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Apertureless near-field optical microscopy: Tip—sample coupling
in elastic light scattering
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For linear light scattering in apertureless scanning near-field optical microscopy, we have studied the
correlations between the tip radius of the probe, signal strength, spatial resolution, and sample
material. Pronounced variations of the near-field distance dependence on tip shape and dielectric
function of the sample are observed. For very sharp metal tips, the scattered near-field signal decays
on a 5 nmlength scale. Despite this highly localized tip—sample coupling, the contrast is found to
depend sensitively on the vertical composition of the sample on a length scale given by the
penetration depth of the incident light. The resulting implications on the use of the technique as an
analytic probe method are discussed. 2603 American Institute of Physics.
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Various efforts in optical microscopy have been devotedrelative accuracy of-2 nm for the different tips and sample
to overcome the classical diffraction limit by imaging in the materials.
optical near-field region. Most recently, the technique of so-  Light from a HeNe laser is focused onto the tip po-
called apertureless or scattering type scanning near-field oparized, 1=5 mW, A=632.8 nm, and#=55°). A near-
tical microscopy §-SNOM) showed great potential in this diffraction limited spot ofJ~1.5 um is obtained using a
respect. Here, a metallic probe tip is illuminated and rastehigh numerical aperturéNA) microscope objective(NA
scanned in close proximityd\) to the sample. The scat- =0.28 and working distanee30.5 mm). The same objective
tered light is collected in the far-field and high spatial reso-is used in combination with a charge coupled device camera
lution is obtained due to the local enhancement of the opticdior visual tip inspection and to optimize the tip illumination.
field at and near the sharp tip. With its virtues of superior ~ Electrochemically etched tungsten tips were uSeBhe-
resolution down to a few nm, access to a broad wavelengthial emphasis is paid to a low vibration environment, opti-
range and enhanced signal intensities render the technigiiéized electrolyte concentration, and electrode potential, and
advantageous over conventional fiber-tip-based methods. the use of a fast switch-off circuit ensuring regularly shaped

Proposed theoretically for optical frequendi@sd sub- and smoot_h tips with tip radis5 nm as characterized by
sequently demonstrated experimentaliye technique has €lectron microscopy.

since been taken in different directions ranging from linear ~ The optical signal is detected in the backscattered direc-
vis*®and IR scatterin§,nonlinear two-photon fluorescerice tion by a photodiodéNew Focus, 2007 after spatial filter-

and second-harmonic generafloto vibrational Raman ing. To discriminate the near-field signal from background
spectroscopies. scattering due to the tip and surface roughness, a modulation

For linear light scattering, dielectric contrast with Schemeis employetf***The tip is dithered harmonically in
s-SNOM has recently been demonstrated in optictheZ direction with an amplitude comparable to or smaller
images’51°It has been explained qualitatively by a coupled @ the tip radius2,=2-5 nm, andf,~2 kHz). The syn-
dipole model. However, despite the conceptual simplicity Ofchro_nlzed compon_ent of the optl_cal signal at the fundamen_tal
the experiment, a number of parameters affect the scatterin h:%_he;_ harmonic frequency is then detected by lock-in
signal. Here, we address the influence of the tip shap ’mpFlll(ia 'OQ' fullv el d surf £ diff t metal
sample material, and its thickness on signal variation and the . at and careiully cleaned surfaces of diferent metals,
apparent contrast. It is found that the depth probed not onl emiconductors, and insulators were chosen for the investi-
depends on the tip radius as suggested by the dipole mod ation. To address the effect of the vertical sample composi-

. 2 . 1ibn, wedged gold films evaporated on glass, and silver
but also on the vertical composition of the sample affecting : . .
samples coated with quartz of different thickness were used.

the optical near field. This needs to be considered in the use Figure 1a) shows the total unmodulated tip-scattered
of s-SNOM for materlal characterization. . ignal during the approach of a flat gold sample. The tip—
In the experimental setup used, the probe tip is attache§ample distance=0 nm is defined by a 2%—4% drop in

along one arm of a quartz tuning fork of an atomic forcetuning fork signal. The undulation on the length scale of

MICTOSCope. Careful measurements of thg forCe_d'Stancgeveral 100 nm is due to interference. Possible pathways for
curves(width 12—16 nm were used to establish a reference

) : , ) _~~ pump or signhal beams reaching tip or detector, respectively,
point for the imaging plane. A 2%-4% drop in the tuning \yith or without reflection from the surface are shown sche-
fork signal defines thel=0 nm tip—sample distance with & matically in panel of Fig. (). The overall increase of the
signal is likely to be due to the all-constructive interference
3E|ectronic mail: raschke@mbi-berlin.de of the different contributions ad=0 nm.
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. . ! ) Using a particular tip but different substrate materials,
FIG. 1. Tip—sample distance dependence of near-field scattered light upotrh It dist d d ies d h .
approach of a flat gold surfac&) Total signal andb) and(c) demodulated .e resulting X ISstance .epen encie Q{( ) a}re S .Own 'n_
at the fundamental and second-harmonic of zeodulation frequency2,  Fig. 3. In the inset of Fig. 3, the maximum signal intensities
respectively. for d=0 nm are summarized and plotted as a function of the
real part of the dielectric constasj of the material. Both the
shape of the distance dependencies—in particular the differ-

