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This paper presents a complete study, theoretical as well as experimental, of an electromagnetic field
scattered by subwavelength metallic pads, allocated in a periodic manner on a silica substrate. The simulation
of the far field and near field is obtained with the differential method. When the sample is illuminated in total
internal reflection, the simulations show that the amplification of the electromagnetic field above the Au
metallic pads depends on different parametes@velength, polarization of light, angle of incidence, and index
of refraction. In this paper, we only consider the effect of the probe-to-sample distance and of the polarization
of the illuminating light. As the experimental setup, we used the photon scanning tunneling microscope. If we
compare these results with the calculations carried out with the dielectric pads, we show that the amplification
is induced by the dielectric contrast between the metallic structures and their environment. Experimental results
are presented in two different imaging modes. In the “constant intensity” mode, our experimental results are
in excellent agreement with the simulations. Therefore, for a metallic sample analyzed in our experimental
conditions, it validates the assumption that the signal detected is proportional to the square modulus of the
electric field in the absence of the probe. We particularly show that if the polarization and the probe-to-sample
distance are suitably chosen, dramatic localizations of the electromagnetic field are observed. We then present
images obtained in the so-called “two-wavelength” mode, where two light sources illuminate the sample. The
first beam is used for feedback regulation; it consequently allows a control of the tip motion, and permits us to
determine the reference surface. By using such feedback regulation for this first beam, we are able to compare
quantitatively the effect of the polarization on the field distribution of the second beam. The results are
confirmed by the corresponding simulations.

[. INTRODUCTION localization of optical modes in silver colloid fractal clusters
have been investigated with the technique of the PSTM.
Submicron metal particles, i.e., with a size smaller thanMore recently, different studies has shown the role of surface
the wavelength of incident light are use investigate sur-  inhomogeneities in the modification of the field emitted from
face enhancement Raman spectroscopy and second-harmottie SPO’s’8
generation, as well as enhanced one- and two-photon absorp- In this paper, we mainly present results showing the ef-
tion by adsorbed dyes. It is now widely accepted that theséects of the polarization of the incident light on the near-field
phenomena originate mainly in the excitation of surface-diffracted by a crossed grating of submicron gold pads. Sev-
plasmon oscillationgSPQO’9 which enhance the local-field eral authors exploited the polarization contrast on metallic
intensity near these metal particles. structures to improve the image contrast: Our simulations
Recently, several studies employing scanning near-fieldhow that, according to the polarization, the scattered near-
optical microscopes have been reported to investigate SPOfild of the metallic pads is more or less confined near the
on metallic thin films. The photon scanning tunneling micro-edges of the pads. We present a comparison with the near-
scope(PSTM) has been used to measure the spatial exterfield close to dielectric pads.
sion of the SPO evanescent fiéléiand to image its lateral Then we show, in the “constant intensity” mode, the role
decay on a thin silver film in the visible rand.ocalized  of the polarization of the incoming wave lighting the metallic
SPO'’s on individual metal particles have been observed bpads, as well as the role of the probe-to-sample distance. We
coupling a PSTM and a scanning tunneling microscopee  showed, in a previous pap¥rthat when the tip scans the
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sample in the constant intensity mode, the amplitude of the :;’RA-'I:u-b-e-Z-—I??-S??-aP?-" passoand 00T
vertical displacement of the probe is influenced by the value e Fiter2  { Filter1
of the intensity detected by the fiber probe. Generally, for a P ]

. . . Piezoelectric
strong value of the intensitythe probe is close to the : Tubo
sample, the amplitude of the vertical displacements of the N [—| Feedback
fiber probe is relatively weak; on the other hand, for a weak E_C_h_agrle_l 2} I
value of the intensity(the probe is moved away from the PC
sample, this amplitude increases. In order to compare the Channel 1
images obtained in the two directions of polarization of the
illuminated light, we have carried out these measurements in
the “two-wavelength” mode. This permits one to follow the =632 nm
isointensity lines issued from the first light source, which (222t
acts as a reference, while measurements with a second light
SO”.“"? allow one to record the intensity of the eIeCtrom"’lgilvavelength mode. The constant intensity mode is represented in
netic field scattered by the sample and detected by the proh®;5 jines.
under variable illumination conditions.

