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Abstract

In the present study, a novel tunable two-dimensional thermo-plasmonic grating based on gold nanorods was demonstrated by
combining the plasmonic properties of the gold nanostructure and the applied external voltage. In this structure, a thin layer
of the gold grating was typically deposited on a patterned polydimethylsiloxane substrate using the nanoimprint lithography
method. The surface plasmon resonance of the fabricated plasmonic structure was excited by the surface plasmon imaging
system based on a high numerical aperture objective lens and the charged coupled device camera. Based on the results,
the number of the plasmonic hot spots due to the thermo-plasmonic effect increased by the external voltage, leading to an
increase in this effect. Therefore, this reversible and tunable temperature confinement can be used as the controller of each

element including cells in a defined micro-position.

Keywords Plasmonic imaging system - Plasmonic hot spot - 2D grating - Nanoimprint lithography - Temperature

confinement

Introduction

Plasmonic nanostructures have been proposed as a new effi-
cient heat source when illuminated by their correspondence
resonance light source [1, 2] regarding the nanoscale control
of temperature distribution [3], drug delivery [4, 5], cancer
photo-thermal therapy [6, 7], photo-thermal imaging [8],
and various other useful applications. These applications
should be capable of measuring the temperature distribution
in a sufficient area with a high signal-to-noise ratio (SNR).

Nowadays, different evidence is available concern-
ing the metal nanoparticle-based structure for satisfying
the abovementioned SNR in the temperature distribution,
resulting in introducing novel development in chemistry and
biology while not in the physics [9]. All these evaluations
aim to establish a better understanding about the physical
phenomenon such as the thermo-plasmonic effect in nan-
oparticle-based structures [10], nanorod-based structures
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[11], and self-assembled nanoparticles [12] in order to have
preferable SNR onto the arrays of nanoparticles [13]. The
proposed arrays can solve the SNR in the large area of the
nanostructure for helping interested scientists. In addition,
reports exist onto an optical microscopy technique in order
to quantitatively map the temperature distribution around the
nanometric sources of heat by experimental and simulation
results [14]. Although it is considered as the best use of plas-
mon-based localization in these new kinds of nano-sources
of heat, controlling this heating amount, and supported area
remains unknown. In other words, the ability to control and
tune the thermo-plasmonic effect is extensively useful for all
of the abovementioned applications.

On the other hand, the most applicable methods for tuning
plasmon-driven reactions include the use of liquid crystals
[15-17], piezoelectric materials [18], magneto-plasmonic
structures [19], or the use of external voltage for obtain-
ing voltage-induced surface plasmon resonance [20, 21].
Although the thermo-plasmonic effect is one of the plas-
mon-driven reactions, no evidence is available regarding the
abovementioned effects, mainly external voltage onto this
highly useful phenomenon.

Accordingly, to the best of our knowledge, the present
study first evaluated the effect of this external parameter
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onto the thermo-plasmonic and plasmonic hot spots using
the common plasmon imaging system.

Experimental part
Sample preparation

The main sample including polydimethylsiloxane mate-
rial (PDMS) as a substrate and 35 nm of gold as a plas-
monic substance was prepared by soft lithography processes
(Fig. 1). To this aim, 0.2 g of PDMS, along with 0.02 g of
curing agent at a weight ratio of 1:10, was used onto the
two-dimensional (2D) charged coupled camera (CCD) as the
main stamp. After placing the CCD in a frame and adding
the PDMS mixture onto the CCD, the sample was placed in
a vacuum chamber for 15 min in order to avoid the formation
of air bubbles and coating the gold cover layer as extensively
explained in our previous study [22].

Figure 2a illustrates the scanning electron microscope
image of the 2D plasmonic grating in a simple cubic struc-
ture and the unit cell sizes of about 1.2 pm, as well as the
nanowires between each cube and the displacement of the
crystal period.

Plasmonic imaging system

The schematic layout of the optical imaging system and
the real image of the sample is shown in Fig. 2b, c. Based

CCD «—

: Mixing
PDMS + curing agent 2

(a)

(b)

Adding PDMS mixture
onto the CCD

on these data, the green laser beam with a wavelength of
532 nm was divided into two equal parts by a beam splitter.
Then, the sample was illuminated by an objective lens with
a numerical aperture set to 1.25, and the reflected light of
the sample was received by. Finally, the image of the sample
was collected by the lens of the focal length of 6.5 cm before
the CCD camera.

