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We observed rotational anisotropy of optical second harmonic generation (SHG) from
V-shaped chromium nanohole arrays with 150 nm arm-length, 50 nm width, 360 nm
periodicity, 120° apex angle, and an area of 100 um?, fabricated by electron beam
lithography. = Phenomenological analysis indicated that the effective nonlinear
susceptibility element ng1)3 had a characteristic contribution to the observed
anisotropic SHG intensity patterns. Here coordinate 1 is in the direction of the tip of
V shapes in the substrate plane, and 3 indicates the direction perpendicular to the
sample surface. The SHG intensity for the S-polarized output light was very weak,
probably due to cancellation effect by the image dipoles created at the metal-air

boundary. The possible origin of the observed nonlinearity was discussed according

to the susceptibility elements obtained.



1. Introduction

Metamaterials have many intriguing features and attract researchers currently”. At
the nanoscale, artificial structures tend to show unusual characteristics, such as
negative electric permittivityZ), optical cloaks?, super 1ensing3) and many more*™®.
Among artificial nanostructures, nanohole arrays exhibit many interesting features in

1913~ Alirola et al. showed an enhancement of the transmitted

terms of nonlinear optics
second harmonic generation (SHG) signal in a periodic circular nanohole arrays due to
the increased transmission of the incident light. They found an enhanced SHG from
the disordered circular gold nanohole arrays compared with the periodic ones. More
recently, it was found that the overlapping of two circular holes induced an
enhancement of SHG by as much as 14 times compared with circular holes due to a

strong local field at the sharp apexes inside the overlapping holes'*'¥

. Not only the
resonant enhancement of the SHG but also the polarized linear optical response of the
overlapping double holes are sensitive to the hole structure because of the localized
surface plasmon excitation at the apex tips13 ),

In the above-mentioned works, gold or silver was adopted as the substrate

material because they are favorable for plasmon excitation'”'®

. Chromium is usually
employed as an adhesion layer'*'® before depositing a gold or silver thin film and
shaping the nanoholes. Nevertheless, a quick calculation shows that the ‘“sensible
observability for a surface plasmon resonance” defined by Sambles et al.'”'® is
smaller than 0.1 for the wavelength from 400 nm to 1200 nm. According to Sambles
et al., a sensible observability value smaller than 0.2 permits a surface plasmon

resonance. Indeed, A. Shalabney et al. found surface plasmon resonance in Cr



)

columnar thin film in the Kretschmann configuration'”. This requires us to clarify

plasmon excitation in chromium metal in more detail for plasmonic device

applications®”.

Hence, our concern in this study is to check whether the plasmon
excitation emerges in a nonlinear optical phenomenon in chromium nanostructures.

B. K. Canfield et al.*"*? found a huge shift of peaks in the extinction spectra for two
different polarizations of V-shaped gold nanoparticles. Thus, the plasmon resonance
depends on the shapes of the nanostructures. A V-shaped structure produces an
artificial broken symmetry in the direction between its two arms within the substrate
plane. Thus, V-shaped nanoholes formed periodically can be utilized to survey the
response of the plasmon resonance to this additional broken symmetry on a planar
sample of chromium metal. The response should be seen in the measured second
order nonlinear susceptibility tensor elements.

In our study, we investigated the nonlinear susceptibility elements of V-shaped
subwavelength slits formed into a 15 nm thick chromium film fabricated by electron
beam lithography. We measured the azimuthal angular dependence of the SHG from
the sample for different input and output polarization combinations. Decomposed
nonlinear susceptibility elements should contain the field enhancement effect at the

sharp apex. We will argue whether the plasmon contribution is dominant or not from

the susceptibility elements obtained.

2. Experimental Proceduce
The silica substrate was first coated with 15 nm Cr by evaporation and then cut into

small pieces of 12 x 12 mm®. The sample was then spin coated with 40 nm e-beam



resist and patterned by e-beam lithography using 100 keV acceleration voltage, 200
pA beam current, and a dose of 150 uC/cm2. After resist development, the patterns
were then transferred into Cr using dry etch processes before removing the resist
completely. V-shaped apertures are schematically depicted as in Fig. 1 (a). The V-
shaped apertures have 150 nm length, 50 nm width, 360 nm periodicity with the angle
of the apex of 120°. The whole array covered an area of about 100 um’. An atomic
force microscopy image of the fabricated structures is shown in Fig. 1 (b).