Section Il is devoted to a description of the sample and, .,nstant distance above the mean surface of the sample,
t_he experimental setup used to analyze the e!eCtrom"’“9’ne§érspecialIy when large ranges are scanned. The mechanical
field scattered by the sample. In Sec. Ill, we introduce the,\y thermal drifts perturb the experiment in the same way.
differential method in three dimensions, which allows us to1, ;s this constant height mode is very difficult to use. An-
obtain the exact solutions of Maxwell's equations when theier mode of operation is the “constant intensity” mode, in
sample is illuminated in total internal reflectidilR). We — \ynioh the intensity recorded by the probe is kept constant,
present several remarks on the b(_ehawor“of the Intensity dﬁjsing an electronic feedback driving a piezoelectric scanner
tected above the metallic pads in the “constant height” it "on \which the probe is fixed. This mode is the most
mode. We study the effects of the polarization, and of the,ommoniy used, but the corresponding calculations are more
probe-to-sample distance on the scattered intensity. We thefjicyit to implement than for the constant height mode.
compare the near-field diffracted by metallic and dlelectrlc-l-hiS mode can also be used to obtain a reference surface. If
pgds. In the next two sections we present our resultsl, and Wie simultaneously detect the scattered light issued from a
Q|scuss the near-field above the pads when_the polarization {$.ond source while the probe is scanning a reference sur-
n TIIE and TM modes for the two operating modes. OUrtace \ye are operating in the two-wavelength mode. Before
conclusions are presented in Sec. VI. giving the experimental results, we describe our way to com-

pute the scattered field above the metallic pads.

FIG. 1. Schematic of the experimental setup of the two-

Il. DESCRIPTION OF THE SAMPLE
AND EXPERIMENTAL SETUP Ill. ANALYSIS OF THE ELECTROMAGNETIC FIELD

I . ABOVE THE SAMPLE
The sample studied is a crossed grating of gold structures

on a glass slide 1 mm thick; the index of refractionnis To analyze the electromagnetic field diffracted by a
=1.458. In this work, we have chosen a grating where theerossed grating of parallelepipedic pads and collected by the
Au metallic pads are well separated to reduce the weight opptical fiber of the previous experimental setup, here we
the propagating modes diffracted by the sample. The separ@resent the theoretical approach used to obtain the near-field
tion between two metallic pads is equal toudn in each intensity of the electromagnetic field produced by a crossed
direction. Each pad is parallelepipedic with dimensions:Au grating laid on a glass prism and illuminated in TIR. We
300% 300 nnt and 50 nm. The sample is obtained by reac-use the differential formalism of the electromagnetic theory
tion ion etching, and it is fabricated with an incertainty of 5 of gratings'® The exact geometry of the crossed grating has
nm for each dimension. To eliminate the presence of watebeen chosen according to the scanning electron microscopy
vapor, the sample was kept for several hours in an oven atighages obtained after metallization on a test sample. Each
constant temperature of 150 °C. pad is parallelepipedic, with lateral dimensia)s-s, =300

The sample is placed on the plane surface of a prism, an@m and height & 50 nm(Fig. 2). The groove spacing in the
the optical matching is achieved by an index matching lig-x andy directions isd,=d,=3 um (Fig. 3). The incident
uid. Our experimental setufFig. 1) is a PSTM? in which  plane wave with unit amplitude, and a wavelength
the probe locally detects the electromagnetic field around thes 27/kq in vacuum, falls on the crossed grating under the
sample. The PSTM exploits the tunneling of photons acrosangles of incidence determined By (ki,c, €,) and ¢y (&,
the gap between the sample illuminated by a He-Ne lasék;,) defined in Fig. 3. For the calculations, the space is di-
(A=632.8 nm, P=2.8 mW) in a TIR configuration, to vided into three zone&one 1 forz>h, a modulated zone
eliminate a great part of the propagative waves. A sharpenedr h>z>0, and zone 2 foz<0; see Fig. 2 In this paper,
optical fiber probe is brought into the scattered evanescerthe sample is illuminated through the prism si@ene 1,
field and collects a part of this evanescent field. The propawhere the index of refraction, is equal to 1.458. The inci-
gative waves scattered by the sample are also detected by ttent electric fielcg, in s polarization, is parallel to the axis,
fiber tip. When the probe is scanning parallel to the surfacek,(x,y,z) =E,(X,y,z) & (& is the unit vector of theDx
this is the so-called “constant height” mode. Practically it is axis). The electric and magnetic fields above the crossed
not possible to be sure that the probe apex remains strictly @frating are expanded as double sums over Rayleigh waves.
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whenz<0, with

ap=agt+n2m/dy, ag=Kkgn,Ssiné, cosey,

ﬂm: BO+ m277/dy y ﬁoz kOnl sin Hk sin @k »

and

Ynm= Koz —ap— By if  kons=a;
+ B2, (radiative modes
=i+ gL—kon3 if Kinj=od
— B2 (evanescent modgs

