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We have obtained optical second harmdi@#l) intensity images of a silver grating surface. A stripe
pattern was seen in the SH intensity image when the incident light polarization is perpendicular to
the lines of the grooves of the grating. We have found that the strongest SH radiation comes from
the bottoms of the grooves. On the other hand, the strong linear reflection comes from the slope of
the grooves. We suggest that the enhancement of the electric field at the bottoms of the grooves has
led to the observed strong SH radiation. 2002 American Institute of Physics.
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I. INTRODUCTION have obtained SH intensity images of a silver grating with
clear stripe patterns.
Optical properties of metal microstructures and the elec-
tric field enhancement effect in such structures due to surfacg EXPERIMENT
plasmon polaritorfSPB excitation are of great interest from

oints of view of both basic and applied reseatéfOn one
b PP spacing of 200 lines/mm. A silver film of thickness 100 nm

hand, the spatial distribution of the electric field will give a ) -~ S
clue to understanding the optical response of SPPs in micrgy S evaporated on the grating surface by resistive heating in

structures. On the other hand, the control of the spatial dig2 Vacuum jar. The evaporated f|!m was suff|C|ent.Iy th!cker
- - . than the penetration depth of the incident and SH light fields.
tribution of the electric field on a microstructured metal sur- . .
. ) . . In order to obtain the form factors of the grating, the surface
face is very important in the development of high power

. . . . profile of the grating was measured with an atomic force
laser and optical parametric generator systems contammﬁ1

metal gratings. This is because the damage of the metal graftl-lcrOSCOpe(AFM)' The observed AFM image and the pro-

: o . .~ "ile of the grating are shown in Figs(adl and Xb), respec-
ing can be -caused by the light-induced '”tens‘? electrlg f'el(?ively. The result indicates that the grating has grooves with
on the grating surface. So far, several theoretical studies o

fhe periodicity of 5um, the depth of-1 um, and the blaze
the electric field distribution on the illuminated metal grating angl?a O|f~|1|43£ It I"; n,oted thzt surfacg ro'ughness sz] an

surface have been_report%‘d.HO\_Never, there have been few amplitude of about 50 nm was seen all over the gentler
examples of experimental studies. 3Iopes of the grooves

In the pre;ent vyork, we have o'bserved.optical secon The setup of the reflection SH microscope systeised
harmonic(SH) intensity images of a silver grating surface, in in the present study is schematically shown in Fig. 2. We
order to investigate the spatial distribution of the electric, o e used a configuration of normal incidence and observa-
field on the illuminated metal surface. The SH microscop&;ion The incident light for(SH generation measurements
can probe the surface electric field distribution without dis-, 55 generated by a mode-locked 3Nd yttrium—
turbing the local field at the surface, because surface SHj minjum—garnet laser with the wavelength of 1064 nm, the
response is so weak that the intensity of the incident e|eCt”E>uIse duration of 30 ps, and repetition rate of 10Hz. It illu-
field is hardly affected by this nonlinear interaction. Further-minated the area of a diameter of about8 on the sample
more, the SH microscopy has an advantage of its contraskyrface. The reflected SH light from the sample surface was
enhanced images of field intensity on metal surfaces, sincgassed through a bandpass filter with center wavelength of
SH intensity is proportional to the square of the fundamentab32 nm, and was detected by a charge-coupled-device
local field intensity. _ _ o (CCD) camera with a time gated image intensifier. The ac-

So far, one frial of observing SH intensity images of acumulation time in the SH intensity image observation was
metal grating has been reporteHowever, no obvious struc- 100 min. In addition to SH intensity images, linear reflection
ture correspondmg to th? grooves of the grating was seen liinages at the incident wavelength of 532 nm were observed
the observed SH intensity images. In the present study wasing the same setup. All optical measurements were per-
formed in air at room temperature.
9Author to whom correspondence should be addressed; electronic mail: N order to C‘_'J‘“brate the absolute positions in th? SH and

h-sano@jaist.ac.jp linear reflection images, we have observed a certain remark-

The sample was a blazed holographic grating with a line
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FIG. 1. (a) The AFM image andb) the profile of a silver grating surface.

able scratch on the grating surface with both AFM and the
SH microscope. Figureg&® and 3d) are a photograph and a
linear reflection image of the grating surface with the scratch,
respectively. The photograph in Fig(aB was taken by a
conventional camera placed at the position of the CCD in the
setup of Fig. 2. An ordinary light bulb was used to illuminate FIG. 3. (a) Photograph andd) linear reflection image of a scratch on a
the sample for Figs.(@ and 3d). Comparing the AFM, the grating surface(b) cross section of the grating, aiid) profile of the linear
photograph, and the reflection images of the scratch and theflection. Vertical solid and dashed lines on the cross section indicate the
grooves, we have determined which parts in the SH and “nposition of the top and the bottom of the grooves, respectively.
ear reflection images correspond to the tops and the bottoms
of the grooves of the grating. The result is shown in Fig.
3(b). Comparing the reflection profile in Fig(@ with the  structures with sizes of about 0&m can be seen in Fig.
cross section of the grating in Fig(t8, we find that bright ~3(a). The spatial resolution of the SH microscope equipped
and dark stripes in Figs.(8& and 3d) originate from the With the CCD camera is estimated to be between 0.5 and 1
steep and gentle slopes of the grooves of the grating, respesm from Fig. 3d). This spatial resolution of the SH micro-
tively. scope does not differ greatly from the spacing in the grating.
The spatial resolution of the SH microscope equippediowever, Fig. 3 demonstrates that we can unambiguously
with the conventional camera is about Q.n, since fine judge from where on the grating the strong reflected light is