Considering that the present plasmonic nanostructure is
formed by a 2D array of gold nanowires, it can support nar-
row diffracted orders and localized plasmon resonances in
far-field measurements leading to surface lattice resonance
as explained in our previous studies [15, 23].

The objective lens with a high numerical aperture can be
used to excite surface plasmon polariton (SPP). Further, the
high numerical aperture of the objective ensures that the
sample is illuminated in a wide range of supercritical angles
and the total internal reflection phenomenon occurs which
is explained in the next section.

Excitation of surface plasmon polaritons (SPPs)
by an objective lens

An objective lens with a high numerical aperture (NA > 1)
can be used for SPP excitation. In SPP microscopes, the spa-
tial resolution of imaging is limited by the SPP propagation
length. Thus, the spatial resolution improves if the excitation
of SPPs is localized over a smaller area.

As shown in Fig. 3, an oil-immersion objective through
the oil layer is connected with the surface of the sample and
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©

Fig. 1 Sample preparation steps a a schematic of the fabrication process of PDMS substrate, b polymer structure separated from CCD and ¢ the

prepared sample after the deposition of gold onto the PDMS substrate
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Fig.2 a SEM image of the sample, b schematic array of the plasmonic imaging systems, ¢ the real image of the experimental setup and d the

real image of the prepared sample

Fig.3 a Schematic of the SPPs
excitation using an objective (a) $ (b)
lens with a high numerical aper-
ture and b the coordinate of the

Metallic layer — | i

pupil plane of the objective lens /Q 3
K\ T | Lnmersion ol

Substrate

Objective lens ——

lllumination  Reflection

p = 1.09 — 1.095

@ Springer



370

Journal of Theoretical and Applied Physics (2020) 14:367-376

the light is focused by the objective lens at the interface
between the substrate and the metallic film.

Furthermore, the high numerical aperture of the objective
satisfies the dispersion matching condition between the light
and SPP. The propagation constant of excited SPPs on the
metal surface is expressed by Eq. (1) as follows:

_@ £1(w)ey ()
hsp(@) = c V £1(w) + &5(w) M

where w and c represent the angular frequency and the light
speed in the vacuum, respectively. Additionally, £,(w) and
£,(w) are the relative permittivities of the metal and air,
respectively. The propagation constant of light propagating
in the air is given as follows:

kjjgh (@) = % Ve (o) 2)

In typical cases, the ratio of kg, to kjgy, is approximately
1.05-1.10. Therefore, the required light for SPP excita-
tion should be an evanescent wave which has a propaga-
tion constant of 1.05-1.10 times greater than that of light
propagating in the air. This necessary evanescent wave can
be produced using an objective lens with a high numerical
aperture. The present study used the linearly polarized light
with a wavelength of 532 nm and assumed a gold film with
a thickness of 35 nm as a metallic film and an objective lens
with NA =1.25. In addition, the relative permittivity of gold
at A = 532nm was g; = —4.6810 + 2.4266i. By calculating
the ratio of k(@) to kg, (@), the ring size or NA range can
be obtained in which the dispersion matching condition was
satisfactory (in our case, NA range =1.09-1.095).

In addition, the electric field distribution on the metal sur-
face should be calculated for accurate evaluations. First, the
incident electric field at the entrance pupil of the objective
lens was calculated in this study. The incident light exists
in the shaded area (1.09 < p < 1.095) which corresponds to
NA =1.09-1.095.

When the linearly polarized light incidences are on the
pupil plane of the objective lens, electric field components
(i.e., p- and s-polarized) at the pupil plane are represented
by Eq. (3) as follows:

E,(p, @) = E;cos 9(1.09 < p < 1.095)
E(p,p) = E;sinp(1.09 < p < 1.095) 3)

E,(p,p), Ep,9)=0 (otherwise)

where E; denotes the amplitude of the incident electric field
and p and ¢ demonstrate radial and azimuthal coordinates at
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the pupil plane, respectively. The light passing from any par-
ticular position (p, @) of the pupil plane is converted to a cor-
responding plane wave by the objective lens and illuminates
the sample. The amplitude transmission coefficient of the
system of such three layers is written as Eq. (4) as follows:

T ()= tOISp) " (p)exp [i F(P) 1 m=ps @
1= () (p) exp [i2k,.(p)d, |

where 7} and ¢} are the Fresnel reflection and transmission
coefficient at an interface of mediums a and b for the light
which is incident from medium a. Further, k,, and d, denote
the z component of a wave vector in the Au layer and the
thickness of the Au layer, respectively.

