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Plasmonic nanostructures have been recently used in elevated temperature applications such as sensing of
high-energy systems and localized heat generation for heat-assisted magnetic recording,
thermophotovaltaics, and photothermal therapy. However, plasmonic nanostructures exposed to
elevated temperature often experience permanent deformations, which could significantly degrade
performance of the plasmonic devices. Therefore, understanding of thermal deformation of plasmonic
nanostructures and its influence on the device performance is essential to the development of robust
high-performance plasmonic devices. Here, we report thermal deformation of lithographic planar gold
nanopatch and nanohole arrays and its influence on surface plasmon resonance sensing. The gold
nanostructures are fabricated on a silicon substrate and on the end-face of an optical fiber using
electron-beam lithography and focused-ion-beam lithography, respectively. The fabricated gold
nanostructures are exposed to cyclic thermal loading in the range of 25 °C to 500 °C. Through
experimental and numerical studies, we investigate (i) thermal deformation modes of the gold
nanostructures, (ii) influence of the gold nanostructure geometry on the degree and mechanism of the
thermal deformation, and (iii) influence of the thermal deformation on performance of surface plasmon
resonance sensing. The obtained understanding from these studies is expected to help guide the
development of robust high-performance plasmonic sensors for monitoring in elevated temperature
environments. Although the current work is focused on gold nanostructures, it can be extended to
provide useful insights on thermal deformation of refractory plasmonic nanostructures at extreme

rsc.li/nanoscale-advances temperature.

1. Introduction

Plasmonic nanostructures, such as metallic nanorods, nano-
shells, nanopatches, and nanoholes, which can effectively excite
localized surface plasmons (LSPs) and surface plasmon polar-
itons (SPPs), have received much attention in various applica-
tions.*” Recently, these nanostructures have been employed in
elevated temperature applications, including (i) plasmonic
sensing (e.g., temperature and gas) of high-energy systems (500-
900 °C) such as combustors, gas turbines, and solid-state fuel
cells®*** and (ii) generation of localized heat'** for heat-assisted
magnetic recording (~350 °C),"* thermophotovaltaics (~1000
°C)," and photothermal therapy (~80 °C)."* At such elevated
temperature, understanding of the thermal deformation of
plasmonic nanostructures is important in the design and
operation of plasmonic devices since the nanostructure
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geometry, along with the temperature-dependent optical prop-
erties of plasmonic materials,"*™® determines the important
device performance characteristics such as resonance wave-
length, Q-factor, and electric field intensity at resonance.>*"**?°
Therefore, investigations into thermal deformation of plas-
monic nanostructures and its influence on the performance-
related characteristics is essential to the development of
robust, high-performance plasmonic devices for elevated
temperature operation.

There have been a number of efforts devoted to investigate
thermal deformation of plasmonic nanostructures either in
elevated temperature environments or under high-power laser
irradiation. For example, capillarity-driven thermal deforma-
tion of various aspect-ratios of colloidal-like gold (Au) nanorods
was investigated.”** Furthermore, changes in LSP resonance
(LSPR) of colloidal-like Au nanorods due to thermal deforma-
tion were reported.**** In another effort, thermal deformations
of lithographic planar nanorings with two different materials
(Au and titanium nitride) and resulting changes in LSPR were
compared.”® On the other hand, it was reported that dielectric
coating of Au nanostructures can suppress their thermal

This journal is © The Royal Society of Chemistry 2020
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deformation.”***” However, for lithographic planar nano-
structures, influence of the nanostructure geometry on the
thermal deformation and resulting changes in surface plasmon
resonance (SPR) have not been investigated.

