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Abstract: Plasmonic resonances in metallic nanostructures have been
shown to drastically enhance local electromagnetic fields, and thereby
increase the efficiency of nonlinear optical phenomena, such as second
harmonic generation (SHG). While it has been experimentally observed that
enhanced fields can significantly boost SHG, to date it proved difficult to
probe electrical and magnetic resonance in one and the same nanostructure.
This however is necessary to directly compare relative contributions of
electrical and magnetic components of SHG enhancement. In this paper we
report an experimental study of a metasurface capable of providing
electrical and magnetic resonant SHG enhancement for TM polarization.
Our metasurface could be engineered such that the peak frequencies of
electrical and magnetic resonances could be adjusted independently. We
used this feature to distinguish their relative contributions. Experimentally
it was observed that the magnetic resonance provides only 50% as much
enhancement to SHG as compared to the electric resonance. In addition
aligning both resonances in frequency results in conversion efficiency of
1.32x 107",
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1. Introduction

The advent of nanofabrication opened entirely new ways for designing optical materials, by
virtue of the freedom to generate meta-atoms smaller than the wavelength with tailored
electromagnetic responses, €.g., plasmonic resonances. With greatly improved spatial control
of bulk parameters, such as the permittivity and permeability, we are now able to design
optical metamaterials with properties unavailable in nature [1]. Applications of metamaterials
include negative refractive index materials [2], invisibility cloaking [3], and phase-gradient
metasurfaces [4] to name a few. Fundamentally, plasmonic resonances in optical
metamaterials allow for light manipulation, concentration and enhancement of
electromagnetic fields in the near-field [5]. This property has had an especially significant
impact in the area of nonlinear optics.

Nonlinear optical phenomena are extremely useful in many applications, such as
wavelength conversion, generation of ultra-short pulses, optical signal processing and
ultrafast switching, but are inherently weak processes [6]. One such nonlinear phenomenon is
second harmonic generation (SHG) — a second-order nonlinear process in which two photons
at A are annihilated and a photon at A/2 is created, all in one single act [7]. SHG can be
observed in non-centrosymmetric materials with non-zero second-order nonlinear
susceptibility . Though metals are centrosymmetric and do not possess a y® nonlinearity,
symmetry is broken at interfaces and SHG is allowed. As a result, the nonlinear response
from the metal surface is highly dependent on the surface morphology, and can be tailored by
structuring the metal film [8]. Furthermore, due to its nonlinear dependence on the
electromagnetic field, SHG efficiency can be substantially increased in environments that
provide field enhancement. Optical metamaterials offer a platform for achieving this two-
stage enhancement of second order nonlinear processes, through increased symmetry-
breaking via nanopatterning of metal films and by concentrating electromagnetic fields with
optically resonant nanostructures [9,10]. Efficient wavelength converters at nanometer length
scales are required for various integrated optics applications as well as nonlinear optical
microscopy. Importantly, such nanometer-thick devices are not subject to strict phase-
matching conditions, allowing for low-dispersion and broadband wavelength conversion.

The enhancement provided by electric and magnetic resonances to SHG have been studied
in metallic structures, such as nanoantennas [11-18], core-shell nanoparticles [19-21], split-
ring resonators [22—-28], as well as other unique systems [29—33].One of the first experimental
studies of SHG in nanostructures with magnetic resonances was by Klein et al., where they
studied SHG from split ring resonators (SRR) [22]. Since SRRs exhibit a magnetic and
electric resonance for two different polarizations, Klein compared the effects of the
resonances on SH efficiency. Fabricating two samples, one with the magnetic resonance at
1500 nm and the other one with its electric counterpart at the same wavelength, Klein
observed that the magnetic resonance had a much stronger effect on SHG in SRRs. In general
SHG signal generated in nanostructures is weak and often strongly varies from point to point
at the surface due to sample nonuniformity inevitable in real life fabrication processes. To
further complicate matters, if electric and magnetic resonances are excited by different
polarizations, the respective surface near-field amplitudes will be quite different as well. As a
result direct comparison of SHG efficiency among different samples or even different areas of
the same is often difficult. In fact our experimental results further confirm just that.
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Such difficulty also becomes apparent from the subsequent experiment performed by the
same group where they measured SHG from the complementary SRR structure [25].
According to the generalized Babinet’s principle, the magnetic and electric fields interchange
with respect to the SRR - hence the magnetic dipole moment for the standard SRR will
become an electric dipole moment for the complementary structure. Maximum SH output for
this structure was observed at the electric resonance, contrary to their previous experiment.
Since then, other works have been published on enhanced SHG from nanostructures, and
specifically using structures with enhanced quality factors in order to achieve higher SH
conversion efficiencies [12,18]. Some experimental works have used resonances only at the
harmonics [33], while others have also tailored and mode matched multiple resonances in
nanostructures to achieve higher conversion efficiencies [11,17,32].