Demodulation of the signal at the harmonitQ, n=1, . X o
2,... of the dither frequency discriminates the near-field conSant initial slopes(dashed ling—as well as the variations of
TaXatd=0 nm are found to be characteristic for the differ-

- - 5,13 120
tribution from the backgroundFigs. 1b) and Xc)).> The ent classes of materials.

strong nonlinear distance dependence of the near-field tip— . . L
g P P These results indicate a strong spatial localization of the

sample interaction enhances the corresponding high Spat'ﬁlp—sample coupling, mostly determined by the tip geometry.

freque_zncy contributions, -in particular . thos_e that e>_<h|b|t_|_0 better understand the underlying mechanism for contrast
variations on the length scale of the tip—dither amplitude.

. . . formation and to address the degree of field localization in-
This leads to a steeper signal dependence for highér . . . .
) , . __side the sample, we studied the effect of vertical composition
The correlation of the length scale of near-field coupling . . .
. ) : . g on the scattered near-field signal. Figure 4 shows the depen-
with the size of the tip apex is shown in Fig. 2. The normal- : . .
) : : , dence of the maximum scattered sighg]* (d=0 nm) on
ized tip—sample distance dependencel gf, i.e., the de- _ .
. . o ilm thickness for a Au wedge evaporated on glass. The
modulated scattering signal at the second harmonic, is pIO\7ariation occurs on a much longer length scale than the ti
ted for three tips with radii of curvature 0=20 nm,r=12 9 9 P

. ) R sample distance dependence which is plotted for comparison
nm, andr <5 nm. In this series, the stronger localization for I .
(solid line) in Fig. 4. In contrast, for Ag samples coated with

thin quartz layers, the tip—distande,(d) and quartz film

| S E S S thickness dependencies are found to correlate.
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FIG. 2. Normalized tip—sample distance dependendeg(fd) for tips with FIG. 4. Maximum signal amplitudg* detected ati=0 for the gold wedge
different radii of curvature of =20 nm,r=12 nm, andr<5 nm. The ratio = evaporated on quartz. The solid line shows the tip—sample distance depen-

of 1,,(0 nm) is 1:14:20 with the strongest signal for the5 nm tip. dence of the tip used.
Downloaded 11 Dec 2003 to 62.141.172.140. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 83, No. 24, 15 December 2003 M. B. Raschke and C. Lienau 5091

To describe the experimental results, one frequently reefficient for reflection. Quartz only weakly interacts with the
sorts to a simple model reducing the tip to a homogeneoup and thus effectively acts only as a spacer layer between
sphere of radius and dielectric constand;, placed at dis- the tip and the metal.
tanced in front of a half space representing the samplg ( However, the model fails to describe the exact form of
and illuminated by a plane wavEy(w).>*® The induced the tip—distance dependence, e.g., the simple model neglects
dipole moment in the sphene, can then be approximated that, as the sample interacts with the large dipole near-field
byt41° for reasons of symmetry, the presence of the sphere allows

8p for the excitation of surface plasmons in the plahé ad-
1
" 2aladr +d)]3] ’

with the primary fieldE,, the strength of the image fielg

at the sphere location, the polarizability of the spherex
=47r3(e;—1)(e,+2) "%, and the moment of the induced
image dipoleBp;=(e,—1)(e,+1) p; in the sample. De-
fining an effective polarizability of the coupled tip—sample
system ag;= a4E, results in

dition, for small distanced/r <1.5" the contributions from,
e.g., quadrupole or higher-order moments, contribute to the
polarization of the sphere. As a result of these higher-order
poles, additional modes appear for the resonance of the
coupled sphere—plane systéif.These effects make the di-
electric response depend on distance and might be respon-
sible for the observed characteristic variations in slope for
the different types of materials.

In summary, we have separated the spatial extent of the

ap tip—sample near-field coupling from the influence of the ver-
all-—— (2)  tical composition of the substrate contributing to the
16m(r +d) s-SNOM signal on two distinct length scales given by tip

The mutual polarization of tip and sample thus enhance theadius on the one hand, and light penetration depth on the
optical near-fieldE ¢ aE, Which is subsequently scattered other. This shows that by using a single optical frequency,
by the tip. The near-field signdl, is directly proportional to the dielectric contrast can readily be obscured by vertical
the effective polarizability. It is given by |En+E¢? with  inhomogeneities of the sample. Here, spectrally resolved
E representing background scattering by the tip. Scatteringtudies shall allow one to separate the influence of these
from residual surface roughness was found to be negligibledifferent parameter and enable nanospectroscopy with true
ls is thlesn dominated in leading order by the terf,(Ex material specificity.
+c.c.):
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