG. 2. Deposit from Me,Au-tfac on HOPG substrate at a tip voltage of —6
WV, current of —300 n4 and a pulse tme of 0.5 ms (ten fmes); (2) before, (b)
after deposition, (c) landscape plot of & close-up of (b).

substrate  precursor

material

Fi. 5. Row of smgle dots deposited from CpPiMe; on ITO at a tip voltage
of —§ V., current of —30 nA and & pulse time of 13 ps (single pulse).

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

33615 Bielgfeld, Gern and Institut of Solid State and Materials Research,

J. Kretz
Institute of Solid State and Materials Research, IFF, 01177 Dresden, Germany

H. W. Koops

Dausche Telokom AG, 64295 Darmstadt, Germany 1350  J. Vac. Sci. Technol. B 17(4), Jul/Aug 1999
G R
elss of Rialafald 33615 Rislafald (Gar
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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

physical mechanism. The case shown here is based orra figld-induced migration,-due to
the strong electrostatic field penetrating i semiconductor. Defects can, however,
a&lw&d 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 nane 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 vacancies on
GaP(110) surface. The chanes’
the lattice positions of the:vai
cies is induced by the Hipy
scanning tunnelling mictipe
In this particular case the ]
are field-induced. £

Field-induced migration of
asingle P vacancy in a
GaP surface

Defects can be “excited” (or created)
by local tunneling currents
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Fig. 4. STM images of (2) 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

rench is completely closed, the inside of the pattern is observed 0.08 nm
lower than the outside.

Ipn. 1. Appl. Phys. Vol. 38 (1999) pp. 3866-3870
Part !, No. 6B, June 1999 .
©1999 Publication Board, Japanese Journal of Applied Physics
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Control of Surface Current on a Si(111) Surface by Using Nanofabrication
Seiji HEIKE'*, 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 ]I]lagﬁ' Topoglaph [“lage

Figure 2. STM current and topographic images on a typical fabrication result from a native Si oxide layer with the LEESR/STM processing.

[rrnem oo Fanrmcr Prasmass Hsomamaroy
Facucheadagy M (230RI3-1E2 FL ST T 012

TOPICAL REVIEW

Nanolithography on Si0,/Si with a
scanning tunnelling microscope

Hiresshi Twnsnki, Tataso Yeshinobu ond Koichi Sudaoh

= |
> XTum]

; '_-'f;{-g Cesium on Gold (300 nm)
% Bias =13V, SetPoint = 0.9nA
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STM nanomodifications llI

5.4 Complex Chemical reactions with the STM
In 1904, Ullmann et 2l. heated jodobenzene 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 W
presented STM manipulation methods, namely ving of adsorbents and the influ-
it is possible to control this complex chemical reac-

tions at low temperatures step by step. S, H. Hla et al, presented the synthesis of to one
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 (C4H;) 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 closc 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 6, bonds. Figure 46 shows a
model where the phenyl is lying with its & 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 to 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
BTM 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 iedine from the iodobenzene.

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

(d) Bringing together to two phenyl
molecules by lateral maniputation and
{e) electron-induced chemical associa-
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.

(a) 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).

(c) 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
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
Rieder showed that transferring a Xe atom to the tip apex leads to markedly improved
resolution [53]. The single Xe atom obviously “sharpens” the ti .

In Figure 41(a) [54], (55] a schematic presentation of 1
molecute from Cu(111) is shown. It is well known that CO molecules-sta g
Cu(111} surface [56] with the carbon atom bonding to the copper atoms. Due to occa-
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-
quently rotate. A reliable procedure

surface requiresra g
tip-surface distance. Figure h at §ca e tip
apex leads to a clear chemlcal contrast F igure 41b 15 scanned w1th a clean metal tip and
all adsorbents appear as depressions. After the transfer of the CO molecule 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 atorn in the
upper left part of Figure 41b and ¢ retains its appearance.