The amplitude components produced by light passing the
position (p, @) of the pupil plane are obtained from Egs. (3)
and (4). Thus, functions EEPP, EiPP and EZSPP are introduced
to represent the components which oscillate in the radial
(p), azimuthal (@), and z directions in the sample [24].
Finally, the intensity /5PP of the electric field in the sample
is obtained by integrating the amplitude which is produced
by each plane wave with respect to the oscillation direction.

2
PP, y) = |f ES*(x,y, p, <p)pdpd(p'
2
+ |f E(x,, p, (p)pdpd(p' (5)
2
+ |/ EX*(x,y, p, (p)pdpd(p' :

The imaging process for the 2D structure of PDMS/Au
nanorods was used after the alignment of light in the optical
system. It is worth noting that this arrangement can switch
from real to Fourier space and vice versa by changing the
distance between the objective lens and the sample. These
measurements were conducted without any external voltage
and under external voltage with different passed currents
which were affected by varied frequencies.

Results and discussion

The recorded Fourier and real images of the 2D structure
of PDMS-Au are shown in Figs. 4A and B, respectively.
The zoomed picture of the main part of the Fourier image
is observed in the inset of Fig. 4a, which confirms the C4
symmetry group of the present 2D sample. Furthermore, the
image of plasmonic hot spots for the real part is illustrated
in Fig. 4C. Based on the data, the SPPs are excited by the
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Delta = 1416.1 um Peel | = 15922 (24.3%)

View =-131: Tilt = -35

Fig.4 The CCD images of the two-dimensional sample PDMS-Au, a Fourier image, b real image and ¢ hotspot image; the inset in the a shows

the zoomed main part of Fourier image

Table 1 Values of applied

. Frequency (MHz)
frequencies and voltages on the

Voltage (V)

Voltage (V) Voltage (V)

sample 1 fi=12

=22
f,=32

Viin=2169%1076
Viin=14,040%107°
Viin= 12,330%1076

Vi =4680%107°
Vinia=29,970%1076
Viia=22,140%1076

Ve =239.4%1073
Vo = 34,434%1076
Vinax =30,150%107°

max

objective lens and can initiate radiation. Thus, they can be
observed through their radiation.

After recording the Fourier and real image of the sample,
plasmonic hot spots under external voltage received atten-
tion, followed by investigating the voltage-induced plas-
monic hot spot in these samples. For this purpose, different
values of voltage and frequency were applied on Samples 1
and 2, and the images of plasmonic hot spots were recorded
using the imaging system. Furthermore, three different fre-
quencies were selected and three different values of voltages
as the minimum, middle, and maximum were applied for
each frequency (Table 1).

Based on the results in Fig. 5, the excitation of SPP rep-
resents an increase by increasing the apply voltage, lead-
ing to an increase in intensity, which occurs since the SPP
relies on the dielectric constants of metal (Au) and dielec-
tric (PDMS), and these constants (g, €,) change by apply-
ing the voltage. The experimental results demonstrated the
effect of the applied frequency on SPP excitation consid-
ering that the frequency of the applied voltage is affected
on SPP frequency. Based on experimental findings, the
best result and high excitation were observed when the fre-
quency f=2.2 MHz for Sample 1. Accordingly, the number

of plasmonic hot spots increases and the thermo-plasmonic
phenomenon occurs by applying voltage.

The histogram of the change in the intensity in x and y
directions was extracted to obtain a better understanding of
the physical change in the sample under external voltage
(Fig. 6a—c). Based on the presented data, the intensity and
plasmonic hot spot increase by applying voltage. Addition-
ally, it is physically approved that the thermo-plasmonic
phenomenon occurs by employing voltage.

