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Outlook

e Optical properties at the small scale can be analyzed through (conventional) optical
microscopy

e Origin and limitations of the optical microscopy are associated with fundamental
aspects such as, numerical aperture and diffraction

e Analysis at the ultra-small scale requires to overcome diffraction effects, that can
be attained by scanning near field optical microscopy (SNOM)

e Basics, a few details and examples of the powerful SNOM
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Da Hecht Zajac
Optics
Addison-Wesley (1974)

FExit pupil

Fig. 5.86 A rudimentary compound microscope.

Reminders of optical microscopy

the magnifying power of the antire system is the praduct
of the transverie lingar magnification of the objective,
M,,. and the angular magnification of the eyepioce, M, ,
that is

ME = M M. (5.70)

Recall that M, = —x,/f {5.26), and with thiz in mind most,
but not all, meanufacturess design their microscopns such that
the distance {corresponding to x;) from the second foctus
of the obiactive to the first focus of the eyepiece is stander-
dized at 160 mm. This distance, known as the tube length,
is dencted by L Int the figurea. {(Some euthors define tube
length as the image distance of tha objective.) Hence, with
the final imaga at infinity and the standard near point taken
as 10 inches or 254 mm '

&

Magnification depends on
lens features
(focal length)

160 /254 <
M.P. m(- --‘-,—)(- : ) (5.71)

u "

and tha image is inverted {M.P. < Q). Acgcordingly, the
barrel of an objective with a focal length £, of say 32 mm will
k¢ engraved with the markings 5x ([or x5} indicating a
powar of 5. Combined with a 10 = ayepieca (/, = 1 inch)
the microscope M.P, would than be B0 x.
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Arbitrary magnification seems feasible (by
choosing arbitrarily short focal lengths for the
optical components)
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Numerical aperture

P B8 | Great NA - large lens with a small focal length

st areas of opticExand especially in microscopy, the numencal aperture of an optical system such as an objective lens is defined by

NA = nsinf
where is the index offefraction of the mediom in which the lens is warking (1.0 for air, 1.33 for pure water, and up to 1.56 for oils), and @ is the half-angle of the maximum cone of light that can enter or exit
the lens. In general, this is the angle of the real marginal @y in the system. The angular aperture of the lens is approximately twice this walue (within the paraxial approximation). The NAIs generally
measured with respect to a particular object orimage point and will vary as that point is mowved.

In microscopy, MAis important because it indicates the resolving power of a lens. The size of the finest detail that can be resolved is proportional to 3/MA, where b is the wavelzngth of the light. Alens with a
larger numeric:al aperture will be able to wisualize finer details than a lens with @ smaller numercal aperture. Lenses with larger numerical apertures also collect more light and will generally provide a brighter
image.

Humerical aperture is used to define the “pit size” in optical dise formats [

Humerical aperture versus f-number [edit]

Mumerizal apertura is not typically used in photography . Instead, the angular acceptance of a lens (or an imaging mimor) is expressed by the f-number, written £#
or &, which iz defined as the ratio of the focal length ta the diameter of the ertrance pupil: I

N=f/D
Thi= ratio iz related to the numercal aperture with respect to the focal point of the lens. Based on the diagram at rght, the numerical aperture of the lens in airis:
D
2f

) . . n
NA =pnsinf = nsinarctan — =
2f
1
2NA

Thic arnrawimatinn halds whan tha romadcal anartora i small Tha fonombar dasenhas tha linktoaathannn shilksr f tha lans in tha faca wmhara tha marinal @Ew

thus W ==
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NA and DOF

In optics and especially laser science, the Rayleigh
length or Rayleigh range is the distance along the

propagation direction of a bearn frorm the waistto

the place where the area ofthe cross section is
doubled [oitation meeded]

Faor a Gaussian beam, the Rayleigh length is given
by
v |
my
-..R =
A
where wy is the radius ofthe beam at the waist. At
distance zp from the beam waist, the beam radius is increased by a factor ,'/E

Avrelated parameter is the confocal parameter b, which is just two times the Rayleigh length:

3 Depth of Field and Depth of Focus

:¢ the regolution available for an object in focus in the image plane is limited by
numerical aperture of the objective lens, it follows that the object need not be at
exact object distance from the lens u, but may be displaced from this plane
wout sacrificing any resolution (Fig. 3.12). The distance over which the object
ains in focus is defined as the depth of field,

32)

ire 312 Since the resolution is finite, the object need not be in the exact object-plane
tion in order to remain in focus, and there is an allowed depth of field . Similarly, the
te may he obscrved without loss of resolution if the image plane is slightly displaced, so
there is an allowed depth of focus D

Beam width or "'spot size"

For a Gaussian heam propagating in free space,
the spot size wi(z) will be at a minimum value wy at
ane place along the heam axis, known as the beam
walst. For a beam ofwavelength A at 3 distance 2
alang the beam from the heam waist, the variation
ofthe spot size is given by

P

w(z) =wy vl | (i)_J .

where the origin of the z-axis is defined, without
lass of generality, to caincide with the beam waist,
and where

3
my
“R =
A

is called the Rayleigh range.

