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Abstract. We observed the optical second harmonic generation (SHG) from the arrays of V-

shaped chromium nanoholes fabricated by electron beam lithography. To consider the 

dependence of the SHG response on the structural parameters of apex angles (A) and arm 

lengths (L) of V shaped Cr nanoholes, we performed azimuthal measurement Pin/Pout 

configuration for the V-shaped subwavelengh nanoholes. Three sets of the V shape with A of 

60o, 90o and 120o show enhancement in SHG intensity when L increases. We discussed the 

possible sources of the obtained SHG signal difference. We proposed that the obtained SHG 

signal should result from the bulk contribution. 
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I. INTRODUCTION 

Metamaterials have many fascinating features [1]. By designing the deliberated 

geometries, one can utilize the surprising behaviors of nanostructures such as negative 

refractive index [2], local field enhancement [3], or plasmon excitation [4]. From second 

order optical standpoint, the recent reports researched on the second order optical effects 

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 second harmonic generation (SHG) 

magnitude whereas the surface term is usually considered as feasible candidate [7]. Hence, 

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. 

In this study, we investigated the nonlinear susceptibility properties of V-shaped 

subwavelength slits formed in a 15-nm-thick chromium. Three sets of the V-shaped 

nanoholes were fabricated. We measured the azimuthal angular dependence of the SHG 

from the sample and their SHG intensities were compared with each other. We attempted 

to examine the dependence of the SHG response on the structural parameters of V-shaped 
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chromium nanoholes. The work is therefore expected to provide new information in 

adjustment of the nonlinear optical behavior of metamaterial for relevant applications. 

II. EXPERIMENT 

The silica substrate was first coated with 15 nm Cr by evaporation. The sample was 

then spin-coated with a 40 nm e-beam resist and patterned by e-beam lithography. After 

resist development, the patterns were then transferred to Cr using dry etch processes before 

removing the resist completely. The design parameters of the V-shaped apertures are 

depicted in Fig. 1(a). The apex angle A was set either as 60o, 90o or 120o. The arm width 

W was 50 nm. For each value of A, we fabricated nanoholes with arm lengths L = 2 W, 3 

W and 4 W. All the arrays were created in the same batch to minimize the variation of the 

condition in the fabrication process. Atomic force microscopy images of the fabricated 

structures are shown in Figs. 1(b)-1(j). 

 

 

 

 

 

 

 

 

 

 

 

 

As the excitation source of the SHG signal from the sample, I used the second 

harmonic denoted ω of a mode-locked Nd:YAG picosecond laser. Its output pulse width 

was 30 ps and the repetition rate was 10Hz. 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 the surface normal. Direction 3 is defined as the direction normal to 

the surface while directions 1 and 2 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 φ is 

defined as the angle between the incident plane and direction 1. At 0o, the fundamental 

 
Fig. 1. Structure of V-shaped subwavelength nanohole array: (a) scheme of the designed 
parameters and atomic force microscopy image of the first set (b-d) of V-shaped arrays 
with 60o apex angle, the second set (e-g) of V-shaped arrays with 90o apex angle, and the 
third set (h-j) of V-shaped arrays with 120o apex angle. The dotted line shows the 
designed “V”-shapes. 
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light first illuminates the nanohole arrays at the valley between the two arms of the V-

shaped structure. Fig. 1(k) illustrates the relative position between the incident plane and 

direction 1. 

III. RESULTS AND DISCUSSION  

 

 

 

 

 

 

 

 

 

To consider the dependence of the SHG response on the structural parameters of V-

shaped chromium nanoholes, we performed azimuthal measurement of all arrays shown in 

Figs. 1(b)-1(j) in the same experiment condition. As a control, the SHG signal from a bare 

Cr substrate was measured. The experimental data of each array were then added 

consecutively from 0o to 350o to make the comparison. The numbers of SHG photons in 

Pin/Pout configuration of all arrays are presented in Fig. 2(a). The character under each bar 

corresponds to the V-shaped array indicated in Figs. 1(b)-1(j). We estimated tentatively the 

contribution of individual V shape by dividing the total SHG intensity in Fig. 3(a) by the 

corresponding total numbers of V shaped nanoholes in Fig. 3(b). The result is shown in 

Fig. 3(c). 

We discuss the possible sources of the obtained SHG signal difference shown in Fig. 