However all comparative studies thus far have looked at electric and magnetic resonances
in separate structures, which could introduce different levels of roughness and structural
defects and therefore lead to disparate results [34]. Hence, as far as SHG nanostructures are
concerned it would be of interest to experimentally study the system possessing both electric
and magnetic resonances in one structure for the same polarization of fundamental light. In
this way by fabricating such structure with electrical and magnetic resonances detuned by
frequency it becomes possible to directly measure the ratio of their respective SHG
contributions. This is accomplished by recording the emission spectrum from one spot on the
sample eliminating the need to switch samples and polarizations of fundamental light.

In this work, for the first time to our knowledge, we demonstrate SHG by a metasurface
arranged as a single-period array of coupled composite metal-dielectric nanostrips. This
metasurface has been shown to support both symmetric and antisymmetric displacement
current flow, hence exhibiting electric and magnetic resonances respectively for transverse
magnetic (TM)- polarized light [35]. These structures have been termed as metamagnetics

due to their extraordinary optical magnetic response, Re(u)<0. We have already studied

these structures simulating their nonlinear optical properties and effects of roughness. The
latter have been explored experimentally as well [36,37]. Therefore, we deemed this
metasurface to be well-suited for studying the interplay of electric and magnetic resonances.
By specifically tailoring the electric and magnetic resonances in our design we can tune the
electric resonance on or off the SH of the magnetic resonance. By doing so we can probe both
resonances and get a deeper understanding of the enhancement they provide to the nonlinear
process.

2. Design optimization

The 3D schematic, cross section and SEM image of the two metasurfaces used in this study
are shown in Figs. 1(a)-1(c). The unit cell of the metasurface was made of composite
alumina-silver strips with trapezoidal cross-section. Each strip was composed of 35 nm thick
silver strips with a variable alumina spacer layer between them to tune the magnetic
resonance. A 5 nm base and top layer of alumina were deposited as well. The structure had a
base width of 205 nm and top width of 125 nm, with a period of 310 nm, as shown in Fig.
1(b). Metasurfaces were fabricated on glass substrates with 15 nm Indium Tin Oxide (ITO)-
coated substrates, using standard electron beam lithography techniques (Vistec VB6 UHR).
Silver and alumina layers were deposited using an electron beam evaporator. After liftoff
procedures, a 6 nm layer of silicon dioxide was deposited to protect silver from oxidation.
The experimental and simulated transmission spectra for TM polarized normal incident
illumination are shown in Fig. 1(d). Linear spectra were acquired using a spectroscopic
ellipsometer (V-VASE, J.A. Woolam Co.), and simulated spectra were acquired using a
commercial finite-element frequency domain software (COMSOL Multiphysics). The
permittivities of alumina and silica were taken to be 2.59 and 2.12 respectively, and a Drude-
Lorentz fit to Johnson-Christy experimental data was used for the permittivity of silver [38].
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A 15 nm thick ITO layer was used, with permittivity retrieved from ellipsometric data. A
slight red shift in experimental curves compared to simulated can be due to roughness in the
structure, as we have shown previously [37].