In this paper, we report thermal deformation of lithographic
planar Au nanopatch and nanohole arrays under cyclic thermal
loading and its influence on the SPR sensing. In particular, the
influence of the nanostructure geometry on the degree and
mechanism of the thermal deformation is investigated with
various Au nanopatch and nanohole arrays fabricated on
a silicon (Si) substrate. Furthermore, the influence of the
thermal deformation on the SPR based sensing is characterized.
Additionally, as a potential application for on-fiber SPR sensing,
thermal deformation of Au nanopatch arrays fabricated on the
end face of a single-mode optical fiber and the resulting
changes in the SPR are investigated. It should be noted that we
use Au as a plasmonic material despite its relatively low melting
temperature (1063 °C) since it renders excellent plasmonic
properties even at elevated temperature. The SPP propagation
length and Q-factor of LSPR of Au nanostructures have been
reported to be better than those of refractory plasmonic nano-
structures (e.g, titanium nitride nanostructures) at a tempera-
ture up to 500 °C." Therefore, Au plasmonic nanostructures are
an attractive choice for moderately high temperature applica-
tions. On the other hand, the obtained understanding from Au
nanostructures can provide useful insights into thermal defor-
mation and the resulting SPR performance changes of other
refractory plasmonic nanostructures at extreme temperature.

2. Results and discussion
2.1 Au nanostructures on Si substrate

Au nanopatch and nanohole arrays of different geometric
parameters (shape and size) were fabricated on a Si substrate
using electron-beam (e-beam) lithography. The nanostructures
were defined on a 60 nm thick Au film on top of a 1 pm thick
silicon dioxide (SiO,) layer with a 3 nm of titanium (Ti) adhesion
layer [Fig. 1a]. Fig. 1b shows scanning electron microscopy
(SEM) images of representative unit cells of all the fabricated Au
nanostructures. Square and circular shaped patterns were used
to design the nanopatch and nanohole arrays. For each shape,
three different widths (W = 500 nm, 800 nm, 1000 nm) of
patterns were designed with either a constant periodicity (P =
1100 nm) or a constant gap (P — W = 300 nm). Note that the
fabricated nanopatch (and nanohole) sizes are slightly larger
(and smaller) than the design values, which is due to over-
exposure of the e-beam resist. The array footprint was
designed to 100 pm x 100 pm for all the nanostructures. Fig. 1c
and d show SEM images of the fabricated square Au nanopatch
and nanohole arrays with W = 800 nm and P = 1100 nm,
respectively.

2.2 Thermal deformation modes of Au nanostructures

The fabricated Au nanostructures were exposed to cyclic
thermal loading in the temperature range from 25 °C to 500 °C.
Under the cyclic thermal loading, the Au nanostructures
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Fig.1 (a) Top and cross-sectional views of the unit cell of a square Au

nanopatch array. (b) SEM images of representative unit cells of all the
fabricated Au nanopatch and nanohole arrays with design values of W
and P. SEM images of the fabricated square Au (c) nanopatch and (d)
nanohole arrays with W = 800 nm and P = 1100 nm (red-dashed box
indicates a unit cell).

experienced evolutions of the pattern geometry and surface
morphology. Fig. 2a shows SEM images of representative unit
cells of the square Au nanopatch and nanohole arrays (W =
800 nm, P = 1100 nm) before thermal loading and after 200,
400, 700, 1000, 1500, and 2000 cycles of thermal loading. As
shown in the SEM images, the corners and edges of the square
patterns became blunted with increasing thermal loading
cycles. At the same time, the measured pattern area of the
square nanopatch (and nanohole) array decreased (and
increased), as shown in Fig. 2b and c. In particular, the pattern
geometry evolution occurred drastically within the initial 200
cycles of thermal loading and then the pattern became stabi-
lized after approximately 700 cycles. On the other hand, large Au
lumps emerged from the surfaces of the nanostructure, as
shown in Fig. 2d and e. These evolutions of the pattern geom-
etry and surface morphology were observed in all other fabri-
cated Au nanostructures of various other shapes and sizes [see
Fig. S17].