The propagation of a Gaussian heam is fully specified by its beam
waist and its divergence. Far an ideal TEMan bearn, the product of

the heamwaist wg tirmes the divergence angle By can be expressed
as

LLIDED = NT

where x is half the angle subtended by the objective aperture at the focal point.
Similarly, the image will remain in focus if it is displaced from its geometrically
defined position at a distance v from the lens. The distance over which the image
remains in focus is termed the depth of focus, as follows:

where A is the magnification. (Both of these expressions (equations (3.2) and (3.3))
are approximate and assume that the objective can be treated as a ‘thin lens”, which
is never the case in a commercial instrument.} Since the resolution is given by
& =0.614/using = 0.61./NA, it follows that the depth of field decreases as the .
numerical aperture increases. For the highest image resolution; The specimmen should —
be positioned T an accwacy o T than 0.5 [T, Wilch de ine ui
mechanical stability of the specimen stage.

The depth of focus i¢ considerably less critical. Bearing in mind that a
magnification of the order of L0 is necessary if all of the resolved detail is to be
recorded, displacements of the order a millimetre are acceptable.

Da Brandon Kaplan
Microstruct. Charact.
of Materials

Depth of field decreases as numerical aperture
increases (related to resolution)

In lithography:
High magniication — short focal lenghts —
increased NA — decreased d —

Wiley (1999)
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thin resist needed!
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patecht zajac, Optics - Raminders on interference and diffraction

Addison-Wesley (1974)
10.1.2 Several Coherant Dsculators

As a simple vet logical bridge betwesn the studies of
imerferance and diffraction, consider the arrangement of
Fig. 10.6. The lllustration dapicis a linear array of & coherent
point pscillators {or radisting antennas). which are aflch
identical sven to their pajarization. For the moment, consider
the oscillators to have no intrinsic phase difference, i.e. they
pach have the same epoch engie. The rays shawn are &l
almost parzllel, meeting at same very distant point P. i the
spatial axtant of the array is comparatively small, the separate
wave amplitudes srtiving at @ will ba essentially equal,

having traveled nearly egual distances, that is

Eﬂ{rlj = Eo(-"z:' L e OUI\'} = E:l[(]-

The sum of the interfering spherical wavalats yields an
etectric figld at @, given by the real part of

E= En{-")sj'k" ran g Eﬂ{r}aﬂkr;--mi +4 f;,l:!}ﬂ':m“'_””.
(o)
It should be clear, from Section 9.1, that we need not ba

cengarned with the vector nature of the alectric field for this
configuration. Mow then

E = E.-,l:!']e_m'l!"'"['l + gifra=nib + ghiraril S Eu""-'”].
The phass difference between adjacent sources it obtained
from the expression 3 = kA and since A = ndsind, in a
megium: of index 4, § = kd'sin . Making use of Fig. 10.6, it
foilows thet é = kir, — r,), 28 = kiry — r,) etc. Thus the
field at P may be written as

E= .En(r}e' iwreih.[‘ + {a”‘] 4+ I:ﬂ‘mll i {alﬂl}a B .I:B,rﬂ].'-'- I].
(10.2)

i Y

v 4
"l B
lﬁ”\\, L

AN — i psin)

by
Fig. 10.8 A lingar anay of in-phase coherent oscilletors. Note that
at tha angle shawn 4 = n while at ¢ = 0 7 would be zero.
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The bracketed geometric series has the value y
(£ — 1)/{e = 1) -

which can be rearranged into the form

i ]

9r'H'd,' z {ei.'ﬁl,' 1

‘,i'.i,-i'[;m-'z i 5' i’ri.-i]' H
or agquivalantly

gith - N2 s_in_ﬁr:q@

Ein&/2 |
The field than bacomes . Fig. 10.8 A coherant line source.
. sin /2
E = E (r)g—imgithn =15~ 148 z|( __) - {10.
wlrl L sin /2 {10.3)

Notica that if we define A to be the distance from the canter
of the line of oscillators 1o the point P. that is

R =4N - T)dsint +r,,
then Eg. {10.3) takes on the form

(10.4)

Finally, then, the flux-density distribution within the iffrac-
tion pattern dus to A coherant identical, distant paint
saurces in a llnear array is proportional to ££7 /2 for complex
Eor

| sin” (8812)
T gin? 4372}

where /, is the flux density from any single saurce erriving at
P (see Problam 10.2 for a graphical derivation of the iradi-
ance). Fat N=0/=0 for N=1/1={, and for ¥ = 2,
4 = &4, cost (4/2) in accard with Eq. {9.6). The functional
dependanca of f on I is mora apparant in the form

sin’ [Ni&d/2) sin ‘]].