As the excitation source of the SHG from the sample, we used the second
harmonic of a mode-locked Nd:YAG picosecond laser. Its output pulse width was 30
ps and the repetition rate was 10 Hz. For measuring the azimuthal angle dependence
of the SHG, the sample was mounted on an automatic rotation stage. The incident
polarized light at the photon energy of 2.33 eV illuminated the V-shaped area at an
angle of 45° with respect to surface normal. Direction 3 is defined as the normal to
the surface while 1 and 2 directions are on the sample surface. 1 indicates the
direction of the bisector of the V passing through its apex in the substrate plane.
Azimuthal angle ¢ is defined as the angle between the incident plane and direction 1.
At zero degrees, the fundamental light first illuminates the nanohole arrays at the
valley between the two arms of V-shaped structure. The inset at the center of Fig. 2
illustrates the relative position between the incident plane and the direction 1. After
passing through a polarizer, a focus lens and a 2 cut filter, the laser spot of 1 mm
diameter was focused on the V-shaped area. In order to ensure that the laser beam
always illuminated the V-shaped nanoholes during the rotation of the stage, care was

taken that both the laser spot and the V-shaped area were on the rotation axis. In order



to avoid damaging the sample, the average energy of the incoming beam was kept
about 30 pJ/pulse. The reflected radiation at the doubled frequency 2m was passed
through an o cut filter, an analyzer, a focus lens and was detected by a photomultiplier
through a monochromator. SHG signals for 10* laser shots were accumulated for each

data point in Fig.2. All measurements were carried out at room temperature and in air.

3. Result and Discussion
Figures 2(a) to 2(d) show the SHG signal from V-shaped subwavelengh nanoholes for
four different input and output polarization combinations Pin/Pout, Pin/Sout, Sin/Pout
and Sin/Sout at the fundamental photon energy of 2.33 eV. The filled circles show the
experimental data and the solid lines show the results calculated by a least square
fitting program based on the model below. The relative scale is an arbitrary unit of
the SHG intensity and is shown at the upper right corner of each “radar” chart. The
anisotropy of the signal indeed reflects the structural anisotropy of the V-shaped
nanohole arrays. Namely, both the SHG signal pattern shapes and the fabricated V-
shapes have a mirror symmetry with respect to the line including the ¢=0° and 180°
directions. As a control, Figs. 2(e) to 2(h) show SHG signals from a bare chromium
substrate. Only weak dependence on the rotation angle is seen in Figs. 2(e) to (h).
Following the theoretical approach performed by M. Omote et al.>¥, we
analyzed the SHG intensity patterns from the V-shaped holes in Figs. 2(a) to (d). In
doing so, the V-shaped nanohole array was treated as a flat thin dielectric slab with a

thickness d of 5 nm and the dielectric constants of chromium at ® and 2o frequencies



k24)

quoted from Palik’s handboo The induced nonlinear polarization in the second

layer was defined as
P(200) = g,X{1.: Ei(00)Ej (). (1)
Here ¢, is the permittivity of the vacuum, E; and E; are the two applied electric fields

at frequency ®. Since V-shaped nanoholes have C; symmetry, ten independent

. . 2 2 2 2 2 2 2 2 2
nonlinear susceptibility elements ng)?,, X§1)3 , ngz , ng)z , X§1)1 , X§3)3, Xg1)3 , ng)z , xgl)l,

and ngg)3 are permitted””.

The solid curves in Figs. 2(a) to (d) show the calculated SHG intensity patterns.
The Pearson's correlation coefficients are r = 0.79 for (a), r = 0.28 for (b), r = 0.47 for
(¢) and r = 0.36 for (d). In order to increase the correlation coefficients we needed to
make the accumulation time longer for all the configuration combinations. However,
the limitation of continuous working time of the laser system restricted the
measurement time to shorter than 12 hours.

Figure 3 shows the calculated SHG intensity patterns when one of the surface
nonlinear susceptibility elements is set equal to the calculated value and all the other
elements are set equal to zero. Let us pay a considerable attention to the Pin/Pout

configuration because the r factor 0.79 shows a strong correlation®® between the

experimental data and the theoretical fitting. The SHG intensity of the, ngz)z and ng3)3

elements exceed those of the others in Pin/Pout configuration. The contribution of
2

X313 and ngl)l components makes the intensity in Pin/Pout configuration higher at the

angle of =180° as shown in Fig. 3 and Fig. 2(a). We also see two small shoulders



around 60° and 300° caused by the contribution of ngz)z nonlinear susceptibility
element.