The observed thermal deformation is mainly attributed to
the interface (i.e., surface and grain boundary) diffusion of Au
atoms under capillarity forces and surface stress.”® Note that
such thin-film nanostructures often have small-sized grains,>
where dislocation-based deformation is suppressed.*® At
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Fig. 2 (a) SEM images of representative unit cells of square Au nanopatch and nanohole arrays (W = 800 nm, P = 1100 nm) before thermal
loading and after 200, 400, 700, 1000, 1500, and 2000 cycles of thermal loading. The measured pattern areas of the square Au (b) nanopatch and
(c) nanohole arrays (W =800 nm, P = 1100 nm) after each thermal loading cycle. High-resolution SEM images of the square Au (d) nanopatch and
(e) nanohole arrays (W = 800 nm, P = 1100 nm) after 2000 cycles of thermal loading (red-dashed box indicates a unit cell).

elevated temperature, the diffusion is facilitated since the induced deformations were reported in the literature,

diffusivity increases with increasing temperature according to
the Arrhenius relation.”® The -capillarity-induced surface
diffusion, which minimizes the surface free energy of the
nanostructures, blunts the corners and edges of the Au
nanostructures and decreases the pattern area of the nano-
patch array (and increases the pattern area of the nanohole
array), as shown in Fig. 3a. Similar examples of capillarity-

including blunting of field emission tips** and reduction of the
aspect ratio of nanorods.*® On the other hand, compressive/
tensile stress is developed on the Au nanostructures under
cyclic thermal loading due to the coefficient of thermal
expansion (CTE) mismatch between the Au nanostructure and
SiO,/Si substrate [Fig. 3b]. The stress gradient over the Au
grains is relaxed by grain boundary diffusion,** which leads to
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Fig. 3 Schematics showing thermal deformation of the Au nanostructures by (a) capillarity-induced surface diffusion and (b) stress-induced
grain boundary diffusion: blue arrows indicate the interface diffusion of Au atoms. Simulated thermal stresses along the section boundary of the
unit cell square Au (c) nanopatch and (d) nanohole arrays (W = 800 nm, P = 1100 nm). The insets show the 2D thermal stress profiles of the unit
cell Au nanostructures and selected section boundary (three points A, B, C were selected for nanopatch and four points A, B, C, D were selected
for nanohole arrays). High-resolution SEM images showing the thermal fatigue damages on the square Au (e) nanopatch (W = 800 nm, P = 1100
nm) and (f) nanohole (W = 500 nm, P = 1100 nm) arrays after 2000 cycles of thermal loading.
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grain boundary migration, grain boundary sliding, and grain
rotation, and grain growth.*® These grain motions induce the
pattern boundary deformation and large Au lumps on the
nanostructure surface.*>*? In particular, the nanohole arrays
could be more vulnerable to the pattern boundary deformation
than the nanopatch arrays since high thermal stresses are
concentrated on the pattern boundary (point B in Fig. 3d) for
the nanohole arrays but in the pattern center for the nano-
patch arrays (point A in Fig. 3c). It should be noted that
thermal fatigue damages such as hillocks and voids have been
reported for nanostructures under long-term thermal
loading.** However, for the fabricated Au nanostructures, only
a few hillocks and voids were observed in the entire nano-
structures after 2000 cycles of thermal loading [Fig. 3e and f]. It
should be noted that the stress state of the Au film during
deposition also contributes to the stress-induced diffusion,
which it is not analyzed in this work.

2.3 Influence of Au nanostructure geometry on thermal
deformation

The degree and mechanism of the thermal deformation were
investigated based on the normalized pattern area change (AA/
Ay) and simulated thermal stress (o) of the various geometries of
Au nanostructures. Note that AA is the measured pattern area
change (obtained from 700 to 2000 thermal loading cycles) and
A, is the initial pattern area measured before thermal loading.
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For the nanopatch arrays, AA/A, is almost a constant around
0.10, which slightly increases with decreasing A, (i.e., smaller
patterns suffer slightly larger normalized area change) [Fig. 4a].
On the other hand, the simulated stress level decreases with
decreasing patch area and the patch boundary experiences
lower stress than the inner area [Fig. 4c]. Considering the
negative correlation between the AA4/A, and A,, positive corre-
lation between the stress level and patch area, and 2D thermal
stress profile, capillarity is believed to be a dominant driving
force for the geometry changes of the nanopatch arrays over
thermal stress. Furthermore, for the nanopatches with a fix-
ed W, AA/A, is independent of the gap size between the adjacent
nanopatches. AA/A, is almost not influenced by the shape of the
nanopatch [Fig. 4a].