In [37] 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
ultimate technique for surface science. The System used by Shimizu et al. consists of an
STM, an atom probe, load lock chambers and a mechanism to transfer tip and sample.
The tip can be transferred reversibly between the STM and the atom probe stages. To
investigate the pick-up of Si atoms during manipulation, a clean Si surface was
approached with a clean tungsten tip applying a bias of + 2 V and 0.3 nA at the sample.
After manipulation the tip was transferred from the STM to the atom probe. The atom
probe analysis showed the formation of to different layers on top of the tip apex. The top
most layer was WSi, and the next layer was WSi,, finally the clean tungsten surface
appeared. Using this combination of an STM and an atom probe could prove that the
tips during manipulation do not only adsorb atoms but furthermore depending on the

- conditions alloys can be formed,

(a) ¢

o £l
® co
"'. P "1.';'- .x‘\._,-"' T AT, o Hr"- -\I-f'.""\‘

Cu -Surface

Figure 41:

(a) A sketch of the picking up procedure of CO
molecules on Cu( 111} surfaces. Notice that the CO
molecule stands upright with the carbon atom
attached to the surface and has to switch its orien-
tation when being transferred to the tip.

(b}, {c) STM images showing the pick up of a CO
molecule. Notice the chemical contrast after the
pick up [534].

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

Eigler and Thweizer first used an STM up w
position individual atoms ox a surface by moving Xe
atoms on Ni(ll0) at 4K [23, 4] To move a Xe
atom, the tip-sampls separafion was decreased by
increasing the sarpomnt current (10-80n4), reslting

In 2 sironger tip-sample interaction. The tip with an
Accompanying Xe atom was then moved to its new
destination with the feadback activated. To releaze
Lhe Mo atom, the muomel cursnt was raduced to
imaging conditions (<1nA). In addition ta nnble
gases, @ rumber of medadrd apaa
mmpu]md nsg low temermre ‘:-1‘]!-'[ (LISIN}.
For example, Fe adamoms—im -
Cuf1l1) in order to constuct a circular n:n:lr:al having
a radms of Tom [25] Dwe to sirong scatterng
betwesr the surface state electrons and Fe adatoms,
the electrons become confined within the corral and
produce an elsctron density distribution consistent
with that for an eleciron trapped in 2 round 2D box
[6]. Fig. 2 shows 5TM images of Fa atoms amangad
on Cu(l1l) to form a vanety of quachim “corrals.”
where the rpple featurss indicate variations it the
surface electronic density [27] In another exampls,
Fiz. 3 shows the atonrby-atom mapipulation of Az
atoms on Az(111) w form a tmangular comal [28].

limited lateral manipulaten of afoms af room
temperature (RT), one example being the movemen:
of Br atoms on a Cu(001) surface [29). However, the
creation of highly erdered structures such as quantum

cormals requires fhe controlled snvironment of low
fRrIperamrss.

Fig.9.10a-f. A sequence of STM images taken during the built-up of a patterned array of
the letters I, B and M constructed of xenon atoms on the Ni(110) surface. The atomic struc-

Alfaaugh all of the previous experiments have been ture of the nickel surface is not resolved. (a) The surface after xenon dosing. (b)-(f) Various
i‘»erﬁ:nrmed "‘_-nh LTETH. if is -pu'ssi':l'e 10 perfor: stages during the construction. &ach letter is 5 nm from top to bottormm}9. 40]

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

Tobe published in ~Advanced Semiconductor and Orzanic Nano-techmiques, Pan 3 (adiad by Morke).” Academic Prezs Q000
Suggested reading:

Fabrication of Nanoscale Structures using STM and AFM
Alisor A, Backi

Nanomanipulation of Xe
atoms on a Ni surface

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 location without losing contact to the surface. The motion can be
obtained either bwmme 31a to d show the build up of a guantum
corral by manipulating indivi atorns on a Cu(111) surface at 4 K [44]. The final
structure of 15 nm diameter consists of 48 Fe 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(111) surface cooled to 4 K. The surface containing statistically disirib-
uted Fe atoms is then examined by STM, Normally, no atoms are displaced, but if the
distance between tunnelling tip and a Fe atom is reduced, then the tunnelling tip exer-
cises an attractive force on the Fe atom and the Fe atom can be dragged by the funnelling
tip to the desired location on the surface [44], [45]. Once the desired location is reached,
the 1ip is retracted. Increasing the distance b ip and the sample reduces the
tip-Fe atom interactions and, henc@ﬂf:;tm@ (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-dimen=>

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

In a quantum well, due to the quantization of the electron states, not only standing
electron waves but alsoiscrete energy values of the elecironS are expected. Conse-
quently, increased electron demsities—sheuld—eceur—at—specific energies. As already
described, the density of states can be approximately calculated frem experimentally
measured current-voltage characteristids by calculating (dI/dF)/(Z/F). Bor metals, how-
ever, I/¥ is generally constant and the sampie-density of states-is-therefore proportional
to dI/d¥. The variation of dJ/dF 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 surface positions. At the centre of the circle, as expected, peaked energy
levels oeeur (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 potential well provides a particularly illustrative picture of quantum
mechanics. The construction of different quantum structures by an atom-by-atom
manipulation approach using scanning probe microscopes nowadays allows a new look
into the quantum world and a direct spatial mgasurement of the electron waves.

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

(physisorbed) on a surface

guantum corral

difdv (10™ Q™" o -

L

Figure 31: %4 0> 00 o0z 0%
(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

L : : : Figure 35: STM image showing
reconstruct the substrate surface itself, which is more difficult due to the higher coordi-

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].

nation number and binding energy of the atoms located in the surface or 9.
The experiments shown here are camried 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:n 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-

strate that it is even possiblgTo “dig out” singlg copper atoms from even higher coordi-
nated sites. The single Cu ator(Figure-36a) 18 used as a marker. Figure 36b, ¢ show the

= Ul
drag out of single Cu atoms leading to a corresponding vacancies in the initial site of the
atoms,

Furthermorg instead-efmexing single atoms, the lateral manipulation technique is
ules)Gimzweski et al. deposited hexa-tert-butyl deca-
cyclene {(HB-D saterg Cu(100) surface [50]. The decacyclene core of the
HB-DC is equipped with six bulky -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 resolution.

For this reason a coverage of just less than one monclayer 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 rate 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.

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 ar 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 ¢ is rotat-

ing. (b) The same molecul
Figure 38: STM image of an Cu(100) surface 0.26 nm and imaged as a six-lodeb structure in reg-
istry with the surrounding molecules. Image area is

5.75 nm by 5.75 nm.
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after exposure to a full monolayer coverage of
HB-DC molecules at room temperature. lmage
area is 1.4 nm by 11.4 nm [50].



4.C Resist-assisted nanolithography with SNOM

uM
1t

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

1
S . Shifter 'Ft:er
SHNOM  scamwrg  head - |

= | s
(Producr of WT-MDT) = P gt |
We use a mechamcal | Laser coupling i
shumer to make a light [ B e
pulses. We can contol |~
the shutter directly from Lock-namp. ) - e
Solver SMOM softwere | o K .
(Lithosraphy  option) "a] '
T]J.Tm;;ﬂf scanming  head Controller G=Ewl g Sarple
controller. I _E'"al';ﬂ_ b
In ow ex- ' N
periments we nsed a thin R, oxoum
laver of positive photons-
sist on flar 51 subsmata. = . 1 fﬁ
After probe approaching . ; : ) ’
we made a shear force [prda'ﬂ'ﬁﬂ] |
image of sample surface - : . T v S A I S—
o ensre flat It it raker Fizure 1. Experimental setup. | | I |
flat and free from artifacts. Then wa moved probe over surface by espacial marker in sofiware : i * :
or by programming it bebavior. Sofware allows & to draw raster (pex files) or vector images R ' T ; &
(linss, circles and alphabet sizns) Duong probe movements 3 Laser palses were made, The | { "
pulses length was of 0.1-3 seconds. The total power reached probe zpermare and hence the B.B15 B
samyple surface was 1-10 mW, Drawing inwnediately followed by shear force scanming, AN .
8,618 ”'-.." Nl
18 12 14 1.guM Cleas|d]

