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High-Density Hotspots Engineered by Naturally Piled-
Up Subwavelength Structures in Three-Dimensional
Copper Butterfly Wing Scales for Surface-Enhanced Raman

Scattering Detection

Yongwen Tan, Jiajun Gu,* Linhua Xu, Xining Zang, Dingxin Liu, Wang Zhang,
Qinglei Liu, Shenmin Zhu, Huilan Su, Chuanliang Feng, Genlian Fan, and Di Zhang*

Very recently, wing scales of natural Lepidopterans (butterflies and moths)
manifested themselves in providing excellent three dimensional (3D) hierar-
chical structures for surface-enhanced Raman scattering (SERS) detection.
But the origin of the observed enormous Raman enhancement of the analytes
on 3D metallic replicas of butterfly wing scales has not been clarified yet, hin-
dering a full utilization of this huge natural wealth with more than 175 000 3D
morphologies. Herein, the 3D sub-micrometer Cu structures replicated from
butterfly wing scales are successfully tuned by modifying the Cu deposition
time. An optimized Cu plating process (10 min in Cu deposition) yields rep-
licas with the best conformal morphologies of original wing scales and in turn
the best SERS performance. Simulation results show that the so-called “rib-
structures” in Cu butterfly wing scales present naturally piled-up hotspots
where electromagnetic fields are substantially amplified, giving rise to a much
higher hotspot density than in plain 2D Cu structures. Such a mechanism is
further verified in several Cu replicas of scales from various butterfly species.
This finding paves the way to the optimal scale candidates out of ca. 175 000
Lepidopteran species as bio-templates to replicate for SERS applications,

and thus helps bring affordable SERS substrates as consumables with high
sensitivity, high reproducibility, and low cost to ordinary laboratories across

the world.

1. Introduction

Developing metallic substrates based on surface-enhanced
Raman scattering (SERS) phenomenon has recently become
one of the most exciting interdisciplinary research areas owing
to its broad applications in trace-amount chemical analyses.!'8!
Recent works have provided excellent SERS substrates based on
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sub-micrometer metallic structures, which
were mainly created either by forming
plasmonic nanoparticles (NPs) with spe-
cial shapes and core-shell structures,®~12
or by performing lithographic approaches,
to chase high density “hotspots” where
electromagnetic (EM) fields are local-
ized.[13-1%] Compared with two dimensional
counterparts, three dimensional (3D) sub-
micrometer structures have the poten-
tial to further expand the arrangement
of hotspots along the third dimension,
which could in turn increase the hotspot
density.l'7-20 However, it is quite difficult
to conveniently generate reproducible
3D sub-micrometer structures with such
hotspots at a low cost for research and for
commercial applications. Very recently, we
demonstrated that a direct replication of
hierarchical 3D sub-micrometer structures
of butterfly wing scales in metals yields
excellent SERS substrates in terms of high
sensitivity (one order of magnitude higher
than Klarite, the most popular commercial
SERS substrates to date, Renishaw Diag-
nostics), high reproductivity (comparable
to the commercial counterparts), and low
cost (ten times of magnitude cheaper than Klarite that is ca. $35
per piece as a consumable).?!l Since there are far more than
175 000 kinds of nature-designed 3D morphologies of butterfly
scales, these novel materials provide promising solutions for
substantially applicable SERS substrates, by which the research
in a broad range of related fields might be lifted to a new level.
Nevertheless, the origin of such gigantic Raman signal enhance-
ment has still not been clarified yet,?>?3 hindering a full utili-
zation of this huge natural wealth with more than 175 000 3D
morphologies. Herein, we present a mechanism through which
the 3D sub-micrometer copper structures with the morpholo-
gies inherited from natural butterfly wing scales can efficiently
enhance the SERS properties. We tuned the morphologies of
these “Cu butterfly wing scales” by changing the Cu deposition
time, and found that the so called “rib-structures” with a period
about 20-30 nm on the sidewalls of “main ridges” of scales
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Figure 1. Morphologies of original butterfly wing scales and their Cu replicas on silicon wafers. a) E. mulciber. b) Optical microscope image of wing
scales. c) Top view and d) side view of natural blue scales in b). Insets are FESEM images with a higher magnification. e) and f) Cross-section of
scales. Definitions of various structural features and corresponding periodicities are marked in c)—e). g)—j) FESEM images of Cu scales obtained via
electroless Cu deposition for 10 min. Note that all the Cu replicas in this work were imaged under high vacuum without any metal sputtering. The
cross-section image i) of Cu scale shows that even vertical struts beneath the ridges were also conformally replicated, indicating that the uniform Cu
deposition was achieved for interior structures as well. A close-up view j) suggests that the replicas were hollow, resulted from the removal of original
chitin-based structures by H;PO,. Note the highlighted part in j) that reveals the “rib-structures” in Cu replicas. k) XRD results. Data from bottom to
top were from original chitinous wings, Cu/wing-scale complexes, and Cu replicas, respectively. |) EDS results of the Cu replicas. Si signals originated

