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Scattering of the evanescent light by a finite-size Si@be is calculated using a point matching
method in order to improve the efficiency collecting the near-field optical signal. The scattered-light
patterns can be classified into three categories. Category 1 is where the probe tip radius is very small
(<\/13). Category 3 is where the probe radius is very lafga/6). Category 2 is the intermediate
case(N13<radius<\/6). When the radius is in category 1, the scattered light is able to be treated
as a field radiated by the point dipole induced by the evanescent light at the probe tip. When the tip
radius is in category AN/13<radius<\/6), in order to obtain the angular distribution of the
scattered light, the induced multipoles should be calculated, considering the probe radius and the
incident angle. When the tip radius is in category&lius>\/6), the scattered light becomes larger

in the parallel direction to a prism surface due to the forward scattering of the evanescent light.
© 1996 American Institute of Physids$0021-897@6)02221-9

I. INTRODUCTION The microscopic approach is not suitable for a large probe
The optical-characteristic distributions provided by near-Pecause the model must be discretized which requires much
field scanning optical microscopfNSOM) have nanometer time and memory for calculation. Barchiesi and van Labeke
lateral resolutiort;® in contrast to the resolution of conven- analytically determined the distribution of the scattered
tional optical microscopy, which is limited to about half the light;*> however, they assumed that the probe is located far
wavelength of the light source due to light diffraction. We from the sample surface, although the distance between a
previously proposed a semiconductor-based NSOM ptdbe, Probe and a sample is of the order of 1 nm in most NSOM
which we call a photocantilever. This microfabricated silicon €Xperiments.
cantilever has @n-junction photodiode at its tip. This pho- The point matching methoPMM), a commonly used
todiode collects the propagating light that is converted frommethod for calculating the electromagnetic field, has been
the evanescent light by the cantilever apex. By using thisised to calculate the distribution of the scattered lt§iNo-
photocantilever-based NSOM, 20 nm gaps between sma¥otny, Pohl, and Regli analyzed the electromagnetic field in
particles have been resolvéd. aperture NSOM by using the multiple-multipole method,
The conversion from evanescent light into propagatinghich is a PMM-extended methdd.in PMM the distribu-
light is the key process in photocantilever-based NSOM adion of the scattered light at any point can be calculated once
well as in photon scanning tunneling microscopy the coefficients of the expansion functions have been deter-
(PSTM) and scanning tunneling optical microscépy mined so as to match the boundary values. This semianalyti-
(STOM). We previously determined that the scattered |ightcal numerical calculation method is suitable for calculating
at the photocantilever apex is the main contributor to thehe scattering of a large probe, because only the surface of
NSOM signal* In our analysis, the probe was assumed to béhe probe must be discretized, not the probe volume.
infinitely small, although the actual apex radius of the canti-
lever has finite size. Determining how a finite-size probe
converts the evanescent field into scattered light is important
for improving the efficiency collecting the scattered light for
both scattered light-based NSOf#** and PSTM>1012]t is B. Model geometry

also important to determine how small samples convert the In the model we use for a NSONFig. 1), a spherical
evanescent field into scattered light. probe approaches the prism surface. The center of the probe

In this article we investigate how a finite-size probe con-is defined as the origin, and the vertical direction to the prism
verts the evanescent field into scattered light by theoreticallpurface is defined ag=a. To reduce calculation time, a
calculating the electromagnetic field and derive the guidingWo-dimensional model is considered. After solutions sym-

principles for NSOM probe design. metric and antisymmetric to the axis are obtained, their
sum is then calculated. The evanescent light is assumed to be

Il. ELECTROMAGNETIC-FIELD CALCULATION generated at the prism surface. The incident light is an

A. Point matching method s-polarized plane wave. The model is divided into four re-

) i gions. We focused on the scattered field distribution in re-
Models of the scattering of evanescent light have beetyion 3 pecause the scattered field in this region is detected as
based on both microscopftand macroscopic approaches. , nsOM signafto11
The electric field at poin{r,6) in the four regions is
dElectronic mail:fukuzawa@ilab.ntt.jp represented by the following series of expansions:
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y wherei andj are region numbers arglis the angle between

PfobeT the radial direction from the origin and the tangential direc-
tion of the boundaryFig. 1). The coefficients of Eq$1)—(4)

are determined so as to match the values at the boundary.