= o ka2 sing] e

(10.5)

The sin' [M(k/2) sin '} term undergoes rapid fuctuaticns,
while the function modulating it. [sin [{kd/2) sin@]i- 2
varies relatively slowly. The cembined expression gives rise
to a seres of sharp principal peaks separated by smalt
subsidiary maxima. The principal maxlma gccur in dirsctians
i,auchthatd = 2mm where m = 0, +1, £2,... . Becausa
d = Ad'sin i

dsinfl = mi. (10.7)

Since [sin® N§/21/[sin? 5/2] = N* for § = 2mn  (from

http://www.df.unipi.it/~fuso/dida—v. 1 - part 9 —pag. 6



L'Héaspitals rule) the principal maxima have values A4,
This is to be expected inasmuch a2 ali of the oscillators are in
phase 8t that onientation. The systam will radiate a maximum
in a direction perpendicular ta the array (m=0,0, =0
and =}. As 0 increases, & increases and f falls off to zero at
M3/2 = = its first minimum, Nowethatif o < Zin Eq. {10.7),
onty the m = 0 or zero-order principal maximum exists. /f
we were {ooking at an ideafized ling source of efectran-
osciffalors separated By atomic distances, we could expect
onfy that one principal maximum in the iight field.

The antenna aray of Fig. 10.7 can then fransmit
radiation in the narrow beam or lobe corresponding to a
principal maximum {the parakelic dishes shown reflect into
the forward direction and the radistion pattarm is no longer
symmetrical around the common axig) Suppose that wae
have a system in which we can introduce an intringic phase
shift of » betwean adjacent oscillators. In that case

8 = kdsinff +&;
the various principal maxima will occur at new anglaes
dsinf, =md - ¢/k,

Concentrating on the central maximum m = Q, Its ariéntation
{1, can be varied at will by marely adjusting the valua of ..
The principle of reversibility, which states that without
absarption, waye motion is reversible, leads to the same field
pattern for an antenna usad as sither a transmitter or raceiver.
The array, functioning as a radio telescope, can therafore ba

"pointed”” by combining the output from the individual

antennas with an appropriste phase shift, : introduced

betwesn sach of them. For a given - the output of the system
corrasponds to the signat Impinging on the srray from =
specific diraction in space.

Figure 10.7 i3 a photograph of the first multiple radio
interferomater designed by W. N. Christiansan ang built in
Auystralia in 1951, It conslats of 32 parabolic antennas, ssch
2 m in dismetar, designad to function in phase at the wive-
length of the 21 cm hydrogen emissicn line. The smtennas
are arranged along an east—west bassline with 7 m separating
egach ona. This particutar aray utilizes tha sarth's rotstion
as the scanning meachaniam.

Examine Fig. 10.8 which depicts an idenlized line source
of elegtron-oscillatore {e.g.. the secondery sources af the
Huygens-Frasnel principle for a long slie whosa width ia
muych less than A iluminated by plane waves). Each poim
emits a spherical wavelet which we write as

£= (i") 8in (nid = kr)

axplicitly indicating the inverse r-dependence of the ampli-
tude. The quantity £, is said to be the source strength. Thi
prasent situation is distingt from that of Fig. 10.6 in that now
the saurces are vary weak, their number, A, is tremendous)y
large and the separation betwesn them vanishingly smail. A
minute, but finite segment of the amay Ay, wili contein
Ay, (/D) sources where I is the entire length of the array,

Scuola Dottorato da Vinci —2009/10

Fraunhofer diffraction

Imagine then that the array is divided up into M such seg-
ments, |6, §goes from ¥ 10 A The contributian ta the alectric
field intansity at P from the jih segment is accordingly

E = ( £y )sm il i (NAy,)

provided that Ay is so smail that the oscillators within it
have a negligibla relativ@ phase diffarence (r, = constant}
and their fields simply add constructively, We can cause the
arrgy o become a continuous (cobargnt) line gource by
letting A appeoach infinity. This description, besides being
fairly realistic on a macroscopic sceéle, also ailows the use of
the calculue for more complicaied geometries. Certainly as M
appiogches intinity, the source sirengths of the individual
ostillators must diminish to near zara if the tatal output is 1o
be finite. We can therefore defing a constant £, as the
gource Strength par unit fength of the aray, that is

1
= 5 Jifn {FM). (10.8)

The net fig/d ot P from ait M segments is

L1]
£
E= T “bsin (ut — ki) Ay,
w1
For a continucus line source Ay, can become infinitesimal
(M— )} and the summmmn is then transformed into a
definita integrel

i F 2 3R (rd = k!r_) i

Lz r (105}
where r = H{y), The approximations used to svaluate Eq.
{10.9) must depend on the position of # with respect o tire
aray and will therefore make the distinction betwean Fraun-
hofer and Fraspel diffraction. Tha coberent opticad line
source does not now axist as a physical entity but we will
make good usa of it a5 @ mathematicsl device,