Figure 2. Dots on a positive photoresist and a crozsection of one dot.
www.ntmdt.ru

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 5.2 - pag. 54



SNOM “nanowriting” |

However, S_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 TIntroduction

Polymers are perfect materials for a diversity of applications. Due to their macremolecu- B as | C |d ea:

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

mers. Thus, they can_be tailored to even quite difficult demands. Since a whole industry O Mmodil i 1

deals with the processing of polymers, efficient production lines have been developed h t dd ybl € Opt'Cal propertles Of da

for almost every polymer. Not only the molecular composition, but also the cost of poly- otoa ressa I 1 i

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

ticated applications, as optical and holographic d_ata storage. Very Iocal Scale th roug h a | |g ht-COﬂtl’Ol | ed
Looking at the development of optical media, it is obvious that polymeric materials .

play a major role for the compact disc (CD): Imporiant for the success of the CD-ROM m eCh anism an d to r ead by th e same m ethOd

and CD-AUDIO was the development of a specific polymer — polycarbonate — which
serves as substrate material g the digital information in the form of tiny pits. In
the ROM_the-wrfoTfiation is imprinted during production and car e
1 photopolymers the optical information is stored by changing the optical'Dreer-
ties of the material by a light-induced polymerization or a ring opening reaction. These
materials tuned out to be the most suitable holographic media for write-pnee-read-many
{WORM} applications [66]. Since especially the optical requirements for holographic
data storage are very stringent, there are some drawhacks-tim frrde tteaduction of
those polymers into mass production. So far, i€ shrickage during illumination is e
most Severs problem for photopolymers.
As far as rewriablc-helegeaphic storage is pheterefractive crystals like

iren-doped lithium niobate (LiINDQ,) are mostly used for rewritable (R/W) laboratery . . .

demonstrations [67]. In the following chapter, a polymeric class of materials, the so- PU I’e|y I | g ht'd riven o pt| Cal mo d Ifl C atl ons
called photoaddressable polymers [68] - [72] and the results of holographic measure- are acc ; bl X h

ments with these materials will be presented. These polymers show no shrinkage effects e

and reactin a rwcrsiblewmmnmﬁmlﬁght and are therefore able to meet = & (WI t 0 Ut an y mor p h 0 I 0 g y
the requirements for RCW holographic data storage. ) C h an g e'))

In principle, all materiats-that react toJight with a change of specific properties can

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

the basic condition for storing information in a material, we 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 I e Wri tl n g

section the name photoaddressable polymer (PAP) is used as a synonym for a class of

polymers 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.

. but ...

Suitable materials are needed
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Photopolymers |

5,2 Photochemistry(f Azobenzene _
The photophysical reactions of azobenzene have been well studied. Lt can be demon- =

strated that due to controlled light-induce reactions of azo chromophores, properties of (
the whole system incorporating the dye can be modified. Those properties include for - e )
example viscosity, solubility, mechanical parameters, bioactivity, and qphcal constants
(73]. Additionally azobenzene molecules can be used as a probe for their molecular sur- |
roundings. [n this way a detailed study of polymeric parameters can be perforqu by e hv
monitoring the phatochemical behavior of the azo dyes. The success of az0 dyes in all -
these applications can be explained by detailed knowledge-ot-theirlig t-mduce_d photo- v, kT
reactions: Azobenzene chromophores exist in two_isomeric states. Dhe rqdllke long .
shaped trans form and the bent cis configuration, The isomerization can be m.duf:ed by trans azobenzene M AR
light in both directions, from trans to Cis and from cis to trans, whereas the cis-isomer
_can also undergo a thermal back relaxation to the thermodvnamically more stable trans-
isomer (Figure 21). i