The nanohole arrays exhibit different thermal deformation
trend from the nanopatch arrays, which indicates a different
deformation mechanism. For the same shape of nanohole
arrays, AA/A, drastically increases with decreasing A, [Fig. 4b].
On the other hand, the simulated stress level increases with
decreasing A, and high stresses are concentrated around the
hole boundary [Fig. 4d] (see Fig. S2 and S3 in the ESI{ for better
comparison of nanohole arrays of the same shape). Further,
compared with the same shape and size of nanopatch arrays,
the nanohole arrays have a higher stress level. Based on the
strong negative correlation between the AA4/A, and A,, negative
correlation between the stress level and hole area, and 2D
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Fig. 4 AA/Ap as a function of Ag for the fabricated Au (a) nanopatch and (b) nanohole arrays with various shapes and sizes (constant gap on the
left and constant periodicity on the right). The dashed box groups the two different pattern shapes with same geometry. Simulated thermal stress
levels and 2D thermal stress profiles of the unit cell Au (c) nanopatch and (d) nanohole arrays with various shapes and sizes (constant gap on the
top and constant periodicity on the bottom). AA/Ag and Ag are measured values and W, P, and area are design values. Simulation temperature is

500 °C.
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thermal stress profile, thermal stress is believed to be a domi-
nant driving force for the geometry changes of the nanohole
arrays over capillarity. Furthermore, for the nanoholes with
a fixed W, a larger gap size between the adjacent nanoholes
induces a larger AA/A,, which is attributed to a higher stress
level of the nanohole array with a larger gap. The nanohole
shape has an influence on AA/A, [Fig. 4b]. This can be attributed
to a slightly higher stress level (i.e., mean, median, and Q1/Q3
values) of the circular nanoholes.

2.4 Influence of thermal deformation on SPR sensing

Finite-difference time-domain (FDTD) simulations were per-
formed to investigate the influence of the thermal deformation
of the Au nanostructures on SPR sensing. Two Au nanostructure
designs were simulated with 3D unit cell models: a square
nanopatch array (W = 1000 nm, P = 1100 nm, duty cycle = 90%)
[Fig. 5a] and circular nanohole array (W= 500 nm, P = 1100 nm,
duty cycle = 45%) [Fig. 5b]. Note that these two designs were
chosen here because they offer better SPRs compared with other
geometric designs (see Fig. S41 for simulation results of other
Au nanostructure designs). These nanostructure geometries
have been used for SPR sensing. For example, square nanopatch
arrays with a high duty-cycle were recently reported for Rayleigh
anomaly (RA)-based sensing,” and circular nanohole arrays
with around 45% of duty-cycle were used for SPP-based
sensing.** Fig. 5¢ and d show the simulated reflection spectra
of the square nanopatch array and circular nanohole array,
respectively, before thermal loading and after 2000 thermal
loading cycles. Note that the W for the simulation models is an
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Fig. 5 Schematic of 3D unit cell simulation models for (a) square Au
nanopatch array and (b) circular Au nanohole array (P = 1100 nm).
Simulated reflection spectra of (c) the square Au nanopatch array and
(d) circular Au nanohole array before thermal loading and after 2000
cycles of thermal loading. The insets show the electric field distribu-
tions (|E,| at y = 0) at the A,.s before thermal loading.