from the Si wafers.

played a key role in piling hotspots up along the third dimen-
sion perpendicular to the scale surface. Our results help clarify
the mechanism of the Raman enhancement originating from
these natural gifts with 3D sub-micrometer structures, which
are too complicated to design manually at present.

2. Results and Discussion

2.1. “Rib-Structures” in Cu Butterfly Wing Scales

Figure 1 demonstrates the dorsal forewing scales from Euploea
mulciber, a butterfly species living in Southeast of Asia. The

dorsal surface of an E. mulciber wing has a prominent shining
metallic blue area decorated with some small white spots
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(Figure 1a), bearing hundreds of thousands of flat tiny chitin-
based scales arranged in rows (Figure 1b). Figure 1c—f present
the field-emission scanning electron microscopy (FESEM)
images of 3D periodic sub-micrometer structures of its blue
wing scales. Like many other Lepidopterans (butterflies and
moths), the wing scale microstructures of E. mulciber include
so-called “main ridges”, horizontal and vertical “struts”, and
“ribs”, et al., as marked in details in Figure 1c—e.l2242’]

Figure 1g—j show the FESEM images of as-synthesized Cu
scale replicas experienced an electroless Cu plating for 10 min
followed by exposure to H;PO, to remove the original organ-
isms. A general chemical synthesis route can be found in our
previous work.2!l Lower magnification image (inset of Figure 1g)
indicates that the whole single scale was perfectly preserved after
the chemical treatments, owing to a homogeneous deposition of
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Cu nanoparticles (NPs) across the whole scale. Higher magni-
fication image shows that Cu NP layer conformally replicated
the natural organisms down to a sub-micrometer level (further
confirmed via transmission electron microscopy (TEM) obser-
vation in the Supporting Information, Figure S1), promising
the formation of Cu plasmonic structures for subsequent SERS
studies. It should be noted that not only the sub-micrometer-
scaled parallel “main ridges”, but also the nanometer-scaled
“ribs” (overlapping layers within the ridges, see Figure 1j) were
well inherited in the Cu replicas. To a natural butterfly, these
structures are essential to the colorization of its wing scales for
mating?®?’l and camouflage, 829 etc..

As shown by X-ray diffraction (XRD) results (Figure 1k),
chitin-based wing organisms could be identified before the
H;3PO, exposure, which disappeared after the removal of orig-
inal bio-templates by H3;PO,. After the electroless deposition of
Cu NPs, face-centered-cubic (fcc) Cu with main diffraction peaks
of {111}, {200}, {220}, and {311} could be indexed, with an
average grain size of ca. 16.9 nm (Scherrer Formula). Figure 11
provides energy-dispersive X-ray spectrometry (EDS) results of
Cu replicas, proving the successful replication in composition
as well.l21