The unknown functions of the problem are the complex am-
pIitudesAE’m for the electric field. It is possible to write the
magnetic field by an expression similar to E@). In this
case the complex amplitudes will be nobeﬁ'm. As in the
FIG. 2. Geometry of the pad. The height of the metallic pad iscase of the two-dimensionaD) differential method, the
h=50 nm, and the size of its square sectios,is s,=300 nm. The ~main idea to solve this problem is to find for bd(x,y,z)
optical index of the prism is equal to 1.458, and the parallelepiped'@nd H(X,y,z), propagation equations valid in the whole
optical index is equal tm,,=0.149+j3.64 for the incident wave- space in the sense of distributions, which includes the bound-
length equal to 632.8 nnz=z, defines the observation plane, and ary conditions at the two boundaries of the modulated zone.
(y'y") the crosscut line. As for a 1D grating, we take the two equations of Maxwell
and Faraday and Maxwell and Amphre. From these two vec-
In particular, for s polarization, the electric field in the zonetorial equationgi.e. the six scalar corresponding equations
2 (air side withn,=1.0) below the crossed grating can be it is possible to eliminate the components along zfais to
written ag® obtain ultimately a system of four partial differential equa-
tions depending on the four remaining componésys E, ,

e c _ Hy, andH,. These equations are true in the sense of the
Exy,2)= 2 2 Afnexdj(anx+Bmy)lexp functions as well as in the sense of the distributions. They
nmommeE are written as
=] z 1
(=1 7nm?) @ By O] 1 (aHy IHy X
Tz R G Taeee \ox ay | @
JE J -1 (oH oH
y . y X
9z JopoHy ay|jwege, \ ax  dy ” ®
He c L [ 1 (7 6, ,
gz = oo B o Tomel ax oy | @
M, R ;
9z =Jweg€rEy ay|joue| ax  ay ||’ ()

wheree, = er(x,y,z)=ni2(x,y,z) according to the values of
X, ¥, and z in the different zonegzones 1 and 2 and the
modulated zone

Details of the differential method were given
elsewheré®!® These partial differential equation®)—(5)
are then transformed into a finite set of coupled differential
equations by Fourier analysis. The integration of the differ-
ential system is reduced to the interyalh] along z, due to
the existence of analytical solutions for the field outside the
modulation regiorisee Eq.1) for z<0]. Inside the modu-
lated region, the integration is made numerically by a Runge-
FIG. 3. Crossed grating of metallic pads. The system is illumi-Kutta algorithm. By writing the boundary conditions for the

nated in total internal reflection, arg,. represents the wave vector €lectric and magnetic fields at=0 andz=h and by using
associated with the incident wave, is the projection of this inci- the standard matrix inversion techniques, we calculate the

dent wave vector on the plan®). dy=dy=3 um. amplitudes AX)E’m, (A),)E’m and (AX)EVm, (Ay)ﬁm of the
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electric and magnetic fields. Once these amplitudes are
known, the two remaining amplitude\y) ,,, and @A)}
are obtained from the two following equations:

c i [oH, oH, .
7 wege | ax  dy |’ © @) K
a —

1 [oE, JE, .

*Jomg\ o ay ) @

Then, the electric fiel& can be calculated with the ex-
pression of expansiofl) at any point around the crossed
grating, close to the metallic pad. The magnetic fields
similarly obtained. The field is accurately represented\By
components, and this number is chosen according to the ste
bility of the numerical results.

To illustrate the possibilities of this technique, we now
give different remarks about the electromagnetic field calcu-
lated above the crossed grating in the constant height mode
The plane of incidence is defined by the two vectarse,, Ky
andk,, is the projection ok; on the Oxy) plane(see Fig. (b)
3). In our case of diffraction, the two angles afg= —60°
and ¢,=90°. The square modulus of the electric field is
calculated for Au pads whose index of refraction is equal to
n,,=0.149+)3.64, for a wavelength in vaccum equal to
632.8 nm. According to the conditions of preparation of the
sample, we suppose that the experimental values of the pel

mittivity of Au pads are close to those given by Johnson and 1F
Christy.lg. ——20=-60 nm
------ z0 = -150 nm