A look at a typical absorption spectrum (Figure 22} of unsubstituted azo chromo-
phores (Figure 21) shows twa absorption bands: The so-called 1_1:11* band with a maxi- e
mum absorbance at Agay and the so-called n* band with Ay, The zenc.
spectral position of the absorption maximum of the w* band can be shifted by C _emlcal
modification of the dye, namely by the replacement of donor/acceptor subs_tlment§.
Those substituents do not influence the spectral position of the nx* band. The isometi-

Figure 21: Trans-cis isomerization of azoben-

zation cycles have a distinct influence on absorption and optical index, which can be 5.3 Azobenzene-_Cnntammg Polymers
used for data recording, There are three ways to incorporate chromophores into a polymer:

The absorpiion bands define the laser wavelength needed: Azo-dyes undergoe thew * In guest-host-systems chromophore guests are doped into a polymeric host. In these
isomerization cycles by illumination with light of wavelengths from the UV to the systems the chromophore concentration cannot exceed a specific value, because
green/yellow range of the optical spactrum. ‘ highly concentrated chromophores tend to phase separation and crystallization.

* This disadvantage can be avoided by attaching the chromophares to the backbone as
0.6 T T T T T ]

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

The first investigations of the isomerization kinetics of azo chromophores in polymers
were performed in 1972 [74] and mainly focused on spectroscopic measurements
{75] - [78]. Those experiments can be summarized by the experimental observation that
i . the isomerization of azo dyes in a polymeric environment is possible, even at tempera-
tunakle by donor fures below the glass transition temperature. This result applies to side chain as well as
acceptor substitution to main chain polymers,

Since the isomerization results in a change of the molecular shape of the azo
| chromophores, as described above, there is a specific demand for free volume 10 enable
this reaction®. In solution this free volume condifion is fulfilled, Tn polymers, however,
?!1ere might be some sterical constraints due to the inhomogeneaus free volume distribu-
$ion. For some chromophores there are local environments with large free volume,
nr* band g_w!lere the isomerization can be performed in a similar way as in solution. But there are
% i s = : . also configurations where Fhe. free volume is not sufficient for the isomerization of the

300 a50 400 450 500 550 80 es. Therefore strong deviations of the photochemical reactions in polymers oceur, if

pared to the reactions in a sclution.

4. However, experiments performed in polymeric systems demonstrate that azo dyes
#re able to underge isomerization reactions in this environment.
by

wavelength (nm)

Figure 22: Absorption spectrum of
unsubstituted azobenzene in solution.
Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 5.2 - pag. 56



Pho tosensitive polymer sample

Polyne tharrylaie (PHA) networds, nmd.lﬁ!dm the four position with an
azohenzens mesogenic unit {3—n’eﬂ1}‘1—4f—pﬂ1ﬁ’hm’] connecied i the main cham

Photopolymers |

5.5 Photoaddressable Polymers for Optical Storage

ﬂ'he motivation of the development of palymers following the scheme of Figure 23 can
;!c summarized as follows:

5- The dye acts as an antenna for the incident light. In order to optimize the response to

by an }I!mﬂ'l}'hﬂ! spacer (PHLAA)L ;' light, adequate dye systems must be used. Azo dyes are the perfect chromophores for
; % this purpose because of their well-known photochemistry,
? Itis the task of the mesogenic groups to stabilize and to amplify the reorientation of
PMA4 ? the chromophores. The physical reason for this can be explained by the intrinsic ten-
& ez L e e dency of the mesogens 10 spontanecusly organize in domains.
N _mH_Q_a_“'“"rn" homopolymer (x =0}
i !] co-polynwer (x# 0
_T'r--l'ﬁ_ _;‘__.Hl._. _:F_ ........................... ................................................. :
Sl 1y 5 o chromopharic side chain
'T = M4 K. }\l
* highly concendrated sohotion of PhIA4 fic ol
pouder dissohred i chlorohenzene, stivred Mﬂ:;:ﬁ e iy L_‘_l
4t Toorn tenp erature for 2 few hoours : - X