132 | Nanoscale Adv, 2020, 2, 1128-1137

View Article Online

Paper

equivalent width calculated from the measured area of the
fabricated nanostructures before and after thermal loading. The
resonance dip around 1590 nm obtained from the square
nanopatch array represents RA [Fig. 5¢ inset], and the resonance
dip around 1650 nm from the circular nanohole array repre-
sents SPP [Fig. 5d inset]. The changes in the resonance profiles
before and after thermal loading were analyzed in terms of three
metrics related to SPR sensing: a resonance wavelength (Ares),
full-width half-maximum (FWHM) of the resonance, and
extinction of the reflection at the A5 (Extes), as shown in Table
1. For the A..s and FWHM, the square nanopatch array is much
more robust to the thermal deformation than the circular
nanohole array; the changes in A, and FWHM (i.e., |AA.es| and
AFWHM) for the square nanopatch array are 3.6% and 4.7% of
those for the circular nanohole array, respectively. On the other
hand, the changes in Ext. (i.e., |AExt,s|) are on the same
magnitude for both arrays (Ext,s for nanohole array slightly
increases, while it slightly decreases for nanopatch array). These
changes, if not properly compensated, could significantly
degrade the SPR sensing performance. For example, a shift in
Ares could degrade the sensing accuracy for wavelength-
modulated sensing modalities. Furthermore, for intensity-
modulated sensing modalities using a probe laser wavelength
located at the FWHM point, the AFWHM and AExt,.; would
change the sensitivity and dynamic range. It should be noted
that the on-substrate Au nanostructure samples were only used
to investigate physics of the thermal deformation. On the other
hand, the on-fiber Au nanostructure sample in the following
section was intended to use for SPR sensing at elevated
temperature and thus the SPR spectra were investigated in both
simulations and experiments.

2.5 Au nanopatch array on optical fiber

A high duty-cycle square and rectangular Au nanopatch array
was fabricated on the end-face of a single-mode optical fiber
using focused-ion-beam (FIB) lithography [Fig. 6a]. The square
and rectangular nanopatch array forms an on-fiber high-Q
plasmonic crystal cavity, as shown in Fig. 6b. The square
nanopatch array in the cavity excites SPPs from the incident
light, and the surrounding rectangular nanopatch array, which
serves as a distributed Bragg reflector (DBR), confines the
excited SPPs in the cavity. Details on the operation principle of
the on-fiber plasmonic crystal cavity and its application for SPR
sensing were reported previously.****?*¢ The periodicities of the
fabricated Au nanopatch array are 1030 nm for the cavity,
525 nm for the DBR, and 900 nm for the separation between the
cavity and DBR, respectively, and the gap size is 70 nm for all the
regions [Fig. 6b and d].

The fabricated on-fiber Au nanopatch array was exposed to
cyclic thermal loading in the temperature range from 25 °C to
500 °C. The cyclic thermal loading induced similar changes in
the pattern geometry and surface morphology of the on-fiber Au
nanopatch array as those observed in the on-substrate Au
nanostructures. Specifically, the corners and edges of the
patches became blunt and patch sizes decreased, resulting in
increased gap sizes (i.e., decreased pattern sizes) [Fig. 6¢ and e].

This journal is © The Royal Society of Chemistry 2020
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Table 1 Simulated SPR sensing related metrics before thermal loading and after 2000 cycles of thermal loading (P = 1100 nm)

Thermal loading cycle W (nm) Ares (NM) FWHM (nm) EXtyes
Square Au nanopatch array 0 1027 1592.09 5.14 0.264
2000 982 1591.20 6.50 0.175
Change —45 —0.89 1.36 —0.089
Circular Au nanohole array 0 384 1650.06 18.88 0.857
2000 468 1674.65 47.62 0.946
Change 84 24.59 28.74 0.089

\4 SO
; e s
Qo ‘

Fig. 6 SEM images of the fabricated Au nanopatch array on a single-
mode optical fiber: (a) the fiber end-face with a plasmonic crystal
cavity, a corner section of the plasmonic cavity (b) before thermal
loading and (c) after 500 cycles of thermal loading, and the square Au
nanopatches in the plasmonic cavity (d) before thermal loading and (e)
after 500 cycles of thermal loading.

As large patches suffered from more deformations than small
patches, the gap size from large patches increased even more.
The measured gap sizes are shown in Table 2. Furthermore,

large Au lumps were developed on the surface of the nanopatch
arrays [Fig. 6e].