To tell which structural feature as mentioned above plays a
dominant role in SERS performance, we prepared a series of
Cu scales by applying different Cu deposition time (DT) from
5 min to 25 min at an interval of 5 min. It was found that
minimal time of 10 min for Cu plating was required to achieve
continuous and self-supporting Cu scale replicas (Figure 2). A
shorter DT of 5 min induced a discontinuous layer of deposited

www.MatenaIsVnews.com

Cu NPs on the main ridges and ribs. Some tiny Cu structures
might in turn collapse after the dissolving of the chitinous bio-
templates (Figure 2b). In comparison, when a longer DT of
15 min was applied, coarsened Cu morphologies were obtained
(Figure 2d) because of the excessively assembled Cu NPs. This
phenomenon became more apparent if DT was prolonged to
20 min (Figure 2e). As Cu particles aggregated with further
increase in DT (25 min), the microstructures of the Cu rep-
lica were filled by Cu NPs and the original scale morphologies
could barely be maintained (Figure 2f). These results confirm
that DT can be efficiently applied to control the morphologies
of replicas through tuning the thickness of the deposited Cu
layers on butterfly wing scales, providing us a series of sam-
ples to investigate the coupling effects between the structures
and the SERS properties. Figure 2g shows the corresponding
XRD results of Cu replicas prepared under different Cu plating
time. Much more precise {111} peaks are shown separately in
Figure 2h, which were collected at a low scan rate of 0.5° min~.

The crystallite sizes were calculated to be 15.9 nm, 16.9 nm,
19.2 nm, 22.4 nm, and 28.6 nm, respectively, with an increase
in DT, indicating that the crystallites grew up as the electroless
deposition process lasted (Figure 2i).

2.2. Effects of Various Periodicities in Cu Scales on SERS
Performance

We evaluated the SERS performance of these structure-tuned
Cu scales. A setup for Raman measurements using 3D Cu
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Figure 2. FESEM images and XRD results showing the influence from deposition time on the periodic structures of Cu scales. a) Chitin-based scale of
E. mulciber. b)—f) Cu scales fabricated via electroless Cu deposition for b) 5 min, ¢) 10 min, d) 15 min, e) 20 min, and f) 25 min, respectively. Scale bars:
1 um. g) XRD results of Cu scales prepared under different deposition time. h) XRD results at {111} peak (scan rate: 0.5° min~'). The peak intensities
of different samples were normalized to unity for comparison. i) Calculated crystallite size (Scherrer Formula) from h).
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wing scales as SERS substrates is depicted in Scheme S1 in the
Supporting Information, where we also present a comparison
demonstrating the influence on SERS properties exerted by 3D
sub-micrometer structures (Figure S2 and Figure S3, Supporting
Information). Experimental results (Figure S3, Supporting Infor-
mation) show that 10-min-deposited Cu substrates with exact
scale morphologies (Figure 2c) generated Raman signals of
rhodamine 6G (R6G) one order of magnitude stronger than their
counterparts in similar Cu crystallite size (ca. 17 nm) but without
3D bio-morphologies, clearly exhibiting a structural effect.

Since there are at least three levels of periodicities in a scale
structure, i.e. gaps between adjacent main ridges (referred to
hereafter as P1), horizontal struts (P2), and ribs (P3), in order
to gain a deep understanding of the origin of the observed struc-
tural effect, an estimation of the individual contributions from
these structural units on SERS properties should be made. We
applied R6G ethanol solution of 10~ m as analyte to compare the
SERS performance of the structures presented in Figure 2b—f. As
shown in Figure 3, the Raman intensity started to increase with
the Cu plating time, and reached its maximum at DT = 10 min.
The integrated intensity of the R6G peak at 1650 cm™ acquired
on the 10-min-deposited sample (DT-10, Figure 2c) was ca.
3.5 times stronger (see Figure 3h) than that on DT-5 (Figure 2b).
This phenomenon can be attributed to the inhomogeneous NP
coating on the bio-template within a comparatively short DT.