= Condooraniomal dramesilioon ad 320 K.
“Filmn thidkness ~ 100 - 200 non

* Thamnal treatyent hefore Innpres fion

= il froan single doops of schoion (n

Comning 4077 gdass atharate a:nﬂqlm'm.g
at - 2000 - L0000 Tpan.

a)

Absorbance
=
]

X=T0*
[Fafs=-Crs

I\ o ]

'.II fi=*
[Fafs= .._I'\--'lr". 4

Trans Cis

Wevedength (nm)

Tratis-cis photoisomerization of

Ahsorption spectiam

the azobenzene moiety.

spacer

mesogenlc side chain

Photopolymers can be
engineered to improve their
properties (e.g., to limit the
topography changes upon

irradiation)
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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 trans configuration is neg-
ligible with respect to the rate of photo-activated transitions. In order to
achieve light-driven complete frans-cis-frans isomerization cycles, research
is ariented 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 azobenzene groups. Pseudostilbenes have a
m—=* band practically superimposed to n—=* band allowing light-induced
excitation from transfo-cis and cis-fo-frans using the same light source.

ematic of the azo-polymer we uszed for near-field lithogra-

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/cm’.

PMA4 is polymethacrylate (PMA) containing 3-methyl-4'-
—mFobenzene 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 maximum 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 perpends v to the light polarization
direction results into th-n_
side the polymeric compound sz ez beemr—=studied—usimg attenuated total
reflection (ATR) [42]. As a consequence, a modification of the properties
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 polvmeric 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
nanostructured PI‘I.fIAd thin film

(al hunmpul&mr{expmumﬁrm=éls!dut,i:1ugzsim=515unﬁ}
(h} 30,70 cnpnl&mr[murspeed%!ﬂ nm's, size = 2x 2 [m*)
(c} 30,70 copolymer (speed =50 ]'I:I'lél..'ls, size = 300 x 300 nm* )

Topographical nanowriting
(due to local photoinduced
mass migration)

180 nm widih TS5 nm ﬁdﬂl 45 nm width

Eﬂfmne,iﬁrma,]'u'[ﬂml,

Jdrorra W Faohhl and BT I"_‘lmh'ﬂ'. 1, 8 l"r.'r.'-'mrr. 1] Tﬂﬂl'l'lg;l}

Mass-migration model
74

A h
Material is “attracted” (or -...?.p.p.l q.q.f.... d
“repulsed”) by the light D
gradient: slow process!
X

ll =i

Figure 48: Typieal dot doamn in our expedment on the susfece of
PMA PH AL copolymer Bms. The dot height is of about 85 nm shie the
dat dismeter = of ~— 350 nm [FWHR )
Antonio Ambrosio, PhD Thesis Appl. Phys., Pisa 2005 (unpublished)
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Examples of nanowriting (optical)

Optical writing result in the
formation of a pattern of
optically-active regions (i.e., in
such regions azo-groups
birifringence is used to modify
the transmission of a
polarized light)

QDTDINDUCED EIREFRINGENED

Crptical mages |

Topograpy [< 2rm]
T

-
3 ] 1.

Optical aligyonernt of an azobetnzene side
chait pobmer is obtamed by localbye
ilhmnivat v the 100 i thick fibn warith
firxed polaization bhae light (488 ron)

Local bhirefrirgzerc e i detected T
polarization-cencitive SEHOM at the

vemrelenath of 690 o,

Figare 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 realzed. In order to read the written information we have et

the high-contras: mechaniam resulting from polarization modulation that we
hawve implemented in our SNOM setup.

PM-SNOM is used for reading

Promises exist for a ultra-high
dense writing of information

—

1z mm |

Poofile {arh, @t}

(estimated above 10 Gbit/cm?) ML S
Cow - " Lot
1 pan spaced Hnes 0.5 mrpatadlh? 100-200 nan wide sngleline
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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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