10.2 FRAUNHOFER DIFFRACTION

1423 The Single 5lit

Return 1o Fig. 10.8 where now the point of ghsarvation is
very distant from the cohgrent ling source and R » 0.
Under these circumstances r(y) nevar deviates appreciably
from its midpoint value & so that the quantity {£,/R) ot P is
assentizly constent for all elements oy, (1t follows fram Eq.
£10.9) that the figld 5t 2 due 1o the differential segmant Gf the

Proprieta piccola e piccolissima scala

source dy {8

o = Lgin (t ~ &) dy. (10.10)

R
wherg (£, /) tfy is the amplitude of the wave. Notice that
the phase i8 very much more sensitive ta variations in r(y)
than is the amplituda so that we will have 10 be more carefu)
about intreducing approximations into it.  We can axpand
r{y). in precisely the same manner ag was done in Problem
(9.4), 1o get it as an expticit function of y, thus

r=R—ysind + (yY2R)cos? U 4. - (10.11)

where () is measured from the x2-gtane. The third tarm can be
ignored so long as its contribution to the phasa is insignifi-
cant gvan whan ¥ = +0/2, ie (rD*/4;R} ¢os’ & must be
negligibla. This will e true for all velues of # whan R is
adeguately large and we Bgain have the Fraunhofar condi-
tion. The distapce ¢ is then lingar ir y.  Substituting into
Eq. (10.10) and integrating feads to

g
£ = F'T'j sin [rf - k(AR — ysind)]dy, (1012}
Al o
and finally
_ LDsin [(JerZ}sm [!]
Eo o b aing SNt AR (1013
To simplify the appearance of things let
B = k2 sin {10.14)
so that
0 (sm [)
£= 7k i sin (ot — kA). f10.15)

The quamity most readily meagured is the irradiance {(for-
getiing the constants) (i} = (£25 or

w21

wherg ¢sin® (wt — KA}y =+ When d = 0, sin /8 =1 and
HY = K0} which corresponds to the principal maximum,
The irradignce resulting from an idesiized cofisrent line
source in the Fraunholpcpproxifiatio

5in ,ﬂ}z

{(10.16)

Hp = (|25

or using the sinc function
Appendixj

fHy = 10} sinc? ff.
There is symmetry #bout the y-axis and this expressicn
holds for & measured in any plare containing that axis.
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Effects of diffraction

-

l b seng= A “Diffusion cone”:

SinO ~ A/a

& |

senfl =

| \/f | g _ Diffraction rlpplzes:

I | * 1~ 1y (sina/a)

. [+ eRO : with:
oa=masind/ A

Optical diffraction is for sure a fundamental limiting factor in
optical microscopy
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Criteria for space resolution (in optical microscopy)

3.1.2.1 POINT-SOURCE ABBE IMAGE 0.61% Da Brandon Kaplan
The calculated intensity distribution assumes a parallel beam of light wavelling along = usine Microstruct. Charact.
the axis of a thin lens and brought to a focus at the focal distance (Fig. 3.8). For the of Materials
cplindrically symmetric case, the ratio of the peak intensities for the primary and Wil 1999
secondary peaks in the intensity distribution is ca 9:1, while she width of the iley ( )
primary peak is given by the Abbe equation as follows:

Abbe

3.1) Rayleigh

where A is the wavelength of the radiation, & is the aperture (half-angle) of the lens
(determined by the ratio of the lens radius to its focal length), and u is the refractive
index of the medium between the lens and the focal point {u = 1 for air).

Intensity

Figure 3.10 The: Ralgigh resolution criterion requires that two point sources at infinity have
an anguiar separation which is sufficient to place the maximum intensity of the primary image
peak of one source at the position of the first minimum of the second

1
Abbe Limit
Figure 3.8 The Abbe cquation gives the width of the first jMfiensity peak for the image of d=5 d=o
point object at infinity in terms of the angular aperture of th€ lens o and the wavelength of it =
radiation 4
d<d
S |

Maximum achievaple space resolution d ~
0.61 A /(NA) > A/2 Appparent Object Size

Figure 3.11  Large objects of diameter d are blurred by the diffraction limit & derived from

(NA: numerical aperture of the optical system: NA =n the Abbe relationship, but objects smaller than the Abbe width are still detectable in the
sina , with n refractive index) g’;f:s:q"l}f;;oaiﬂ“’“gh the intensity is reduced and they have an apparent width given by the
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A (qualitative) look at Fourier-transform optics

A surface pattern f(x,y) (i.e., an object to be imaged!) can be always
described in terms of a (2D) Fourier superposition