In Figs. 4a) and 4b), we plot the theoretical variations of
the intensity normalized to the incident intensity (I,
=|Ey|?) over a period of the crossed grating in constant
height mode in planes located a,=—60 and —150 nm
above the top of the pad, respectively. We have chosen thes (©
Z, values because they correspond to classical probe-to
sample distances in PSTM experiments. The profiles, alon¢
the axis ¢'y") (x=d,/2, z=z,, Fig. 2); are reported in Fig.
4(c). The simulations of the field diffracted by the pads are
presented in s polarization. Figure 4 shows a strong intensity
diffracted close to the metallic pad. We note that the maxi-
mum intensity above the pad is three times greater than tha.
above the substrate. We also see that the electromagnetic
field pattern is strongly modified as a function of th_e distancq/|0:|E|2/|EO|2 calculated above the crossed grating given in Fig.
frpm the Au pad. A full study of the field as a function of the , 11,4 caiculation is made is polarization fo=632.8 nm, 6=
distance from the sample shows that, feg| <100 nm, the 50> ande,=90°). The value of the normalized intensitl, is
effects of the edges are well pronounced, as we see in Figqg|culated in a plane defined = —60 nm in (@) and z,=
4(a). This study also demonstrates that the electromagnetic 150 nm in(b). In (c), we represent the normalized intensity ac-
field remains confined for a probe-to-sample distance lesgording to the axisy'y”) (Fig. 2 in s polarization for the two
than\, with a relative enhancemeitatio of the maximum  ajtitudes.
intensity diffracted by the pads and the intensity in the near-
field of the substrajevarying between 3 and 10. In Fig. 4, of the pad edges will be different, as the edge is parallel or
we show a complicated standing-wave pattefiwhich is  perpendicular tcE;,.. Figures 4 and 5 show that the field
also observed experimentally in Sec. IV. This interferencedistributions are really different. We observe strong localiza-
pattern is due to the interaction of the resulting diffractedtions of the field, whose characteristics depend strongly on
surface waves provided by the pads on the substrate. the polarization. It is important to note that these localiza-

As shown previously for a dielectric crossed gratiighe  tions can be of smaller size surface than the pad ifselé
amplitude of the field depends strongly on the probe-tothe profiles in Figs. &) and Kc)].
sample distance, and also on the polarization. §pelariza- The intensity distribution around the pads depends on
tion is reported in Fig. 4, while Fig. 5 shows thepolariza-  their shape and their repeat distance, but also on their index
tion for the same two distanceg= —60 and— 150 nm. For  of refraction. Here we compare the electromagnetic field
the two different polarizations we expect that the diffractionscattered by metallic pads to the electromagnetic field scat-

Normalized Intensity I/To

Displacement um

FIG. 4. Top view of a 3D image of the normalized intensity,
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FIG. 5. Top view of a 3D image of the normalized intensity, Displazéfnent um 3
1/1=|E|?%/|Eo|?, calculated above the crossed grating given in Fig.
2. The calculation is made ip polarization §,=632.8 nm, 6= FIG. 6. Top view of a 3D image of the normalized intensity,
—60°, ande,=90°). The value of the normalized intensltyio is  1/1,=|E|?/|E,|?, calculated above the crossed grating formed by
calculated in a plane defined ky=—60 nm in () and = dielectric pads in the same configuration as in Fig. 2. The calcula-
—150 nm in(b). In (c), we represent the normalized intensity ac- tion is made inp polarization ¢,=632.8 nm,f,=—60°, ande,
cording to the axisy'y”) in p polarization for the two altitudes. ~ =90°), (a) is obtained forz,= —60 nm, andb) for zo= — 150 nm.

In (c), we represent the intensity along the axysy’). We have
tered when the pads and the substrate are of the same natuskso represented the cross sections for the two polarizations and for
When investigating near-field diffraction effects, it is impor- the two distancesz,= — 60 nm andz,= — 150 nm. For the sake of
tant to consider the dielectric contrast between the pads ardlarification, the intensities are shifted upwards by 1 for the two
their environment. For the same illumination parameters, wéross sections is polarization.
in Fig. 6 represent the intensity scattered by dielectric pads
illuminated inp polarization[nye;=n,=1.458 andd,=d,  reaches greater values near metallic pads than near dielectric
=3 um, in Fig. 6a), andz;=—60 and—150 nm in Fig. pads. This is due to the dielectric constrast between the pads
6(b)]. The geometry of the sample is identical to the geom-and their environmenfthe media around the pads-or di-
etry of the sample with the metallic pads. Figufe)Ghows electric pads, the maximum of the intensity is greatepin
the profiles along/’'y” for the two polarizations and for the polarization than ins polarization at a given distance from
two distancesz,= — 60 and— 150 nm. From the figures, one the sampldsee Fig. 6&¢)]. For the metallic pads, beyond a
observes that for a given polarization of the incident lightdefinite distancéabout 130 nm for 308 300X 50-nn? Au
and for the same altituds, the intensity of the electric field pads, andl,=d,=3 um), the maximum of the intensity is
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FIG. 7. Experimental PSTM
images obtained in the constant
(d) intensity mode fom,= —60°, and
(nm) (nm) ¢x=90° in s polarization, with
\o=632.8 nm. The lateral and
vertical dimensions of the Au
pads are 308300 nn? and 50
nm. The sequence of images in
the top part of a 3D view de-
scribes the evolution of the elec-
tric field for different probe-to-
sample distances. The different
images (a)—(f) are obtained for
|zo|=45 nm, |z5|=100 nm, |z,
=140 nm, |z,|=180 nm, |z,
=280 nm and|zy|=350 nm, re-
spectively; these values are given