coming.
Gate
unit lll. RESULTS AND DISCUSSION
Figures 4a) and 4b) are linear reflection images ob-
P, ot served with the incident light polarizations perpendicular and
parallel to the lines of the grooves, respectively. White dots
n (| [ |[Nd*:YAG in the images indicate observed photons. Clear stripe patterns
a \ 1l Laser are seen in both polarization configurations. These linear re-
F1 lens pol. flection images in two polarization configurations show no

difference from each other in their patterns or their intensi-
ties. Here we note that weak replica images shifted upward
are overlapped with the main images. These replica images
result from multireflection of an optical filter in the micro-
scope system. This effect leads to no serious problem in the
FIG. 2. Reflection SH microscope systenE1) visible cut filter; F2) later discussion, because the overlapped images are shifted in
bandpass filter; and\) dichroic mirror. the direction exactly parallel to the grooves.
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FIG. 4. Linear reflection images of a silver grating surface for the incident™G. 5. SH intensity images of a silver grating surface for the incident light
light polarizations:(a) perpendicular andb) parallel to the lines of the Polarizations(a) perpendicular andb) parallel to the lines of the grooves.
grooves. The wavelength of the incident light was 532 nm.

way as in Fig. 3. Since peak positions in Figa)edo not

SH intensity images of the silver grating observed withagree with those in Figs.(€ and &d), the SH intensity
the incident light polarizations perpendicular and parallel topattern cannot be explained by the spatial variation of the
the lines of the grooves are shown in Fig$a)5and 3b), linear reflectivity from the grating surface alone. There must
respectively. A stripe pattern is seen in Figa)s while no  be a nonuniform field enhancement effect. Because the peaks
obvious structure is seen in Fig(l. Total SH intensity in  of the SH intensity are located at the bottoms of the grooves
Fig. 5a) is larger than that in Fig.(b). in Fig. 6(a), the electric field is probably enhanced at the

Let us discuss the SPP excitation as the candidate origibottoms. This result is surprising because it is said that the
of this polarization dependence of the SH intensity imageslocal electric field is generally the largest near the top of a
SPP has a large momentum component parallel to the metaietallic protrusiort?
surface and its electric field is polarized in the plane includ-  Now, let us discuss the mechanism of the field enhance-
ing the momentum vector and the surface normal. Since thment at the bottoms of the grooves. Since it is well known
corrugation of the grating gives a large momentum compothat roughness on a metal surface induces the SPP excitation
nent in the direction perpendicular to the lines of theand enhances the electric fi¢fdthe origin of the field en-
grooves, SPP can be excited by the incident light with thehancement may be surface roughness distributed near the
polarization perpendicular to the lines of the grooves. Thudottoms of the grooves. However, as mentioned in Sec. I,
the enhancement of SH intensity due to SPP is expected ithe measured AFM image indicates that roughness is distrib-
the result shown in Fig. (). uted over the whole surface of the gentler slopes of the

Light intensity profiles obtained by integrating the signal grooves. Thus the surface roughness is not the origin of the
intensity in the direction of the lines of the grooves arefield enhancement at the bottoms in the present case.
shown in Fig. 6. Figures (@), 6(b), 6(c), and &d) are SH Next we consider several theoretical studies on the spa-
intensity and linear reflection profiles obtained from the im-tial distribution of the electric field on the metal grating.
ages in Figs. &), 5(b), 4(a), and 4b), respectively. The ab- Reference 7 shows that the electric field on the metal sinu-
solute peak positions in Fig. 6 were determined in the samsoidal grating with the periodicity of 800 nm and the ampli-
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2001~ 2000 cm!, is much less than that of the SPP mode esti-
™M mated to be~9530 and~19880 cm ! for the incident and
! SH light excitations, respectively. These parameters do not
match the condition in cas@). Nevertheless, it is possible
that these two effects partly contribute to the observed SH
Ein enhancement.
@ At present it seems to us that all the electromagnetic
calculations we have referred®@d contradict our experimen-
tal result. A probable reason for this contradiction is that the
Ein near-field effect or higher-order electromagnetic multipolar
m effect might not have been correctly estimated in the calcu-
lations. The electromagnetic multipolar interactions in the
nonlinear optical proce$susually give very small contribu-
tion to the SH response, but this multipolar effect might be
enhanced at the bottoms of the grooves in the present case.
In order to understand the result in the present study, further
theoretical studies taking these effects into account are nec-
essary.
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We have obtained optical SH intensity images of a silver
grating surface. It has been shown that intense SH light is
0 1 ] 1 generated at the bottoms of the grooves of the grating. This

0 50 100 result cannot be explained by geometrical optics of the SH

Position (um) light generated on the grating surface alone. The field en-

hancement at the bottoms of the grooves is suggested. At

FIG. 6. Profiles of the SH intensity measured with the incident light polar-presem’ the mechanism of this field localization at the bot-

izations:(a) perpendicular andb) parallel to the lines of the grooves, and .
profiles of linear reflection measured with the incident light polarizatigns ~ 10MS of the grooves is not completely understood.

perpendicular andd) parallel to the lines of the grooves.
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