We also tried to fit the theoretical SHG intensity patterns to the experimental
data in Figs. 2(e) to 2(h) by assuming C,, symmetry for the bare Cr substrate. Under

the C, symmetry, there are three independent nonlinear susceptibility elements,

2 2 2 2 2 . ) 2 2
X§1)3 (:X§2)3 ), Xgl)l (:)(gz)2 ), and x§3)3. SHG intensity of xgl)l and x§3)3 were

predominant in Pin/Pout configuration.

As to the origins of ngl)l and Xg23)3 elements, it is impossible to distinguish
between the contribution of the V-shaped Cr nanoholes and the bare Cr substrate since
these two susceptibility elements appear simultaneously under C, (V-shaped hole) and

Co (bare Cr substrate) symmetries. On the other hand, the contribution of the

nonlinear susceptibility element ngl)g in Fig. 3 should be purely from the nanoholes

because it emerges due to the symmetry breaking in direction 1 created by the V-

shaped nanoholes.

In order to understand the physical origin of the large contribution of ngl)g

element, we discuss several competing candidate origins including edge nonlinearity,

5927)

plasmon exciation, “lightning rod effect””", and bulk quadrupoles.

The first candidate origin is the contribution of the edge nonlinearity in the

ngl)g element. We define the edge nonlinearity as that from the vertical metallic

sidewalls in each V-shaped hole. Under a rough approximation, each vertical metallic

sidewall might be considered as C,, symmetry. Again three independent nonlinear

) () () ) ()

susceptibility elements, Xi1r5r (SX,15150 )s X3r7rq7 (FX315150 )5 and Xzr50,, are permitted.



We define the individual coordinate of the metallic sidewalls as directions 1’ and 3’
perpendicular to sample surface and metallic sidewalls, respectively. According to

our definition, direction 3 of the sample coordinate corresponds to the direction 1’ of

the vertical metallic sidewalls’ coordinate. Thus Xg,zi, , element of the vertical

3

metallic sidewalls might contribute the contribution to the macrocopic xg% element.

)

The total nonlinear polarization P(2w) must be proportional to the x1?1,3, and the area

of the vertical metallic sidewalls. We found that the area of the vertical metallic
sidewalls of each V-shaped hole is about 8130 nm” because the perimeter of each V
shape is about 542 nm and the wall height is 15 nm. There are totally 783 V shapes
located in one group of nanoholes and thus the total area of the vertical metallic
sidewalls of 783 V-shaped holes is about 6.37x10° nm®. On the other hand, the
diameter of the beam spot of Imm makes the exposed Cr metal area as about
0.79mm’. The area ratio between the exposed Cr metal of the sample surface to that
of the vertical sidewalls in the nanoholes sample is 10%1, so the SHG signal of the

sidewalls should be much smaller. The latter is even smaller because there is a

cancellation between SHG from different walls. Furthermore, the contribution of ngl)g
element to the overall SHG intensity is very small as shown in Fig. 3. Consequently,

the contribution of the edge nonlinearity is hardly feasible as the origin of the

nonlinear susceptibility element ngl)g_

The next step is to discuss plasmon excitation and the “lightning rod effect” at
the sharp apex'® between two V-shaped arms. These two candidate origins should be
considered together because the “lightning rod effect” and the localized field

.. . 28
enhancement by the surface plasmon resonances have similar behaviors®. When we

8



consider the local field enhancement at the fundamental and second harmonic

frequency, the effective nonlinear susceptibility ngl)g,eff can be expressed as>”

L3 (262). X573 L1 (@). L3 (@) = X575 eqr )
Here L;(w) and L3(w) are the local field factors at the fundamental frequency.
L;(2w) indicates the local field factor at the second harmonic frequency. If surface
plasmon resonance or “lightning rod effect” contributes in equation (2), a large local
field factor L;(w) or L;(w) is interpreted to make a strong nonlinear polarization in

direction 1 and 3. If so, the contribution of the nonlinear susceptibility elements ng1)1

and xgzz)z in Fig. 3 would have strong discrepancy because the nonlinear polarization

caused by ng1)1 and xgzz)z elements is proportional to the second power of the local
field factor L;(w) and L,(w), respectively. This is not the case because the ratio

Ix(z) /1 o) in Fig.3 is 1.05. This implies that the local field enhancement at the apex
311 322

is not significant.