3(c). The plasmon excitation did not emerge in previous report [8], therefore the obtained 

SHG signal should result from nonlinear susceptibility elements ( )2
313c  of V-shaped 

nanoholes, resulting from the bulk contribution. Second order nonlinear polarization in 

nanostructure can be expressed as a generalized polarization [9]: 

( ) ....2 0 +´Ñ+Ñ-= M
i

QPP
w

m
w      (1) 

The second and the third terms can be rewritten in an isotropic medium as, 

 ( ) ( ) ( ) ( ) ( )wwwww 311311311333113 2 EEEEPbulk ÑG+ÑGµ   (2) 

 
Fig. 2. (a) The summation of the consecutive SHG intensity of V-shaped nanohole arrays 
and bare chromium substrate from 0o to 350o in Pin/Pout configuration.  The character 
under each bar corresponds to the V-shaped array indicated in Figs. 5.3(b)-5.3(j).  (b) 
Number of V shaped nanoholes in each array. (c) The normalized SHG intensity emitted 
from each V shape calculated by dividing the total SHG intensity in (a) by the total V 
shaped nanoholes in (b). 
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Here, ijklG  is the third rank susceptibility tensor, and ( )wjE  and ( )wlE  are the two 

applied electric fields at frequency ω. The two terms in Eq. (2) give effectively the second 

order response to the electric field. There are vertical metallic sidewalls contained within 

each V-shaped hole and they have air-chromium metal boundaries [8]. This has a strong 

effect on the gradient operator 1Ñ  shown in Eq. (2). 

 

 

 

 

 

 

 

 

 

Tentatively, three rectangular holes formed in Cr metal as depicted in Fig. 3(b) could 

make a model of V-shaped hole structure based on the process of approximation in Fig. 

3(a). Here, the analysis methodology used is quite similar to that used in finite-difference 

time-domain method. By doing the same calculation as explained in Ref. [10], the total 

nonlinear polarization created by this rectangular hole is,  

( ) ( ) ( ) ( )( ) YXkEEtPtotal 22
131133311313 2/12 G+G-µ www    (3) 

We introduce the factor 1/t because, in principle, the rate of field gradient has to be 

inversely proportional to length of scope t and 1k
is the wave vector. We now try to 

interpret the effect of the arm length as well as the apex angle, by investigating Eq. (3) and 

Fig. 3(b). Here, increasing the arm length corresponds to increasing X and Y values in the 

same rate. Making a larger apex with constant arm length L means increasing the Y and 

decreasing the X values at the same time. According to Eq. (3), ( )w23
totalP  increases as X 

and Y increases. In Fig. 3(c), the SHG intensity increases as the arm length L is increased 

and it is consistent with this prediction. 

Using the angle θ, a half of apex angle A seen in the simple model shown in Fig. 

3(c), the X and Y values are expressed as (1/ 2) cosX L q= and qsinLY = , respectively. 

Then, the nonlinear polarization has the form,  

( ) 3 2
3 2 (1/ 4) sin costotalP Lw q qµ     (4) 

3 2(1/ 4) sin cosL q q  in Eq. (4) is numerically calculated as 30.094 ~ L at θ = 30o, 30.088 ~ L  

at θ = 45o, and 3~  0.054L  at θ = 60o. The result obtained in Fig. 2 (c), however, indicated 

that SHG intensity increased together with the enlargement of the apex angle. The 

Fig. 3. Three rectangular holes formed in Cr metal could tentatively form a model of 
V-shaped hole structure: (a) Two-step approximation of a V-shaped hole by three 
rectangular holes; (b) initial and (c) final position of rectangular holes after rotating 
180o. (d) Definition of θ. 
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discrepancy between the model and the experimental data might result from the complexity 

of the other parameters not incorporated into this simple model. In addition, in Fig. 1 the 

shapes of the nanoholes are more obscure when the apex angle A has small angle. Since 

the shapes are less perfect, the SHG intensity is reduced consequently. 

IV. CONCLUSION  

In this research, we have shown that there is a systematic dependence of the SHG 

intensity on the designed parameters of Cr nanoholes, especially on the arm length. Simple 

model was given and its limit was also clarified. In particular, the strong field gradient at 

the boundaries of the holes gives rise to the nonlinear response. 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 

and the nonlinear optical behavior results from the bulk contribution of Cr electrons. This 

can be useful for designing artificial nonlinear optical materials with different properties 

from those made of plasmonic materials. 
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