Once these coefficient are determined, the electric field at an

arbitrary point can be calculated using E¢b—(4).

Prism surface Incident light

. o ~Ill. RESULTS AND DISCUSSION
FIG. 1. Model for PMM analysis; refractive indices of the probe and prism

are 1.44 and 1.51. In this section we discuss the effect of probe size on the

scattered-field distributions in region 3. Figure 2 shows the

No-+ng 3rfr;plitude contouk:s of thelcag:/ulﬁted electri((j: fﬁellgsd arognd
0 _ 0 inc ref ifferent-size probes. To clarify the scattered-field distribu-
Ea(r.0)= nzﬁs Hn(kor)g(nd) +CiE; ™+ oy tion, only the scattered fields are shown in the figure, that is,
: . the electric fields of the incident, reflective, and transmitted
(in region 0, @) plane wave are omitted. The wavelength of the incident light
Np+ng is 633 nm and the incident angle is 60°. The refractive indi-
Elr,0)= > [ald,(kir)+bY,(kir)]g(ne) ces in regions 0-3 ar@,=1.51, n;=1.0, n,=1.44, and
n=ns n;=1.0. The gap between the probe and prism is set at 1 nm.
+clpeva The incident light is ars-polarized plane wave. In this cal-
e—z . . . . .
culation, the electric-field vector is parallel to thzeaxis.
(in region 1), (20  When the probe radius is much smaller than the wavelength
Ny+ng of the light, the scattered-field distribution is almost symmet-
E2(r,6)= D a2J,(kor)g(né) ric [r=40 nm, F_|g. 29)]. The blg_ger_ thg probe radius, the
n=ng more asymmetric the angular distributipn=75, 150 nm,
. . Figs. 4b) and Zc)]. This tendency corresponds to an in-
(in region 2, ®) crease in the forward scattering component in the scattering
N3+ng of a propagating wave by a small particle.
E3(r,0)= > aH,(ksr)g(nb)+ciES? Figure 3 shows the scattered-field angular distribution in
n=ns the far field(r =6.0 um) in region 3 for various probe sizes
(in region 3, (4)  and incident angles. It shows the|2 dependency om. The
) ) results suggest that we can define three categories. Category
a(n 0)2{095(”9) for symmetric solution, (5) 1iswhere the probe-tip radius is very smidiss than about
' sin(ng) for antisymmetric solution, 50 nm,\/13). Category 3 is where the radius is largaore

than about 100 nm\/6). Category 2 is the intermediate case
(6)  (from 50 to 100 nm, from\/13 to \/6).

In category 1 the field distribution is symmetric and
whered,,, Y,,, andH,, are a Bessel function of the first kind, there is little difference between the incident angles. The
a Bessel function of the second kind, and a Hankel functiorfield intensity is almost uniform, frond#=3/4s to 5/4a. If a
of the first kind, respectively. Additionallyk; is the wave single dipole is induced in the probe parallel to the incident
number in each region, ar#l’®, EI*', andES*?are the inci- electric field of the evanescent wave, the scattered field
dent, reflective, and transmitted evanescent lights, respeshows no difference in the angular distributions for different
tively, when the probe does not exist. In these solutions, théncident angles. It also shows a uniform distribution #r
term exg—iwt) is omitted. The sum of the Bessel functions because the incident wavessolarized. Therefore, a single
of the first and second kind, which express the sum of thelipole parallel to the electric field of the evanescent wave is
outgoing and incoming waves, is used in region 1 becausiduced in category 1. Note that the intensity is larger around
multiple reflections between the probe and the prism occur if=7/2 and 3/2r than aroundd=s. This is different from

_ |0 for symmetric solution,
Ns=11  for antisymmetric solution,

this region. usual the Rayleigh scattering, and suggests that the influence
The boundary conditions are written as of the substrate prism should be considered in evanescent-
4800 J. Appl. Phys., Vol. 80, No. 9, 1 November 1996 K. Fukuzawa and H. Kuwano
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In category 2(from r =50 to 100 nm, from\/13 to \/6),
the scattering pattern is more complicated. The angular dis-
tributions change from symmetric to asymmetric and have
quite different patterns for different incident angles. This
suggests that multipoles are induced and their generation is
affected by the interaction between the probe and the prism.
If a probe radius in this category is used, different collection
efficiencies are expected for different incident angles, even if
the collection angle of the detector is fixed. For a probe of
the size in this category, the interaction between the probe
and the sample should be considered.