b 125 nm
A=)
iy
w W
\_2
205nm
1:ALO, 5nm

2:Ag, 35nm
3:AL0,.d

Transmission Spectra
. . : T

08F | — Sample 1
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06F ;°
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0 L L
400 600 8O0 1000 1200 1400 1600
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Fig. 1. (a) 3D schematic of the metasurface consisting of coupled silver nanostrips gratings, (b)
schematic of grating cross section, d = 19.5 nm for Sample 1 and 15 nm for Sample 2, (c) SEM
image of metasurface, (d) Experimental (solid) and simulated (dashed) transmission spectra for
Sample 1 and 2.

Both metamagnetic samples were designed to have an electric resonance at 570 nm, so
that the matching fundamental wavelength was 1140 nm; the first sample (Sample 1) had a
magnetic resonance at 1140 nm, and the second (Sample 2) had the resonance at 1240 nm.
While the magnetic resonance of Sample 1 was matched with the fundamental of the electric
resonance, the magnetic resonance of Sample 2 was slightly detuned in order to probe the
contribution from each resonance individually. We achieved broad tunability in the magnetic
resonance wavelength by simply changing the thickness of the alumina spacer layer between
the silver nanostrips (~20 nm resonance shift/nm change in spacer). Alumina spacer layer
thicknesses were 19.5 nm and 15 nm for Samples 1 and 2 respectively. Sample 2 provided the
fairest comparison of enhanced SHG due magnetic and electric resonances, since they were
exposed to the same roughness and structural defects. Sample 1 was used as a control to
ensure that no other spectral features were observed when resonances were aligned. It also
allowed us to observe any further enhancement that could have been achieved due to mode
matching of the resonances. The red and blue regions in Fig. 1(d) depict the excitation and
emission wavelength ranges, respectively. While these measurements have been conducted at
normal incidence, the resonances are still exhibited under 45° illumination, which is the angle
at which second harmonic signal is collected. Please see the Appendix for field maps of the
resonances and transmission spectra under 45° illumination.

3. Experiments

While this metasurface can generate second harmonic signals in both reflection and
transmission, our interest is in the transmitted signal, which will be presented here. The SHG
characterization setup consisted of a Ti:Sapphire (SpectraPhysics Spitfire) femtosecond laser

#247485 Received 6 Aug 2015; accepted 20 Oct 2015; published 28 Oct 2015
© 2015 0SA 1 Nov2015]| Vol. 5,No. 11 | DOI:10.1364/OME.5.002682 | OPTICAL MATERIALS EXPRESS 2686



fed into an Optical Parametric Amplifier (TOPAS, Light Conversion) to generate 100 fs
pulses at 1kHz at the fundamental wavelengths, in this case A = 1140nm-1300nm. Please see
the Appendix for detailed measurements of pump pulse widths. The TM-polarized IR-
wavelength signal was isolated using a Glan-Thompson polarizer and a 1064nm long pass
filter (Semrock BLP01-1064R-25), focused by a 15mm bi-convex lens onto the sample at 45°
incidence. A filter stack consisting of colored glass filters (Thorlabs, KG-3) and extended hot
mirrors (Edmund Optics 46386) was used to isolate the transmitted second harmonic signal,
which was measured using a TE-cooled detector (Electro-Optical Systems Inc. S-050-TE2-H)

fed into a lock-in amplifier (Stanford Research Systems, SR830).

Sample 1 Sample 1
2 00 . : T - r 10° P
i I m SH% I/jﬂﬂ
80F 7 Fit
3 t 7 3
| i | & -
5_ i I I §_ 101 L g - B
3 4o i 13 4
b =
' 20f I i1
1 1 L 1 ' L 'IDB
1140 1160 1180 1200 1220 1240 10' 102
c Wavelength [nm] d Pump power [%)]
Sample 2 . Sample 2
100 - . 107
itisg = SH%
? 80-{ i - - Fit /_{/y;;f'f
«i o
= e i 15 .4 ,/‘—E/
a [] E E i i=) 10 f i -1
3 4or i 18
& 5 | & -
20F 7l
I 1 1 1 ]00
1150 1200 1250 1300 10' 10°

Wavelength [nm] Pump power [%]

Fig. 2. Experimental results for transmitted second harmonic output. (a),(c) Wavelength scans
of Samples 1 and 2, (b),(d) Power scans of Samples 1 and 2.