(©

for the center points of the im-
() ® ages P
(nm) (nm) :
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250
400
200
300
150
200
100
100
50
0

pm 2.5 pm 2.5

greater ins polarization than irp polarization[compare the constant intensity image is qualitatively “proportional” to

profiles Figs. 4c) and Jc)]. This behavior is very different the constant height image for a dielectric or metallic mesos-

from that of a continuous thin metallic filfln this case, the copic structure, we have chosen to compare quantitatively

intensity near the metal-air interface is always greatep in our experimental and simulated images obtained in the con-

polarization than irs polarization. By looking more finely at stant intensity mode. This comparison is presented in the

our results, we note that the intensity in the center of the padext Sec. IV.

is higher inp polarization than irs polarization, and that the

oscillations around the pads are weaker around the dle_lecfcrlc IV. IMAGES OBTAINED IN THE CONSTANT

pads than the metallic pads. We also see that the oscillation INTENSITY MODE

amplitudes near the metallic pad decrease when the distance

vertically increases. This is an indication that these oscilla- Due to the previously mentioned difficulties in the con-

tions are issued from the reflections of the evanescent constant height mode, we choose to study our sample in the

ponents which propagate on the substrate-air interface, armbnstant intensity mode. During our experiments, we have

together interfere. recorded a set of images s(Fig. 7) andp (Fig. 8 polar-
Experimentally, it is difficult to obtain images in the con- izations for different intensity setpoint values. To compare

stant height mode. That is the reason why the constant interthe experimental images with our simulated images, we de-

sity mode is widely used in near-field microscopies. Al-termine for each of them the distance between the probe and

though Carminati and Greff@showed analytically that the the surface for the center of the scanning range. We can
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FIG. 8. The same sequence of
PSTM images as in Fig. 7, but ob-
tained inp polarization. The dif-
ferent image<a)—(f) are obtained
for |zo| =0 nm, |zo| =40 nm, |z,
=80 nm, |z,|=130 nm, |z,
=220 nm, andzy|=370 nm, re-
spectively; these values are given
for the center points of the im-
ages.
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determine the exact distance of the probe in the center fonges shown in Fig. (8)—8(f) have been recorded for dis-
each image because, on the last imggg. 8@a)], the probe tances equal tdzg| =0, 40, 80, 130, 220, and 370 nm, re-
has touched the top of the pad, and as we changed the valgpectively.
of the setpoint of a well-defined value between two consecu- The intensity above the metallic pad is described by a
tive images, we obtained a variation of the vertical probeRayleigh expansion, so it is relatively easy to reconstruct the
position between these two images. images in the constant intensity mode. The knowledge of the
The sample studied here is described in Sec. Il. We havebsolute distances allows us to simulate the different images
repeated the experimentssipolarization then irp polariza-  (Figs. 9 and 1D obtained in the constant intensity mode,
tion, with the following parametersa =632.8 nm, 6= corresponding to the experimental images. In this mode we
—60°, and ¢,=90°. We have systematically studied the represent the displacemsiiti nanometersof the probe with
isointensity images of the electromagnetic field scattered bwn absolute error im equal to 1 nm. Irs andp polarizations,
the sample on a 2%62.5.um? scanning range for different the images presented have been calculated with the values
intensities. On the two sets of images obtainedsiandp  determined from the experimental recordings.
polarizations, respectively, the probe moved away in the or- We notice an excellent agreement between the experi-
der of 350 nm. The images presented in Figs)-#7(f) are  mental and simulated images, especiallypirpolarization.
recorded for fiber-to-sample distanc@s the center of the The set of images irs and p polarizations recorded versus
image equal to|zy| =45, 100, 140, 180, 280, and 350 nm, probe-sample distandexcept in Figs. @), 8(f), 9(f), and
respectively, ins polarization. Inp polarization, the six im-  10(f), where we leave the near-field zdrehows very differ-

pm

pm 2.5
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FIG. 9. Calculated images ob-