In addition, the sample experienced extremely sharp
enhancement in the number and intensity of the hot spot in
both x and y directions. The increase occurred for applied
voltage from 12 to 30 mV at 3.2 MHz due to the increased
current from 1.3 to 3.3 mA (Fig. 6a). This trend is repeated
for the middle frequency (2.2 MHz) from 1.5 to 3.8 mA
(Fig. 6b). An increase in the number of the hot spot and the
area under the curve for the maximum value of the applied
voltage in this frequency is highly surprising, which is
repeated and amplified for the last frequency set to 1.2 MHz
by the applied current from 2.41 pA to 26.6 mA (Fig. 6¢).

It is well known that thermo-plasmonic phenomena exist
which linearly improves by increasing the current due to a
decrease in the applied frequency due to the current flow
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f=1.2MHz, V ;4 f=2.2MHz, V ;4 f=3.2MHz, V 44

View =-230 : Tilt = -46 View =230 : Tilt = -46 View =-230 : Tilt = -46

f=1.2MHz, V £=2.2MHz, V £=3.2MHz, V

Fig. 5 Hotspot for sample 1 for different value of frequency and voltage

in the gold thin grating. In other words, voltage-induced  Fig.6 Hotspot intensity distribution for sample 1 in X (left graph) M
thermo-plasmonic occurs in this sample and it is measured ~ and Y (right graph) dimensions and 2D graph from minimum (bot-

C e e : : P tom) to maximum (top) value of applied voltage (center graph) for a
which is hlg.hly useful in th.ermo medical apphc.atlons. The £=3.2 MHz, b f=2.2 MHz and ¢ f= 1.2 MHz
heat generation at each motif of the 2D plasmonic structure
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Fig.6 (continued)

Table 2 Values of applied frequencies and voltages on the sample 2

Frequency (kHz) Voltage (V) Voltage (V)  Voltage (V)

f=100 Viin=433%107 Vv, .,=3.3 Viax =74

ax

is directly observed by counting the number of hot spots in
each x or y direction. In other words, the temperature dis-
tribution in the gold nanorods is found to be localized hot
spots in the middle part of each graph for different applied
voltages. Further, the intensity in the histogram of x and y
directions can be connected to the temperature distributions
throughout the periodic lattices of nanorods.

These results highlight the high degree of temperature
confinement at each motif site and the ability to tune the
degree of temperature confinement by frequency and volt-
age in each category. Accordingly, this enhancement factor
can be can extended over 33% (0.33 in the intensity) for the
maximum voltage in two later cases in order to use them for
photo-thermal therapy applications.

@ Springer
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As shown, there is a trade-off between these two proper-
ties. For example, the degree of temperature confinement
reduces while obtaining a higher temperature by increas-
ing the voltage. To this end, another sample with a slight
increase in the gold grating thickness to 45 nm was eval-
uated, and thus the resistance of the sample increased to
obtain lower current flow. Considering this change in the
resistance, the sample flows from 14 to 216 pA from the
minimum to maximum applied voltage at 100 kHz (Table 2).

The hot spot histogram in both x and y directions of the
sample and the 2D graph of this plasmonic excitation are
depicted in Fig. 7. As illustrated, no sufficient change is
observed in the thermo-plasmonic hot spot distribution due
to the same order in the flowed current from the sample. As
explained earlier, a high degree of temperature confinement
was observed when comparing this sample with the first one.
This reversible temperature confinement can be used as the
controller of each element including the cells in a defined
micro-position.
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Fig. 7 Hotspot intensity distribution for sample 1 in X (left graph) and Y (right graph) dimensions and 2D graph from minimum (bottom) to

maximum (top) value of applied voltage (center graph) for f=100 kHz

Conclusion

In general, the present study reported cost-effective thermo-
plasmonic samples based on the arrays of gold nanorods
by the nanoimprint lithography process. In this approach,
the surface plasmon excitation setup was used based on the
objective lens in order to obtain plasmonic hot spot distri-
bution in both Fourier and real images under the externally
applied voltage. Based on the findings, the Fourier image
appeared as bright disks relying on the optical axis and the
distance from outward to the center of the disk proportional

to NA. The applied voltage caused the rapid heating of
nanorods, leading to a quick increase in the temperature due
to the thermo-plasmonic effect. In addition, the degree of
temperature confinement could be controlled by a change
in the resistivity of the sample, and the passed current from
the sample. More precisely, tunable thermo-plasmonic was
obtained by the applied voltage in each frequency category
and adjustable temperature confinement by changing the
pass current of the sample which is extremely useful in
photo-thermal applications.
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