The transmitted SH signals measured from Samples 1 and 2 through wavelength and
power scans are shown in Fig. 2. Power scans, conducted near the fundamental of the electric
resonance at 1170 nm, follow a second-order power law (shown in red in Figs. 2(b),2(d)),
ensuring detected signal was indeed at the second harmonic. Wavelength scans (Figs. 2(a),
2(c)) were conducted for constant 5 mW pump power. For Sample 1, we have observed a
relative maximum at 1140 nm, which was where the SH electric resonance and fundamental

/ P,,., where IT’SH

magnetic resonances were matched. SH conversion efficiency (7, = By, / Py

and I3FF are the SH and fundamental peak powers) is estimated to be ~1.32x107", or

equivalently 1.2x10* photons/s are emitted by the metasurface. The SH efficiency trails off
to noise level (~15 arb. un.) with no other features as we move off the aligned resonances.
Due to limitations of the laser system, measurements for wavelengths below 1140 nm could
not be taken. Below 1140 nm, the OPA in the laser setup generates components at 1240 nm,
which would greatly skew the results for Sample 2.

For Sample 2, where the resonances were slightly detuned, we observe distinct peaks for
both electric and magnetic resonances, however the SH signal observed from the electric
resonance at the second harmonic is about two times stronger. SH conversion efficiency
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achieved at electric resonance is ~1x10™"", corresponding to emission of 9.08x10° photons/s.
Hence, we clearly observe a 30% reduction of SH efficiency when the magnetic and electric
resonances are detuned compared to matched resonances in Sample 1.

4. Simulations

This result is contradictory to most other measurements made using magnetic resonances, as
they usually show much stronger enhancement to the nonlinear process. To elucidate this
disparity, SH signal generated by our metasurface was simulated using finite-element
frequency domain techniques using commercial software (COMSOL Multiphysics).

The second harmonic signal generated by the metasurface was simulated using a second-
order polarization for the silver, which is dependent on silver’s ¥ tensor components. Under

Kleinmann symmetry, only three components of x® remain, specifically

2 =1.28x107"m/V, ¥'2) =1x10™ m/V, and y'2) =-8x10™ m/V, where n and ¢ refer to

components normal and tangential to the surface [39].
Second harmonic fields are solved for using the following equation [40]

VXVXE, -k E, = u,&; P,

where E,,k,,®,are the second-harmonic electric field, wave vector and frequency, and P, is
the second-order polarization, which has the form [40]

P = ‘:'oXEzzn)El,xEl,z)e + EOXE;)EI,):EI,Z)’} +¢, (X(rjr)El,xz + X(nferl,zz )2

where E, , and E, , are the x- and z- components of the fundamental electric field. Simulated

SH output is first normalized for Sample 1 according to SH efficiency at matched resonances
and at noise level. The same noise level normalization is used for Sample 2 as well. Simulated
SH output for both samples are shown in Fig. 3(a) and Fig. 3(b) (solid red line). Figure 3(a)
shows a maximum SH output for Sample 1 at 1140 nm as expected, which is where
fundamental of electric resonance and magnetic resonance are matched. Figure 3(b) shows
evident SH signal due to electric resonance at 1140 nm, but shows magnetic resonance to
provide twice as much

a Sample 1 b Sample 2
100 100 T T T
Y
[EEET: X
— 80 12 BOF N i
5 S [ ] ) %
o o] L " e \
E 60 -1 E‘ 60 :_;ﬂ_'_'___/ E\i\ \ -
5 E P he ,
la L i
g a0 B OF o g > N
g g — — ExpFit " [ RS
n 20 m Exp 1% 20F — sim f
— Sim — — SimFit
1 1 L L L L D L L 1 Il
1140 1160 1180 1200 1220 1240 1150 1200 1250 1300
Wavelength [nm] Wavelength [nm]