The SPR reflection spectra obtained from the on-fiber Au
nanopatch array changed dramatically under cyclic thermal
loading, as shown in Fig. 7a. Before thermal loading the narrow-
linewidth SPR was located at 1552 nm. The cyclic thermal
loading induced a decrease in the resonance slope (Sies),
a blueshift in 2., and a decrease in Ext,. [Fig. 7b and c]. These
changes are mainly attributed to the thermal deformation of the
Au nanopatch array. In other words, the thermal deformation
decreases the duty-cycle of the Au nanopatch array, which
induces a blueshift in the Bragg wavelength of the DBRs and
thus the resonance wavelength. To verify the influence of the
thermal deformation, 2D FDTD simulations were carried out for
different geometries of on-fiber 1D Au nanopatch arrays based
on the values in Table 2. According to the simulation results
[Fig. 7d], the geometry change (i.e., increase in the gap size)
could induce the observed SPR profile evolutions. However, the
simulated spectra did not capture the complete collapse of the
left shoulder of the SPR after 500 cycles of thermal loading. This
discrepancy is believed to be due to the non-uniform geometry
and surface roughness of the thermally deformed nanopatches.
Interestingly, the experimental results showed increases in
Extyes and Syes after the first 40 cycles of thermal loading and the
performance degradation only happened after a larger number
of thermal loadings. This early-cycle SPR enhancement is
believed to due to Ti layer diffusion. A previous study showed
that a Ti adhesion layer used for lithographic planar Au nano-
rods could diffuse away during a high-temperature annealing
process and the corresponding decrease in the damping caused
by Ti could enhance the LSPR of Au nanorods.® Note that the on-
fiber nanopatch array deformed more than the on-substrate
nanopatch array after thermal loading. This could be attrib-
uted to the edge profile difference between the FIB and e-beam
fabricated samples and the gallium ion doping during FIB
milling. Furthermore, larger CTE («) mismatch of the on-fiber

Table 2 Gap sizes of the on-fiber Au nanopatch array before thermal loading and after 500 cycles of thermal loadings

Gap location

Gap size (nm)

Before thermal loading All domain 71+£13
After thermal loading (500 cycles) Cavity 179 + 24
Between cavity and separation 148 + 30
Between separation and DBR 112 £ 11
DBR 98 £ 11

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Optical characteristics of the on-fiber Au nanopatch array in
experiments: (a) reflection spectra measured at room temperature
before thermal loading and after 10, 40, 100, 200, and 500 cycles of
thermal loading, (b) measured S,cs, (C) Ares, and Ext,es as a function of
thermal loading cycle. (d) Simulated reflection spectra before and after
500 thermal loading cycles. Before loading, the designed gap size of
70 nm was used. After loading, the three different spectra were ob-
tained with the measured mean gap sizes, mean — standard deviation,
and mean + standard deviation.

sample (aay = 14.2 x 10°°/°C, agjo, (fiber) = 0.5 x 107°/°C, ag;
= 2.6 x 107°/°C) could cause more deformation.

For the potential application of the on-fiber Au nanopatch
array in refractive index sensing, the influence of the thermal
deformation on the sensing performances was analyzed with 2D
FDTD simulations. Fig. 8a and b show the simulated reflection
spectra of the on-fiber Au nanopatch array before and after
thermal loading, respectively, with changes in the refractive
index (An) of the optical fiber. Note that An was applied to the
optical fiber since the resonance modes are distributed in the
optical fiber. The gap sizes of the Au nanopatch array before and
after thermal loading were modeled to be 70 nm and the mean
values in Table 2, respectively. For both simulation models, the
Ares Tedshifts with increasing An, as shown in Fig. 8c. However,
the Au nanopatch array after thermal loading has a 0.7% lower
Ares S€Nsitivity (1034 nm per RIU) than that of the Au nanopatch
array before thermal loading (1041 nm per RIU). Such
a decrease in the A, sensitivity is attributed to the reduced
duty-cycle of the Au nanopatch array due to the thermal defor-
mation. As for the intensity-modulated sensing with a probe
laser wavelength located at the FWHM points (1526.31 nm and
1523.76 nm for the Au nanopatch array before and after thermal
loading, respectively), the Au nanopatch array after thermal
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Fig. 8 Simulated reflection spectra of the on-fiber Au nanopatch array
(a) before and (b) after thermal loading with respect to the changes in
the refractive index of the optical fiber. (c) Simulated A shifts as
a function of the refractive index change. (d) Simulated reflections at
the 1526.31 nm and 1523.76 nm of wavelengths for the Au nanopatch
array before and after thermal loading, respectively, as a function of
the refractive index change.

loading has a 35.3% lower reflection sensitivity than that of the
Au nanopatch array before thermal loading [Fig. 8d], which
results from the lower slope of the resonance.

