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Optical Second Harmonic Generation from V-Shaped Chromium Nanohole
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In this thesis, analytical approach of local surface contribution (electric dipole) and
nonlocal bulk contribution (magnetic dipole and electric quadrupole) of chromium metal was
presented by examining the nonlinear optical response of V-shaped nanohole arrays. The
optical second harmonic generation data achieved in this work would give rise to the
intriguing phenomenon of metamaterial. Additionally, controlling the optical behavior of
Cr nanostructures will make a significant impact for optical device application.

In the field of plasmonics, gold or silver was widely adopted as the substrate
material because they are favorable for surface plasmon resonance (SPR) where the
electromagnetic waves could be confined to propagate along the interface between two
media [1,2]. Since these metals have very poor adhesion, chromium is usually employed as a
reliable adhesion layer before depositing Au or Ag thin film and shaping the structures.
Nevertheless, according to my calculation, plasmon excitation of Cr is possible and more
feasible compared with part of the other metals. Indeed, A. Shalabney et al. found surface
plasmon resonance in Cr columnar thin film in the Kretschmann configuration [3]. In

addition, to avoid SPR’s loss, a very thin and uniform film is required and Cr is the best




material [4]. Because of its importance in plasmonics it is very necessary to address the
optical behavior of Cr. Within this aim, the goal of my work is considering the optical

response of Cr metal in nanoscale.

Objectives

There are various approaches used to reveal the optical properties of metallic
nanostructure. Among these, surface second harmonic generation (SHG) method has
become a potential technique, which is very sensitive to the structures lacking inversion
symmetry. Thus, V-shaped Cr nanoholes should generate strong SHG intensity. The
nonlinear optical response should be recognized in the obtained second order nonlinear
susceptibility tensor elements. From second order optical standpoint, plasmonics has been
expected to improve the nonlinear efficiency as well as shrink the nonlinear components in
size. Noticeably, the recent reports researched on the second order optical effects in
plasmonic structures have emphasized that metal materials give rise to a very complicated
state, especially at nanoscale [5,6]. Both surface (electric dipole) and bulk (magnetic dipole
and electric quadrupole) contributions can appear equally in the SHG magnitude whereas
the surface term is usually considered as feasible candidate. Up to now, examination of
dipole and multipoles terms in the geometric nanostructrues is still the significant challenge
of second order optical effects. Thus, clarifying the role of the local surface and nonlocal bulk
contribution becomes particularly necessary to control and optimize the nonlinear optical
behavior of the metallic nanostructures for the functional applications. Furthermore, as far
as I know there is no information available on surface second harmonic generation of Cr
metal. Hence, in my work, the attention was paid on the proper estimation between dipole

and multipole effects in V-shaped Cr nanohole structure. The new information could



contribute to well understanding of nonlinear optical effects occurring in artificial materials.

Experimental Result

In this research, I have fabricated the arrays of
V-shaped nanoholes (see Fig. 1) by JEOL JBX-9300FS
Electron Beam Lithography System and measured the
azimuthal angle dependence of the SHG intensity. The
phenomenological analysis indicated that four nonlinear
susceptibility elements including Xg%, ngz)z, ngl)l, and
x§23)3 present the predominant contribution as shown in
Fig. 2. Here 1-axis presents the bisector of the V shape
passing through its apex in the sample surface plane.
2-axis 1s perpendicular to 1-axis and lies on the sample

surface, too. 3-axis is normal to the sample surface plane

(see Fig. 1(b)).
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As for the origins of ¥ and X333
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 Cs (V-shaped hole) and C.,
(bare Cr substrate) symmetries.

On the other hand, the contribution of the

nonlinear susceptibility element ngl)3 should be purely

from the nanoholes because it emerges owing to the
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Fig. 1. Structure of V-shaped
subwavelength nanohole array: (a)

scheme of the designed parameters, (b)

atomic force microscopy image.
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Fig. 2. Decomposition of SHG intensity
from V-shaped nanoholes when one of the
nonlinear susceptibility elements xi(].z;() is
set equal to a calculated value and all the
other elements are set equal to zero. The
intensities are arbitrary but on a common

scale. ijk are the suffices of the nonlinear

susceptibility elements.



symmetry breaking in 1-axis created by the V-shaped nanoholes. For favorable material
exploited for artificial nanostructures such as gold, plasmon exciation enhancing nonlinear
optical effect could be accomplished. However, in the case of Cr metal plasmon was silent
when I examined the physical origin of the large contribution of the ng1)3 element.
Interestingly, the observed SHG response was attributed to the nonlocal bulk contribution of
the Cr metal. Under scrutiny, there are vertical metallic sidewalls within each V-shaped hole
leading to existence of air-chromium metal boundaries. This has a strong effect on the field
gradient in 1-axis because of the rate of spatial change of the field at the boundary of the
nanohole surface. The field gradient were thus found to induce considerable contribution of
X2, In particular, instead of local surface contribution (electric dipole effect), nonlocal bulk
contribution (higher multipole effects) demonstrated predominance with respect to the SHG
signal. It is fascinating insight of the V-shaped Cr nanohole arrays since local surface
contribution is usually the feasible candidate. My achievement implies the fact that the
nonlinear optical behavior of the metamaterials should not be merely treated by usual
electric dipole approximation because it is not sufficient to provide the comprehensive
description. In metal nanostructures, there is an inherent complication since the reflected
SHG signal generally contains both surface and volume nonlinear contributions. The
difficulty in estimating the electric dipole and the precise role of higher multipole effects is
the issue lasting for long time from the early stages of nonlinear optics and still under
intriguing process of examination. Therefore, the proper estimation between surface and
bulk effects in my work is particularly essential to improve the understanding of the

nonlinear optical response of metal nanostructures and metamaterials.



In a further work, | have attempted to
examine the dependence of the SHG response on
the structural parameters of V-shaped chromium
nanoholes. It is expected to understand the origin
of the SHG in problem if we consider how the SHG
intensity alters when the arm length and the apex
Thus,

V-shaped nanoholes were fabricated (see Fig. 3)

angle are changed. three sets of the
and their SHG intensities in the azimuthal angle
dependence were compared with each other. In
particular, SHG intensity created by individual V
shape increased when the arm length or the apex
angle increased (see Fig. 4). A simple model
deduce the

calculation was presented to

experimental results. It provided valuable insight
that there was a systematic dependence of the SHG

intensity on the designed parameters of Cr

nanoholes. The clarification shows that the nonlinear
optical behavior resulted from the bulk contribution of
metallic electrons. This work therefore provides the
new information in adjustment of the nonlinear optical

behavior of metamaterial for functional applications.
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