Fig. 3. (a) Match of experiments (black squares) and finite-element simulations (black line) for
Sample 1, (b) Finite-element simulations (shown in solid red) that do not account for
roughness in the structure and show the magnetic resonance at 1250 nm to have stronger
contribution to SHG than the electric resonance at 1140 nm. Due to the computational
complexity of simulating roughness for 3D structures by finite-element methods, we use a
simplified Gaussian model to account for roughness and confirm our experimental results. The
Gaussian “roughness” model is first tested against the finite-element simulations (compare
dashed red vs. solid red) and then applied to fit the experiments (compare dashed black vs
solid squares).

#247485 Received 6 Aug 2015; accepted 20 Oct 2015; published 28 Oct 2015
© 2015 0SA 1 Nov2015]| Vol. 5,No. 11 | DOI:10.1364/OME.5.002682 | OPTICAL MATERIALS EXPRESS 2688



enhancement at 1240 nm. This result is in accordance with many of the previous experimental
works, which have shown the magnetic resonance to provide much stronger enhancement of
SHG. Confirming our experimental results, in simulations, we observe a 39% enhancement in
SHG due to aligned resonances in Sample 1, compared to electric resonance in Sample 2.

The disparity between experimental and simulated strengths of the isolated magnetic
resonance can be explained by studying the role of roughness of the structure. As mentioned
earlier, the magnetic resonance in the metasurface is highly sensitive to the thickness of the
alumina spacer layer, while the electric resonance is quite robust, as seen in Fig. 1(d). Hence
even 1-2 nm roughness in the metasurface will lead to significant inhomogeneous broadening
of the second harmonic signal generated by the magnetic resonance, while the electric
resonance would not be affected. Inhomogeneous broadening in linear spectra due to
structural imperfections has been discussed previously in many experimental works [41—43].

We confirm the existence of inhomogeneous broadening in our metasurface by applying a
2-Gaussian fit for SH efficiency for both experiments and simulations. The Gaussian function

(2w’
of the form f(A)=ae 20" is used for the electric and magnetic resonances. Gaussian

functions are normalized using the same procedure as previously described for the nonlinear
simulations. An electric resonance Gaussian at 1150 nm with 6 = 42 nm is maintained for
both experiments and simulations, while a Gaussian for the magnetic resonance at 1250 nm is
inhomogeneously broadened from ¢ = 47 nm to ¢ = 80 nm to fit finite-element simulations
and experiments, i.e. the integral of the spectral line shape is maintained. Experimental and
simulation curves are shown in Fig. 3, accompanied by respective Gaussian fits, which show
a strong match, lending credence to our model of inhomogeneous broadening for
experimentally observed spectra.

Since the magnetic resonance has a sensitivity of ~20nm/nm of Alumina in the spacer
layer, we can calculate the approximate level of roughness in our structure by looking at the
broadening of the SH output at the magnetic resonance. Since the resonance broadens from
47 nm FWHM to 80 nm FWHM between simulations and experiments, we can deduce that
there is ~1.5 nm roughness in our spacer layer, which is similar to values presented in our
previous experimental work [35,37].

5. Conclusions

We have studied a metasurface consisting of coupled silver nanostrips, exhibiting both
electric and magnetic resonances for TM polarized light. We have experimentally observed
that the electric resonance provides two times stronger peak enhancement to SHG than the
magnetic resonance. We have also observed a 30% overall enhancement of SHG when
electric and magnetic resonances were aligned. From simulations, we clearly see that
magnetic resonances due to their sharper spectral features provide much stronge r
enhancement for SHG than their electric counterparts. However, sharper spectral features
come at a cost — they are easily affected by structural defects and roughness, which are unique
to each structure and its fabrication processes. These imperfections can cause inhomogeneous
broadening in experiments, thereby reducing peak enhancement values for nonlinear
processes. Efficient wavelength converters at nanometer length scales, such as this device, are
required for various integrated optics applications as well as nonlinear optical microscopy. An
added benefit of such nanometer-thick devices are relaxed phase-matching conditions,
allowing for low-dispersion and broadband wavelength conversion.