20 3 30 tained with the differential
250 method, \q=632.8 nm, 6§,=
180 —60°, and¢,=90°, in the con-
200 stant intensity mode, ia polariza-
140 tion. The sequence of images from
150 (a) to (f) is obtained for intensities
e equal to1/1,=0.35, 1/1,=0.26,
100 1/1,=0.23, 1/1,=0.166, I/l
60 =0.093, 1/1,=0.066, and /1,
- 50 =0.025, respectively.
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ent forms, and have various evolutions versus probe-samplEXf)]. We obtain such oscillations principally mpolariza-
distance. Ins polarization the field is always confined near tion [Figs. §c)—8(e)]. It is important to remark that the two
the pads, and its distribution evolves slowly versus probesets of imagesFigs. 7 and ® show a significant spatial lo-
sample distance in experimental and computed images. In calization. However(principally in s polarization; see Fig.
polarization the field distribution takes particular and com-7), the oscillations and localizations due to the interferences
plicated shapes. The field distribution evolves clearly versusf the surface waves are partly hidden and attenuated by the
distance: it makes it easy to compare theoretical and experispeckle structure” resulting from the illumination of the
mental results. On the two sets of recorded images, the elesample by a coherent sourceThis is particularly true for
tromagnetic field around the metallic pads appears more comreat probe-to-sample distances, as shown in two sets of fig-
fined laterally ins polarization than irp polarization(Figs. 7  ures: Figs. @) and 9f), and &f) and 1Qf). This phenom-
and 8. In p polarization, we see that the electromagneticenon is more marked for important probe-to-sample dis-
intensity above the Au pads appears as a pattern of diffradances. We note that the agreement between experimental
tion with a lobe in crescent shag€igs. 8b)-8(d)]. This  data and simulations is quantitative snand inp polariza-

lobe disappears as the fiber leaves the evanescent regitions. This is shown by the vertical bafsn the right of the
[Figs. 8e) and 8f)]. In Figs. 8a)—8(d) and 1@a)—-10(d), we  image$ representing the correspondence between the gray
note the presence of a marked and localized hole above tleeales and the displacements of the tip. However, Hig. 8
metallic pad. Some oscillations appear around the pad: thestrongly differs from the calculated imagEig. 10@)]. This

are more visible in the theoretical imaggBigs. 10b)—  difference can be explained by the two following hypoth-

pm 3
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FIG. 10. The same sequence
of calculated images as in Fig. 9
in p polarization. The sequence
from (a) to (f) is obtained for in-
tensities equal td/1,=0.7, 1/1,
=0.55, 1/1,=0.35, 1/1;=0.165,
1/1,=0.045, andl/1;=0.02, re-
spectively.
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eses: first, during the scanning of FigaBthe tip touched the be able to compare quantitatively results obtained withp
pad surface; and, second, for short sample-to-probe distancpslarized incident light. Indeed, in the constant intensity
the assumption of a passive probe is not valid. From thenode previously described, two independent images ob-
whole serie of images obtained in the near-field of the metained ins andp polarizations cannot be directly compared,
tallic pads this assumption appears to be valid for distanceas the paths followed by the tip during the two scannings are
higher than a few tens of nanometers. In this case, as previrot the same. Therefore we thought of another experimental
ously demonstrated for dielectric samples and prébéshe  method, described below. We performed measurements with
intensity recorded is proportional to the square mod{#i}¢  two illuminating sources at different wavelengttig. 1).
of the electric field in the absence of the probe. For shortefhe first beam, a He-Ne laser, at wavelengthy=534.5 nm
distances, a simulation taking into account the probe will(reference wavelengtlis unpolarized P=1 mW), while the
allow us to describe more exactly the collected intensitysecond beam from a He-Ne laser at wavelengtk 632.8
above the pad. nm iss or p polarized. These two different laser beams have
symmetric angles of incidenced|; = —60°, ¢, ;=90° and
0,>=60°, ¢,,= —90°; see Fig. L While the optical fiber tip
is scanning, the collected light is divided into two parts by a
2% 2 fiber coupler with a power coupling efficiency of 50%.
Through the agreement between experiments and simuld-ight coupled into the right arm of the coupler is filtered to
tion is good, one needs to record a great number of images &uppress tha, wavelength. The remaining light, at the ref-

pm
pm

pm 3

V. IMAGES OBTAINED IN THE
TWO-WAVELENGTH MODE
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erence wavelength,.¢, enables one to control the vertical (nm)
motion of the tip. We obtain an image in the constant inten- 4
sity mode which defines a reference surface to be used suk
senquently. Light coupled into the left arm of the coupler is
filtered to suppress the,.; wavelength, and is recorded by a
photomultiplier tube to form another image X{. (a)