Fourier components are function of the reciprocal space k, k, : f(x,y) = |

f'(ky ky) exp(-iky x) exp(-ik,y) dky dk,

Large k, (and k,) values imply large angular displacement

A faithful pattern reproduction (i.e., an accurate image) implies
collecting the largest number of k,and k,

Large numerical aperture (NA=nSina.) needed for high resolution

but

In non point-like illumination schemes (conventional) rays emitted
from different points of the surface can be collected

I

Large numerical aperture leads to sensitivity to “stray light”

I

Contrast falls down and high space resolution is hampered
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Detector

‘ ‘ Illumination

Detector
= Collection optics
2 A \‘
= Object (pattern)
— T~ X
lllumination
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How to use extreme diffraction to get excellent resolution

Corpariice ol aptiol Hedkoian e e Tl W ioapy I,

i and Se v Flaor. field Opriica W iorod ooy o5 WO, Eesar
irmsgn | Thascaln b o 1 micsan. '

Tra mereha i o e ica priae. Ini e coekxl sk iu
il s B sy Lol DF ey B ]t R =]
& linka ndy che i (s e g ln e

Lurizs e cbkan Pt s o sond By maporriing al e md niurs omic

agimn mibatrri covesad wi i bries spfaran Thos betee sphatm bve s
Wiy Lrif'caT ch et A T vl parriics prooim, i D s
o areved

L
e

Near-field optics opens the way to overcome diffraction effects
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Scanning Near Field Optical Microscopy (SNOM)

STM AFM SNOM

Electron tunneling Force microscopy ar-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 nanowayrld
(which implies to overcome the diffraction limit!!)

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

Apertured probe — A%&Ed
optical fibers;

Hollow cantilevers; \

Etc. COLLECTED
LIGHT
(Also for _——
NAEEE———___ “Reflectipn” and electroluminescent e
“transmission” samples) i !

microscopy !

COLLECTION MODE

(the near-field produced by conventional
EMISSION MODE irradiation is collected by the near-field probe )
(the near-field interacts with the sample 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

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

(b)
Most common SNOM probe: tapered

optical fiber, with metallization and
apical aperture a<<A (aperture-SNOM)

(c) Core
/
L b diameter: 50-100 nm
Primary Taper Se_(l_:gggfry
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SNOM probes (tapered fibers) Il

Conventional probe fabrication An alter}native technique
a 10 pma

‘hmg Spring aj &) . : S
I_I_I p -!"JE.’"ENT?ET'E -2ym 2 ’T\u Giold
I T | -;n:l‘.'.nlz
|
Puhe-:lhml

|
1
i
Cloddmy | Core {Cladding
|
i
i
i

Taperad Fiber
vapor
Fibes Menllic comnng !
Come Clalding - 50 pm
Fiber
Fiber [E
Eme \ o
Figure 1.1: o) Heat and pull, one of the procedure to taper optical Bhres for Figure 3.13: {a) Schematic of a SNOM Ebre probe produced by selective
SNOM applications. b) Metallization of -he SNOM fibre tip at steep agle chemical ’r'ﬁ’h':ﬂ [S'Gz_,]'h““ F"""“d"“f e k’"'::; due taa e '“':d"
to leave & sub-wavelength eperture st the end. o) SEM fmage ol the reniting g TRt of Fim sare with respadt ot he slaccing. After g matsfiaation
- and doeteh of its interi [Enelicated by light gray lines) the tip & punched against o hard susface pro.
Epa =01 0% 1t tntertor. duzing & flattenad apex with a sub-wevelangth aperture st the center (black

ammow), as evidenced by the SEM micvograph 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 square is the hack aperture of
Materiale tratto da Antonio Ambrosio the pyramiclal hole produced by selective chemical etehing. The inse shows s
PhD Thesis Applied Physics, Pisa, 2005 light spat coupled directly imta the cantilever's hole by mesans of a microacope

ahjective
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Example of non propagating fields: the evanescent wave

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

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

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

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

ny 8infey] = ng 8in[&]

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

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

@, = Azxcfin|—]
ny

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

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

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

Tom Hunt
http://www.physics.harvard.edu/~tomhunt/pubs/evanescent.pdf
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E.[r,t] = Egexp(i(k, r-ot))
k.-r=k.x + k,z
k..=k.sin0, ; k., =k.,cos0,

With Snell’s law:

k,sinB, = n ksinB./n,

k.cosO.= tk, (1-n,2sin%0,/n,?)%/2
= +i k, (n,%sin20./n,2-1)12=+i 3

Hence:

E.[r,t] = Ep,exp(-Pz) exp(i(k,x-mt))

Physical situations exist where
e.m. field is not propagating (see,
e.g., evanescent waves)
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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 L : L

by their ray optical components, i.e., their optical scheme, which is useful for Ll S S

a classification of most types of SNOM concepts. As shown schematically in S Tip

Fig. 7.4, three different regions where the rays propagate can be distinguished: SN | H_ 2 )