bio-template
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When DT increased over 10 min, the Raman intensity began to
decline. The intensity reduced slightly as DT reached 15 min.
However, if DT increased to 20 min, and 25 min further, the SERS
intensity would significantly decrease. The integrated intensity of
the 1650 cm™! Raman band acquired on DT-10 was ca. 2.5 and
5 times of magnitude higher than those on DT-20 and DT-25,
respectively (Figure 3h). It is worth mentioning that, as the
“window” edges (Figure 2c) approached to each other (Figure 2f)
with prolonged DT, periodicities in ribs (P3), struts (P2), and
even main ridges (P1) were broken. Although the Cu grain
size simultaneously increased as deposition lasted (Figure 2i),
approaching to the reported optimal size of 50 nm for SERS on
Cu,B% it still could not compensate the loss of the localized EM
fields contributed by the 3D morphologies (Figure 1c,d). These
results also indicate that the significant Raman enhancement
found in metallic butterfly scales originate predominantly from
their 3D sub-micrometer structures rather than the morpholog-
ical or size effects of the metal NPs themselves.!

By further analyzing the data from Figure S3 (Supporting
Information) in the Supporting Information, we obtain two facts
on the additional contributions from various periodicities (P1-P3)
to Raman enhancement over structure-less individual NPs:

Under the same NP size (ca. 17 nm), perfectly structured scale
replicas (DT-10) enhanced the Raman intensity ca. 10 times of
magnitude higher than their as-ground counterparts with 3D
structures drastically broken, suggesting that
the whole enhancement contribution from
P1+P2+P3 to SERS was about 10 times over
individual NPs without long-range structures
(see Figure S3, Supporting Information).

Under the same NP size (ca. 22 nm), DT-20
whose P3 was partially broken and P1, P2 were
kept, amplified analyte signals ca. 2.7 times of
magnitude stronger than as-ground samples
with all periodicities almost destroyed. This re-
sult indicates that the enhancement contribu-
tion from P1+P2 was about 2.7 times of magni-
tude over the structure-less individual NPs.

Hence, we consider that scale replicas of
E. mulciber with additional P3 besides P1+P2

Intensity (x10%)

can generate Raman signals of analyte ca.
4 times stronger than structures with only
P1+P2. For DT-15 (Figure 3d), the perio-
dicities of struts (P2) and main ridges (P1)
were still well kept as compared with DT-10
(Figure 3c). However, the SERS properties
had started to decrease with 5 min longer
in Cu deposition time. This phenomenon
indicates as well that a smaller period, which
originated from even more fine structures

1800 0 5 10

600 900 1200 1500

Raman shift (cm-1)

Figure 3. a—f) SEM images processed using fast fourier-transform from a) original scales and
their replicas under Cu deposition time of b) 5 min, ¢) 10 min, d) 15 min, ) 20 min, and
f) 25 min, respectively. g) SERS spectra of 107> m R6G collected on different Cu substrates
corresponding to b—f). h) Raman intensities of (g) at 1650 cm™'. There exists an optimal Cu
deposition time of 10 min for the best SERS performance, corresponding to the morphology

shown in Figure 2c.
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than main ridges and struts, was responsible
for the observed significant enhancement of
Raman signals. Such experimental evidence
drove us to further focus our studies on the
rib-structures with a period of ca. 20 nm
(Figure 1j) located on main ridges of Cu scale
replicas.[32-34
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Figure 4. Distribution of EM fields excited by an incident light (1 =514.5 nm) on Cu scales of
E. mulciber. The incidence polarizations are a) perpendicular and b) parallel to the length direc-
tion of main ridges, respectively. Piled-up hotspots where EM fields are substantially enhanced
can be identified in the models with rib-structures, which can amplify the Raman signals
according to the electromagnetic theory of SERS. The scale bars denote the relative intensities

of the excited EM fields against the incident EM field.