Thus we perform several consecutive scannings above th
same surface of the sample, changing only the polarizatior
of the second beam. The images obtained in these two pao
larizations ath,=632.8 nm(with reference at,.;=543.5
nm) can directly be compared. Such a comparison is relevan
provided that the probe does not touch the sample or the
feedback system does not fail to follow the same isointensity
surface at\,.; when thex, beam is changing frons to p
polarization.

Figure 11a) is an image taken at,.;=543.5 nm in the
constant intensity mode, and Fig. (bl shows an image
taken simultaneously at,=632.8 nm ins polarization. The
image corresponding tp polarization, taken in a similar (b)
manner, is shown in Fig. 18). We do not represent the
constant intensity image recorded simultaneously with Fig
11(c): it is identical to Fig. 11a). In the images, only nine
pads appear because the scanning range reaches the edge
the grating. In Fig. 11, the nine pads are not similar, and
therefore their electromagnetic diffraction patterns are differ-
ent. This is probably due to the position of these pads on the
edge of the grating, and also perhaps to a damaging of thi
sample. In spite of this, the near-field of metallic pads is well
distinguished on the images, despite the presence of pollut
ing agentgdust particles and the fact that the speckle struc-
ture hide the oscillations around the metallic pads. In Figs.
11(b) and 11c), we observe a polarization-dependent behav-(c)
ior when the fiber probe follows the reference surface. Be-
fore discussing experimental and theoretical results in this
two-wavelength mode, we observe, from the gray scales or
the right of Figs. 14b) and 11c), that the detected intensity
is stronger ins polarization, as it was already emphasized in
the constant intensity mode.

In Fig. 12, we represent the same sequence of images F|G. 11. Experimental PSTM images obtained in the two-
simulated with the differential method. The calculated imagayavelength mode. The lateral and vertical dimensions of the metal-
at the reference wavelengflrig. 12a)] is obtained for a lic pads are 308300 nnf and 50 nn). (a) is a top view of a 3D
crossed grating with Au pads. To simulate the sample illuimage of the displacement of the optical fiber probe in nanometers,
mination with an unpolarized laser beam\af;=543.5 nm, obtained in the constant intensity mode. The reference wavelength
we averaged the intensities obtained foand p polariza- M\ e1=543.5 nm isobtained with the unpolarized He-Ne lasés)
tions, respectively. The two images computed in Figgbjl2 and(c) are top views of 3D images of the intensity collecigul
and 1Zc), respectively, calculated with the wavelength ~ PW) for X,=632.8 nm ins and p polarizations, respectivelyb)
=632.8 nm ins and p polarizations, are obtained from Fig. and (c) are recorded simultaneously with images obtained in the
12(a) with a normalized constant intensity equal to 0.35. Theconstant intensity mode). The conditions of illumination with the
reference surface corresponding to the image obtained &/© Wavelengths are symmetrical, as indicated in Fig.o%:=
Nrer="543.5 nm shows that the distance to the sample is al- 60° ¢k =90% > =60°, andey;=—90°.
ways greater than 140m above the pads. Under these con-
ditions, the maximum intensity recorded srpolarization is  to theA=632.8 nm source. In Fig. 1), we note an exal-
greater than inp polarization. This result is in agreement tation of the localized electromagnetic field along a line per-
with the result given in Secs. Il and IV. Although the im- pendicular to the projection on the substrate-air interface of
ages are complicated, we find quite a good agreement béhe wave vectok,. This increase of the intensity is apparent
tween theory and experiment. This is true for the localiza-on a band of width about 100 nm. The corresponding theo-
tions of the optical intensity above and near the pads, as welktical scattered intensifyFig. 12b)] shows a structure with
as for the intensity modulations between the p@BEs. the same size. However, Fig. &2shows an increase of the
11(c) and 1Zc)]. We see clearly in Figs. 1B) and 12c), and intensity of light at each extremity of these lines, which is
slightly on Figs. 11b) and 11c), a symmetrical pattern be- not obvious on the experimental images. This should be at-
tween the pads due at left to the reference surface and at rigtributed to the integration of the electromagnetic field by the
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allows one to vary continuously the distance of operation in
300 the evanescent zone, and consequently to choose a suitable