I} the body of the probe, II) the outside and III) the substrate of the object. B // Quisiles, o Flg. 7.4 Ray optics ot a S_NO}"},_F' Dk
In general, regions I and III will have a higher refractive index than the \ / e dlb‘_l'“f?{Slli_t)(jt"_\:lcfz; :Et;glisrf{:i
outside region II. Different angular domains of rays propagating in regions I Y Lf;g(;{;,ng[‘zh]; 1;0.1}1; 11‘( i;}ﬂl(migjﬁc' Ii 1 ;;m_{
and IIT exist, which can be distinguished by the criterion of total reflection S T i | the substrate IIT of the object. Differ-
of a ray falling on its boundary or of it being partially refracted into the | N 1, ent angular domains of rays propagat-
outside II. Thus, in the case of a transparent substrate III, we distinguish g 4N \\\ ing in regions Il and I at an angle
between the angular domain III; of angles £ with —g; < & < &, where &, is e 1, \\\ £ nan f_b & r‘llsmﬁlﬁwihed ]:1\,; L,jz}(u;;i&
the critical angle of total reflection (g, = 41.5° for glass of refractive index \/-.E_ i It X Eﬁf;; uir,ﬂ?: riﬂlx,ztmmfimmtﬂ the H-‘c;r.ﬂ“ér
1.5) and the angular domain ITT; with 90° > € > g, or ~90° < £ < —&, which o - Subst rate\ domain (IITz,12) or being partially re-

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

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

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

,

\

Da Wiesendanger Ed., y Grtical angle Critical angle Critical angle

Scanning Probe

SNOM probe can “convert

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

:\;I;)cr:(;;(;pilzsgg) nea r'ﬁeld into fa r-field occurs. The middie and the right panel schematica®y envision the energy flow between two dense meda through an air gap
(es pe Cia | |y re | evant i n {frustrated totalinternal reflection .
COI |ecti0n mode) http://www.chem.vu.nl/~sneppen/literaturereport.pdf
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Non propagating fields and diffraction

Diffraction and the Heisenberg’s microscope

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

Ar =081y (L1

The whole limits diseused sbove can be regarded in terms of quantum
mechanies. [n fact, applying the Hesenberg's uncertain principe to the
components |1} of a phioton's pesition and to thoee of the linsar momentum
] of the photon:

LY L3
whiere 1 is an index it eating the projections along z, yor 2 axe. Each com-
poment of the s momentum of the photon i related to the coresponding
eomponents |5 of the Eght wavevector (£) by g = Bk The relation 1.2
may then be written an:

1 1 A

|_m=m5 (1.3

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

|§| = F7 + F + & 114

Propagating waves:
k;are real and |k, | < /ﬂ= 21/\

Heisenberg’s principle: k, 2> 2t / Ax

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

... but ...
In non-propagating (e.g., evanescent)

waves:
k. can be imaginary, and, e.g.: |k, | 2 k=2n/A

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

Clamizal opties and microscopy employ fres propagating waves Sor which
all the compoments & are real In this case B = |k and the reation 1.3
limits the bt reolution achievable to vales no much smaller than A/2.

Materiale tratto da Antonio Ambrosio
PhD Thesis Applied Physics, Pisa, 2005
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Sub-diffraction space resolution
associated with the non-propagating
character of the field
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A qualitative picture of tapered fibers

A whole slew of scanning near field optical nucroscopes (3MOME) have besn developed . e . . .. .
by researchers over the past 15 years. These microscopes smash the diffracton limit of A simplitied ray optics picture In the tapered
far field micrascopas, potentally achueving resoluten an order of magwimde befer than 2 : : .
standard confocal micrascops [Heot 2000]. Oue such S0 s the scanning uonsling region. nght can both:
opfical mecroscope. This mictoscope nses a sharp glass dp o locally fmstrate total - be back reflected

tarmal reflection bel face, .

indiwectly imaging featares oot - (partially) absorbed by the metal layer

_~ Hbpirnm

surface a1 bigh spatial resobumon.
Aperture based SWOMs are more
comnnon snd more practical. [Haer 2000]
They produce an evanascent feld by
forcme Light throuzh a small apermure
(se2 figure). The evanescent field locally

E ilnunares the sanpls. Once fres of the
) g aperture, the fiald is no longer

evanescent, and it expands o the far

Evanescezt f'ml_.d.-: producsd by the tapamed op field to be picked up by a detector. To
of 2 SNOM. [Eecz, 2000] aclieve bigh resolution the apermure
rowst be small, apd close to the sample
surface so the field is tightdy confined when it interacts with the sample. Full analysis of
the field-zamiple interacion of a SHOM is a diffioult or impassible undemaking, ar the
data produced can viald important and detailed information sbowt a samiple surface,