The last candidate origin is the contribution of the electric quadrupole and
magnetic dipole to the second harmonic generation. In general, we can express this
higher order contribution into the nonlinear polarization at 2w as**>"

PP (2w) « Ty i Ej (w)ViE (w). (3)
Here Ty is the third rank susceptibility tensor. E;(w) and E; (w) are the two applied
electric fields at frequency ®. Because the Cr metal was deposited by e-beam

evaporation on the silica substrate, it can be judged to have the isotropic symmetry,

and 21 nonzero bulk nonlinear susceptibility elements [y are permitted31’3 9 When

the nonlinear polarization is along direction 3, the [} become I5j. In other words,



3333, 3311 (=I3322), T3131 (=I3232), and I3113 (=I3223) show the bulk nonlinear
susceptibility elements.
It is often said that the bulk quadrupoles contribution is weaker than surface

33,34)

dipole contribution . However, this is not the case for nanomaterials, because we

cannot distinguish between their surface and bulk contribution. Thus this candidate

2835  Aq for ng1)3 element, two applied electric

remains and there are similar examples
fields are polarized in direction 1 and 3 and the higher order contribution can be
written as

Py (2w) o T3311E3 (0)V4Eq (@) + T3113E; ()V4E; (), 4)
As mentioned above, there are vertical metallic sidewalls contained within each V-
shaped hole and they have air-chromium metal boundaries. That has a strong
influence on the gradient operator V; because of the rate of spatial change of the field
at the boundary of the nanohole surface. If we take the integration over the perimeter
of all V-shaped holes, the nonlocal contribution is thus may yield a considerable
contribution.

We should also interpret the stronger contribution of the nonlinear
susceptibility elements ngz)z, ngl)l, and Xg23)3 in Fig. 3. We find that these three
nonlinear susceptibility elements start with subscript number “3” while the others start
with subscript number “1” and “2”. It implies that the induced second order
polarization occurs more efficiently in the direction perpendicular to metal surface.

338 If we assume a dipole located near the

Here, we consider the image dipole effect
metal surface and oriented perpendicular to a metal surface, the oscillating dipole

moment is enhanced by its parallel image dipole within the metal under the excitation

10



of the electric field oscillating normal to the metal surface. On the contrary, a parallel
dipole vibrating near the metal surface is cancelled by its antiparallel image dipole.
The dielectric functions of Cr metal is -4.26+1 3.76 at 266 nm. Since the real part of
the dielectric function is negative, so the image dipole effect is possible.

The fluctuation source of the data in Fig. 2 can be the sample imperfections,
such as fabricating errors, surface roughness and dust. For e-beam lithography, there
tends to be a small deviation from the ideal shape22’39’40). Due to the surface roughness
of Cr metal, the measured point by SHG on the substrate microscopically moves as
the sample is rotated’”’. Tiny dust particles were seen clearly by an optical
microscope (results not shown) and they might be the contamination made after the

sample left the clean room.

4. Conclusion

We fabricated V-shaped subwavelength slits formed into a 15nm thick chromium film
and detected their SHG signal response. The V-shaped holes was found to induce the
nonlinear susceptibility element ngl)?)_ The observed SHG response was attributed to
the nonlocal bulk contribution of the Cr metal. Surface plasmon resonance was not
noticeably detected. The change in periodicity, length, width, or apex angle could

hopefully give a better understanding of nonlinear optical property of the V-shaped

chromium nanohole arrays in future work.
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Figure captions

Fig.1. Structure of V-shaped subwavelength nanohole array: (a) Scheme of the

designed parameters; (b) Atomic force microscopy image

Fig. 2. Polar plots of second harmonic generation intensity (filled circles) versus
azimuthal angle ¢ from V-shaped nanoholes (a-d) and bare Cr substrate (e-h) at the
fundamental photon energy of 2.33 eV with an incident angle of 45°. The relative
scale is an arbitrary unit of the SHG intensity, shown at the upper right corner of each

radar chart. The solid lines are the best-fit theoretical patterns calculated with
nonlinear susceptibility Xi(jzk) elements as adjustable parameters. The inset at the center

defines the azimuthal angle ¢ in relation to the coordinate. At zero degrees, the
fundamental light illuminates the nanohole arrays at the valley between two arms of

the V-shaped structure.

Fig. 3. Decomposition of the SHG intensity from V-shaped nanoholes when one of the

nonlinear susceptibility elements Xi(jzk) is set equal to a calculated value and all the

other elements are set equal to zero. The intensities are in arbitrary but on a common

scale. ijk are the suffices of the nonlinear susceptibility elements.
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