reference surface for a study of a particular phenomenon.
260

VI. CONCLUSION

(a) | 20 Using the differential method, we have calculated the
electromagnetic field around metallic pads periodically dis-
tributed on a silica substrate and illuminated in TIR. This
140 method is well adapted to periodic samples; it allows one to
calculate the electromagnetic field diffracted by the sample
and to build up again the images obtained for the different
modes of operation: the constant height mode, the constant
intensity mode, and the two-wavelength mode. As the recon-
struction of the field from the Rayleigh expansion is rela-
tively easy, the comparison is possible whatever be the ex-
perimental setpoint intensity value for our experimental
results obtained in the two last modes. Our simulations in the
constant height mode show that the localization of the elec-
tromagnetic field can be strongly different from the shape of
the pads. By comparing these results with the field diffracted
by dielectric pads with the same geometrical shape, it ap-
pears that the enhancement is more important in the case of
metallic pads. For dielectric pads, the maximum intensity is
localized just above the pad, whereas the ditribution of the
field is more sensitive to the edges of metallic pads. Very
close to the Au pad, the localization of the enhancement is
issued from the discontinuity of the permittivity between the
metal and the air. For the constant intensity mode, the mea-
surements show an excellent agreement with the correspond-
ing simulations. These results, obtainedsiand p polariza-
tions and for a probe-to-sample distance varying between 30
and 400 nm, confirm that, for the metallic sample, the inten-
sity collected by the fiber tigmultimode fiber etched chemi-
cally and nonmetallizeds proportional to the square modu-
lus of the electric field. The recording of a set of images in
the constant intensity mode for each polarization give us the
distribution of the electromagnetic field in the near-field re-

_ ) ) gion. However, it is not possible to determine quantitatively
FIG. 12. Calculated images obtained in the two-wavelengthe effect of polarization by direct comparison of only two
mode.(a) is a top image of a 3D image representing the displaceyq o rged images in each polarization. To study the effect of
ment of_ the probe obtained in the constant intensity mode. Th?he polarization change, and to bypass the problem of the

un.p°|ar'zeq refer.ence Wave"angmf.efzsljf&? nm.OA“:.O'g'.m variation of the optical signal as a function of probe-to-
+j2.613), is obtained from a mixed intensity: 50%sipolarization sample distance, we use the so-called two-wavelength mode
and 50% .inp polarization. The Iatera}l aqd vertical dimensions of This mode aIIOV\;S us to study the change of incident polar- '
the metallic pads are the same as in Fig. I.and (c) are top ization, for a “controlled” probe-to-sample distance. During

views of 3D images of the normalized intensity foy=632.8 nm he i . h f f bl
in s andp polarizations, respectively. For the simulation, we havelNe Images scanning, the reference suriace enables a com-

respected the same conditions of illumination as for the recording oP@rison of images obtained by changingsiandp polariza-
the experimental image®ig. 11). We have represented one of the tions or with various illumination parameters. The under-
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Au pads on each image at the top right corner. standing of the formation of the electromagnetic field pattern
above the metallic pads and the coupling with the probe tip
probe whose size is about 100 nm. requires one to modify in a controlled way the probe-to-

These results demonstrate that with the two-wavelengtisample distance in the evanescent zone. The two-wavelength
mode, it is possible to separate the effect of polarization fronmode allows one to do this. Other techniques exist to control
the effect of the probe-to-sample distarisee the hasty con- the probe-to-sample distance. Atomic force microscopy
clusions given in Ref. 5 to separate the effects of polarizatiodAFM) or “shear force” techniques are commonly used to
and wavelength This mode could be used to discriminate regulate this distance which is generally smaller than 20 nm.
the effect of other parameters such as the wavelengthdr ~ The feedback of the two-wavelength mode can be regarded
the angle of incidenceé,) to observe, for example, a local as a complementary feedba@kFM or shear forcg One of
enhancement of the field for a fixed reference beam. In adits advantages is the possibility to choose a reference surface
dition, this two-wavelength mode, by the choice of the ref-in the optical near-field region more or less close to the
erence wavelength\(.s) and the angle of incidenced(.s), sample. This reference surface differs from the sample to-
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pography and depends on the illumination conditions in ability to probe the near-field of an optical phenomer(éor
complicated way, while in the AFM or shear force techniqueexample, surface plasmons, fluorescence) &ic.probe-to-

this reference surface is related to the sample topographgample distances such that the probe does not disturb the
However, the advantage of a such control lies in the possistudied phenomenon.
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