In category 3(r>100 nm, \/6), the scattered field is
largest in the direction ob==/2. In addition, compared to
region 2, the scattering patterns have smaller differences for
the different incident angles. This suggests that forward scat-
tering is the main contributor to the scattering wave in this
region. The evanescent wave has a propagating component
in the direction off==/2, and the light scattering has a large
intensity in this direction due to the forward scattering of this
propagating component. This is also the case for different
incident angles, so the scattering patterns are only slightly
different for different incident angles.

We derived the following guiding principles for improv-
ing the efficiency of collecting the near-field optical signal
from our PMM-calculation results. When the tip radius of
the probe is in category Tradius <A/13), a single-point
dipole is induced by an evanescent field at the probe tip and
the scattered light is able to be treated as a field radiated by
the point dipole. We can calculate the near-field optical sig-
nal after integrating the Poynting vector over the actual de-
tector plane, considering the angular dependence of the field
radiated by the point dipole. We previously reported this
FIG. 2. Electric fields for various probe sizes. The incident angle is 60°, an({nemOd to calculate the near-field signal in Ref. 13. PMM-
scattered field$E|? of the total field are shown in log scal@) r =40, (b) calculation results indicate that this method is applicable to a
r=75, and(c) r=150 nm. finite-size probe whose tip radius is from zeroNti3, al-

though the probe size is assumed to be infinitely small. In

addition, the collection efficiency is almost independent of
wave scattering. When a dipole is induced in the probe byhe incident angle when the incident light $spolarized.
the evanescent field, an image dipole is also induced. Th&/hen the tip radius is in category(2/13<tip radius<A/6),
positions of the probe and image dipole are symmetric to thehe calculation of the near-field optical signal is rather com-
prism surface, and the magnitude of the image dipole iglicated. The induced multipoles are quite different for the
larger by r, than the probe dipole, where different probe sizes and incident angles. This indicates that
rp=—(e~1)/(es1) and e is the dielectric constant of the collection efficiency is strongly dependent on the inci-
the prism.” That is, two dipoles with opposite directions gent angle, even if an identical probe is used. Calculating the
exist across the prism surface, and the gap between them s, o4 optical signal by using a probe in category 2 can-

of probe radius order. This probe and image dipole act as Aot be done using the same procedure as for a probe in cat-

guadrapole; therefore, the scattered field has a strong inten-

sity along the prism surface. In this calculation the interac—egory 1. Instead, the induced multipoles must be calculated,

tion between the probe and prism surface is considered, Scons?dering th? probe radius anq the incident angle. When
the difference between the scattering of the propagating anrge tip radius is in category @adius>)/6), the scattered
evanescent waves can be clarified. The scattered field frofffnt intensity becomes larger in the direction &f 7/2 due

the collection angle 06=3/4 to 5/4m mainly contributes to  t© forward scattering of the evanescent wave. Therefore, the
the near-field optical signal in the scattered-field-basecfficiency of collecting the near-field signal is able to be
NSOM. Therefore, for angular distributions, a probe with theimproved by arranging the detector so as to collect the scat-
radius of less than about 50 nm/13, can be treated as a tered light in this direction. In addition, the collection effi-
Rayleigh particle, which is so small that its size can be ne<iency is almost independent of the incident angle when the

glected. incident light iss polarized.
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FIG. 3. Angular distributions of scattered field for different incident angles#1M3m, and 7/18r (rad). (a) r=40, (b) r=50, (c) r=75, (d) r=100, (e)
r=125, and(f) r=150 nm.
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