Appendix: Supplementary Information
1. Field Maps and Transmission under 45° Illumination

Figures 4 and 5 below show the field maps and transmission of Sample 1 and Sample 2 at the
electric and magnetic resonances under 45° illumination. As can be seen in Figs. 1(c) and
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2(c), the magnetic resonances do not shift from the resonance wavelengths under normal
incidence (1140 nm and 1240 nm), as shown in the paper. While the spectrum for 45°
illumination at the electric resonance wavelength (570 nm) is different from that of normal
illumination, the field maps (Figs. 1(a) and 2(a)) show electric dipole behavior at 570 nm with
significant
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Fig. 4. Field maps of Sample 1 at (a) 570 nm (electric resonance) and (b) 1140 nm (magnetic
resonance) and (c) transmission of Sample 1 at 45° incidence.
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Fig. 5. Field maps of Sample 2 at (a) 570 nm (electric resonance) and (b) 1240 nm (magnetic
resonance) and (c) transmission of Sample 2 at 45 degree® incidence.

enhancement.
2. Laser pulse duration at varying wavelengths

Our Optical Parametric Amplifier (OPA) is fed by a Ti:Sapphire 800 nm femtosecond laser.
The OPA outputs the selected IR wavelength, as well as residual 800 nm pump radiation.
Using Frequency-Resolved Optical Gating (FROG), we measured the pulse duration of this
800 nm pulse to be 98 fs + 3 fs.

So, in order to ensure that all wavelengths from the OPA have similar pulse widths, we
used a pump-probe setup (shown in Fig. 6) using a BBO crystal to perform cross correlations
between 800 nm pulses and our SHG pump pulses (1150, 1200 and 1250 nm) from the OPA.
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DMI1 (Edmund Optics) is a dichroic mirror that transmits above 1050 nm and reflects
between 790 and 1050 nm. DM2 (Thorlabs) is a dichroic mirror that reflects 750-820 nm.
LF1 (Semrock, Inc.) is a 1064 long pass filter, and LF2 (Thorlabs) is a 700 long pass filter. A
retroreflector setup was used to delay the 800 nm pulse. A CCD camera was used to visualize
the spatial overlap of the two pulses on BBO crystal. The SFG signal was collected by a TE-
cooled Si photodetector (ElectroOptical Systems) fed into a lock-in amplifier (Stanford
Research Systems).

DML  LF1

OPA'_\ | . BBO
|/ .| pHOT
sy 800 Nm from OPA LF2 /'
+ IR signal from OPA \—p |—.. Delay

+ SFG of 800 and IR from BBO
DM2

Ti:S

Y

Fig. 6. Pump-probe setup used to measure pulse width of SHG pump beam. Red line refers to
800 nm light, orange light refers to IR SHG pump beam, and blue line refers to SFG signal
from BBO crystal.

The cross-correlated sum frequency generation signals are depicted in Fig. 7. The
measured FWHM of these signals are 142 fs at 1150 nm, 138 fs at 1200 nm and 139 fs at

1250 nm. Assuming Gaussian pulse shape and using the standard relation t,, =+/t] +1; , we

calculate the pulse widths of the OPA signals to be 102 fs for 1150 nm, 97 fs for 1200 nm,
and 98 fs for 1250 nm. Hence, we confirm that pulse width does not vary significantly in
wavelength range of interest (1130 nm — 1250 nm).

Cross Correlation of 800 nm Pulse and SHG Pump Pulse
T I

— 1150 nm
— 1200 nm
[— 1250 nm

Fig. 7. Cross correlation signal of 800 nm and SHG pump pulses from Optical Parametric
Amplifier (OPA).
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