3. Conclusion

We investigated deformation of lithographic planar Au nano-
patch and nanohole arrays under cyclic thermal loading and its
influence to SPR sensing. The cyclic thermal loading induced
changes in the pattern geometry and surface morphology of the
Au nanostructures on a Si substrate. The pattern geometry
changes include blunting of the pattern boundary (e.g., corners
and edges) and decreasing (and increasing) of the nanopatch
(and nanohole) size. The surface morphology change includes
formation of large Au lumps Furthermore, the pattern area
changes (AA/A,) obtained from cyclic thermal loading experi-
ments and simulated thermal stresses of different shapes and
sizes of Au nanostructures were analyzed to understand the
influence of the pattern geometry on the degree and mechanism
of the thermal deformation. From the comparison between the
experimental results and simulated thermal stresses, capillarity
is believed to govern the deformation of the Au nanopatch
arrays and AA/A, is independent of gap sizes of the adjacent
patterns, while the thermal stress is believed to dominate the
deformation of the Au nanohole arrays and AA/A, increases with
increased gap sizes.

Based on the measured AA, the influence of the thermal
deformation on SPR sensing were analyzed for two Au nano-
structures: a square Au nanopatch array for RA-based sensing
and a circular Au nanohole array for SPP-based sensing. The
simulated reflection spectra showed that the thermal defor-
mation affects the SPR sensing performance in terms of reso-
nance wavelength (A.es), full-width half-maximum (FWHM) of
the resonance, and extinction of the reflection at the A..s in both

This journal is © The Royal Society of Chemistry 2020
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cases. However, the square nanopatch array seemed to be more
robust to the thermal deformation than the circular nanohole
array, which could make it a better choice for elevated
temperature applications.

Finally, for the Au nanopatch array on the optical fiber end-
face, thermal loading induced similar changes in the pattern
geometry and surface morphology as observed in the on-
substrate Au nanostructures. Changes in the A, EXt.s, and
Sres Were characterized after various number of thermal loading
cycles. Moreover, the performance changes in the refractive
index sensing before and after thermal loading were investi-
gated with simulation studies.

We believe that the achieved understanding of thermal
deformation of the Au nanostructures and its influence to SPR
sensing will provide guidance for the development of robust
high-performance plasmonic sensors for monitoring various
parameters in elevated temperature environments. This work is
also expected to provide useful insights into the thermal
deformation of refractory plasmonic nanostructures that can be
used at extreme temperature.

4. Experimental section
4.1 Fabrication of Au nanostructures

For the Si substrate sample, a 1 um of SiO, film was grown on
a Si substrate through thermal oxidation. The SiO,/Si substrate
was spin-coated with poly(methyl methacrylate) (PMMA A4,
MicroChem) and was patterned using e-beam lithography (e-
line, Raith). Then, a 3 nm/60 nm of Ti/Au film was deposited
on the substrate using e-beam evaporation (Denton Vacuum
Explorer 14, Denton Vacuum). Here, the Ti was used to enhance
the adhesion between the Au and SiO, films. Lastly, the Ti/Au
film on the poly(methyl methacrylate) was lifted-off in
a solvent stripper (Remover PG, MicroChem). The thickness of
the Ti/Au film was measured to be approximately 68 nm using
a profilometer (Alpha step 200, Tencor). For the optical fiber
sample, a single-mode optical fiber (SMF-28, Corning) was
cleaved, so that the fiber end-face was perpendicular to the
waveguide direction. The fiber end-face was cleaned by acetone,
isopropyl alcohol, and deionized water followed by nitrogen
blow. A 3 nm/60 nm of Ti/Au film was deposited on the fiber
end-face using e-beam evaporation. The Ti/Au film on the fiber
end-face was patterned to the square and rectangular nano-
patch array using FIB lithography (GAIA3, Tescan). Note that the
Ti/Au films for both optical fiber sample and Si substrate
sample were deposited in the same chamber at the same time.