O = a

in~ Yin1"—

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

Howewver, the amount of light that can be Aperture diameter [nm]
transmitted by a small aperture poses a 20200150100 50 10
limit on howe small it can be made before

nothing gets though. To a degree this can
be lived with, as more optical power can
be generated, but the cutoff is so severe
that it cannot be made smaller. As the
figures illustrate, this is not a subtle

Piz)

:
1

extinction. RN} P
Distance from aperture [mm)
Little power is coupled into the near-field! L. Newoeny and D W, Pah. in Phatos and Local Probes,
MNATT AN Senes b, po21-55, Khuiwer Achdemss, 11
Yhen the aperture is 100 nm, the cutoff is fnen] B~
down four orders of magnitude, and when '
it reaches S0 nm, only one part in 10
makes it through. Furthermore, the input
power cannot be increased arbitrarily o | i
because 173 of the power 15 absorbed in Dotwebd.

the coating. Increasing the input power
above approximatel T0my will destroy |
the coating. This severly limits the

signal-to-noise ratio of small apertures, | . y
and is the reason our group uses anather L. Navoiny sad D W. Pibl, in Phonuss e Leval Frbes

MATCRAST Sevies B, p21-533, Kluweer Soodemic. 1995
approach.

http://xray.optics.rochester.edu/workgroups/novotny/snom.html
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Optical Near Field and Fourier optics

Ideal case (e.g., studied in the
20’s by Synge and reworked
. ) B..
in the 40’s by Bethe):
radiation sent onto a
conductive plane with a
vaolanasth n;v-nlll—\r A"

or
Ul

k k
| | \‘ /‘ k
EEEEEN I.i ....... B....\\.."W./-/-..I EIIIIM.--.

Unperturbed
propagation

Diffraction

cribaazia
SUNMNVVAVLICTISLUIT Lirvurd

elliptic aperture

> > —
a a a
Onda piana Onda piana Onda piana
a>A\ a~\ a<<A

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

—> space resolution no longer limited by

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

diffraction

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 egs exploiting potentials
(scalar and vector)

Vector potential
Possiamo infatti esprimers il campo B in termini del potensiale vettore A(7), con:
Vxd=F8 {5)
dove 4 = A(F,t), con che lequazione ¥ - B = 0 é automaticamente soddisfatta.
Scalar potential (in the Lorentz gauge) .44 EF%’ 0
v = -+ 2 "

Potentials and charge, currents density

Tiot
Ay = £ jl:—'”"";ra"'f") dr' (12)
ViFg = iF iw ' (13)

dove 7 é il vettore tracciato a partire dall’origine al punto P dove si caleola i campi; P
il wettore tracciato a partire dall’origine al generico punto dove & presente Pelemento di
carica prdr o lelemento di corrente jdr; Ar = |F=1| il yettore che va dal punto dove sono
i generici elementi di carica/corrente al punto P; o velocitd di propagasione
delle onde elettromagnetiche nel mezzo.

In the far-field (retardation effects!):

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

diventano:
AlFy = Lo ff[r"f t—rfo+ ﬁ]dr' (19)
T dmr 7 ! . e

e

ViFt) = %tnr f: plr t=rfe+ ) dr’ (20)

[+

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

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

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

dxr
Sostitniame in questa espressione g J il prodotto g, dove ora la densitd di carica p é

caleolata al tempo ¢ = rfe. 3i ottiene quindi:

..'i'{ﬁt] = fﬁ":p{#,t—rﬁj{fdﬁ

Motiamo ora che, se avessimo a che fare con una singola carica puntiforme e, Pintegrale

nell'ultima espressione scritta sarebbe semplicemente ef. Per un sistema di cariche esso
SArA:

2 el (porye)
i

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

r= Za‘,-:r“',-
per el é Retardation (inSide the
. zp_dﬁ.— emitter) is neglected, i.e.,
7 emitter is considered
ed infine, il potenxiale vettore diviene: p0|nt||ke

Q=3

= gy Dlt—ric)

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

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

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

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

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

Scuola Dottorato da Vinci—2009/10

Proprieta piccola e piccolissima scala

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

Explicit field solution in the far-field

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

ik

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

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

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

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

usuali soluzioni
e:.i.'f'

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

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

Nel limite opposto in cui kr <= 1 sviluppando

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

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

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

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

Nicola Paradiso, Tesi di Laurea in Fisica, Pisa 2005
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Suggested reading: Jackson, Classical Electrodynamics

Pereamodita u:u:unsiderim;m.sepalatmnent:a i campi nel -: nel
u:aseﬁnendu:u il parametro adimensionale = = kr, le (27] & (28) =i
TISCTIVOTD ]

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

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

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

Come si pud vedere il campo Ey diventa dominante per x piceoli. Questo
significa che per valori di r molto pit piccoli di A gli effetti del campo prossimo
diventano importanti. Cuesti risultati, benché ricavati nel caso particolare di
un dipolo elettrico nell'origine, sono molto generali e almeno qualitativamente
deserivonoe 1'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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Near-field extinction