4.2 Cyclic thermal loading

Cyclic thermal loading for the Si substrate and optical fiber
samples was carried out using furnaces. A tube-type furnace
(Lindberg, Thermo Scientific) was used for the Si substrate
sample, and a portable table-top furnace (Pro-L, RapidFire) was
used for the optical fiber sample. Both Si and optical fiber
samples were kept in the furnace (500 °C) and room tempera-
ture air (25 °C) for 30 s, respectively, and the transition between
the furnace and room temperature air took place for 30 s. It
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should be noted that the 30 s exposure to 500 °C induces
a thermal stress but may not lead to the temperature instability
of the Au nanostructures.

4.3 Imaging of Au nanostructures and image processing

The low-resolution SEM images in Fig. 1, 2a-c and S1t were
acquired using a variable pressure SEM (S-3400, Hitachi)
without additional metal coating. On the other hand, the high-
resolution SEM images in Fig. 2d, e, 3 and 6 were acquired with
sputtering of thin-film Au (less than 10 nm) to the samples
before SEM imaging (XEIA, Tescan). The acquired SEM images
were processed with OpenCV functions to measure the pattern
area as follows. First, the SEM images were converted into
grayscale images (cv2.Color_ BGR2GRAY). Then, the contrast of
the grayscale images was improved through histogram equal-
ization (cv2.equalizeHist), which helped clarify the pattern
boundary. Further, Gaussian blurring was applied to the pro-
cessed images to reduce noise in the images (cv2.GaussianBlur).
The blurred images were then binarized with a predefined
threshold (cv2.THRESH_OTSU). Next, the area of patterns was
calculated in a pixel scale using a contour function (cv2.con-
tourArea). Finally, the area in the pixel scale was converted into
a pm scale based on the scale bar in the original SEM image.

4.4 Thermal-mechanical simulations

Thermal stress on the Au nanostructures was calculated with
FEM simulations (COMSOL Multiphysics). The Au nano-
structures were modeled with a 3D unit cell with periodic
boundary conditions. The reference temperature and tempera-
ture for stress analysis were set to 25 °C and 500 °C, respectively.
von-Mises stresses on the top surface of the Au nanostructures
were calculated using the solid mechanics module with the
linear elastic material model, and the material properties of Au,
SiO,, and Si were adapted from the material library of the
software. Note the calculated stresses may be different from the
actual stresses since simulations do not account for the plastic
deformation. However, they can provide useful insights into the
thermal stress profiles among different shapes and sizes of Au
nanostructures.

4.5 Optical simulations

FDTD software (Lumerical FDTD Solutions) was used for the
optical simulations. For the 3D simulations of the unit cells of
the square nanopatch and circular nanohole arrays (Fig. 5), the
Bloch boundary condition was used for the x and y boundaries
and the perfectly matched layer (PML) condition was used for
the z boundaries. A plane wave with linear polarization was used
as incident light. For the 2D FDTD simulations of the on-fiber
1D Au nanopatch array (Fig. 7d and 8), the fiber core and
cladding were modeled with 9 pm and 125 pm of diameters,
respectively. The cavity was modeled with 14 arrays of nano-
patches (P = 1030 nm) and the surrounding DBRs were
modeled with 80 arrays of nanopatches (P = 525 nm). The PML
condition was used for all the boundaries. A fiber guided mode
was used for incident light. For both simulation models the
refractive index of Au was adapted from the materials database
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of the FDTD software,*” and the refractive indices of the core
and cladding were 1.450 and 1.445, respectively. The ambient
refractive index was 1.000.

4.6 Characterization of on-fiber Au nanopatch array

The reflection spectra of the on-fiber Au nanopatch array were
obtained by using a tunable laser (TSL-510, Santec), a 2 x 1
coupler, a polarization controller (FPC030, Thorlabs), and
a photodetector (2011-FC, New Focus). Light from the tunable
laser was coupled into the Au nanopatch array on the fiber end-
face through the 2 x 1 coupler. The incident light was linearly
polarized to either direction of the array using the polarization
controller. The reflected light from the fiber end-face was
monitored with the photodetector.
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