In the presence of a non-propagating (evanescent) Qg 2=
wave, field undergoes a fast extinction as a function 1(0,0,2)= ord g 40
of the distance from the aperture (z) - 3

(ideal case, after Bethe)

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

from the aperture (estimation)

v

[(r/)E]’

In practice:

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

The space distribution of the near- 10° 107 10° 10° 10° 100 10
field (confined within a distance ~ a)
gives SNOM its sub-diffraction space

resolution
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How to concern a sample with the near-field

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

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

“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 displiement is used (as, e.g., in non-contact

AFM)

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

Sc

fiber o=z,
amplitude

tip approach curye

(ark. units)

working point

A AN ST N ANy T |
o 10 Z0 30  40nm

uola Dottorato diRFiTEbH Piten o=

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=v1-v2|— To feedback circuit

Shear-force method

S
Scheda PC
ixer

Oscillatore —
02 Amplficatore =™
Oscillatore

Fiber tip is glued onto a tuning fork
(a quartz diapason acting as a mechanical —_—
oscillator and showing capabilities to measure L
the oscillation amplitude) Piezoelettrico di dither 5
FOl'k/ < unta Mech resonance spectrum

(undamped oscillation)

e A dithering piezoelectric transducer keep:
parallel to the surface

e QOscillation amplitude is monitored by a tuning fork

e 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)

e Similar to AFM in tapping mode, but for the oscillation direction, the relevant distance

and the involved mechanisms

1"D
(Vp]

the probe tip in oscillation along a direction
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Operation modes for SNOM

L Fiber probe ;
" Fiber probe [ v Near-field 7 :
\‘1 S Light signal/’ emen e
Excitation / ' i ; T
Ray Optics b Ray Oplics
e e s s s
= Detector
: Dblectwe Sul:_lslﬁltc.
e Objective bjec! -

Near-field f,-ff 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
Illumination 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

roeflection)

I il WwhiIWwl I’

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)

Scuola Dottorato da Vinci — 2009/10 Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 9 —pag. 27



A very few words on apertureless SNOM

3.5 APERTURELESS NEAR-FIELD SPECTROSCOPY
AND MICROSCOPY

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

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

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

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

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

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

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

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

Figure 3.22. Metallic tip enhancing the local field by interacting with the focused beam at
;. The optical response at another wavelength X, is collected by the same objective lens
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The two approaches used for apertureless NSOM are:

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

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

A nanoparticle, or a nanosized tip,
irradiated by a propagating field, acts as a
guasi-pointlike source of the near field
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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 the scattered 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)

YBCO/YSZ/NiFe
multilayer deposited
by PLD

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

refractive index)
are evidenced in SNOM with a
sub-diffraction space
resolution
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Examples of SNOM in reflection mode Il
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Gnantum dnts

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

Images courtesy of lgar Dushking NT-MDT.
Scan size: T um
Source MDT-file: download (5145 06 Kh)

Buried structures can be
detected (when using
illumination light at a
wavelength transmitted by

_the upper layers of the

device)
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B00nm

Contrast enhancement due
to the use of optical signals

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

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

0pm

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 gua Excitation Energy (eV)
tum wire heterostructure. The spectrum was recorded for spatially resolved exc g .94, Spatially resolved near-field photoluminescence excitation spectrum
tation of the sample at 1.959eV. The tip was scanned along the lateral directic @ E sigmal Is plotted as a function of tip position and he
perpendicular to the wire. The PL intensity (in arbitrary units) is plotted asa fun 0 divection i ndicular to the wire. The photolumi i
tion of tip position and detection energy. The color red corresponds to high, whi '} 46y The 44 coPrpanAs b FEh Anid SFede 0
purple corresponds to low PL intensity. The quantum wire emission is centere

around 1.46eV. Note that, in addition to the flat quantum well luminescence at
1.522eV, a further, slightly blue shifted, sidewall quantum well emission is resolved

Single, isolated nanostructures,
nanoparticles, or emitting molecules can
be analyzed in spectral terms
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Conclusions

v’ Optical microscopy represents a well established tool to measure and analyze
optical properties at the small scale

v" Ultra-small features cannot be resolved due to optical diffraction, that limits
the space resolution to approximately half the wavelength of the optical
radiation used for the analysis (corresponds to roughly a few hundreds of nm)

v Near-field are non propagating (i.e., evanescent) fields which can be produced
in several ways, e.g., by using very small apertures

v Near-fields are used in SNOMs, where extreme diffraction is used to overcome
the diffraction itself, in a rather brilliant idea

v" SNOMs share several aspects with other SPMs and can nowadays be routinely
used to get optical information at the ultra-small scale

Scuola Dottorato da Vinci — 2009/10 Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 9 —pag. 33