2.3. Simulation of the Hotspots Aroused by the Rib-Structures
of Cu Scales

We studied the localized surface plasmon resonances using a
finite element method (FEM, Figure 4). Detailed descriptions
of the adopted models for calculation are provided in Figure S4
and Table S1 (Supporting Information), respectively, based on
the data acquired from SEM observations. Figure 4a presents
the calculated EM field distribution with the polarization
(E-vector) of an incident radiation (514.5 nm) perpendicular to
the length direction of main ridges. The Cu scale with rib-
structures (10-min-deposited) exhibited “piled-up” hotspots along
the normal of the scale surface. In comparison, these hotspots
disappeared in the structure whose rib-gaps were filled with Cu
as DT for Cu increased to 20 min. Similar phenomenon could
be identified when the polarization was parallel to the length
direction of main ridges (Figure 4b). It should be noted that our
simulation did not consider the roughness of the Cu replica
surface. A real situation should be between these two cases as
the scattering of the originally polarized EM wave by the rough
surfaces of Cu NPs could break the polarization. Since the
SERS enhancement is approximately proportional to the fourth
power of the EM field intensity according to the electromagnetic
theory of SERS,?>=3] the simulation results suggest that the 3D
Cu scales with fine rib-structures efficiently generated local-
ized surface plasmons and substantially enhanced EM fields
in the rib-gaps, providing hotspots especially arranged along
the third direction vertical to the scale (substrate) surface. Such
phenomenon can actually be found in models with rib-gaps of
20-50 nm, which will be published in details elsewhere.

2.4. SERS Performance of Cu Scales with Other Morphologies

We have checked this hypothesis in several other Cu scales with
various morphologies, including those collected as bio-templates

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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from the ventral forewing surface (referred to
hereafter as B) and dorsal hindwing surface
(C) of E. mulciber, the dorsal forewing sur-
face of Kallima inachus (D), and the dorsal
forewing surface of Thaumantis diores (E).
Their morphologies, together with that of the
Cu scale replicated from E. mulciber’s dorsal
forewing (referred to hereafter as A) that
have been discussed previously, are shown
in Figure 5 and Figure 6. Detailed dimen-
sions of these replicas are generalized in
Table 1. These scales have similar “window”
structures but with different stacking modes
and stacking numbers of ribs (SNR). As
shown in Figure 6, the stacking modes of
ribs are 4-3, 3-2, 3-2, 2, and 1 in SNR for
A-E, respectively. Among all these samples,
A has the largest SNR (4 ~ 3), which could
favorably provide the most hotspots as dis-
cussed above and in turn yield the highest
Raman enhancement (Figure 7). Meanwhile,
the rib-gap gets narrower with the increase
in SNR under the similar main-ridge-height
for A-E (ca. 800 nm), which might also be responsible for the
pronounced Raman signals acquired on A.13%33 In comparison,
B and C share the same stacking mode of ribs (3-2), and the

4 2

o

Figure 5. Cu replicas with topologically similar morphologies inherited
from natural scales on a) ventral forewing surface of E. mulciber (referred
to as B in the main text), b) dorsal hindwing surface of E. mulciber (C),
c) dorsal forewing surface of K. inachus (D), and d) dorsal forewing
surface of T. diores (E). The Cu deposition time was 10 min for these
samples. Scale bars: 2 um (left column), 5 pm (middle column), and
1 um (right column).

Adv. Funct. Mater. 2012, 22, 1578-1585
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Figure 6. Rib-structures in Cu replicas converted from natural scales
on a) dorsal forewing surface, b) ventral forewing surface, and c) dorsal
hindwing surface of E. mulciber; d) dorsal forewing surface of K. inachus;
e) dorsal forewing surface of T. diores. a)—e) correspond to scale A-E as
mentioned in the main text, respectively. Stacking modes and numbers
of ribs are marked herein. Scale bars: 2 um (left column), 500 nm (right
column).

distance between the main ridges of B (ca. 1.5 um) is smaller
than that of C (ca. 1.8 um). Such morphologies make B and
C exhibit lower ability in increasing Raman signals of analytes
than A, and the enhanced R6G signals were weaker on C than
on B as the density of hotspots in C is lower than that in B in
a given area (Figure 7). Scales with further less SNR are shown
in Figure 6d,e, respectively. SNR of D (2) is smaller than that of
C (2 ~ 3), and the size of main-ridge-gap is larger in D than in
C, giving rise to a lower hotspot density and consequently lower
Raman enhancement ability for D. As SNR further decreases to

Table 1. Dimension list of the Cu scales presented in Figure 5.

Scale Window Length Window Width Ridge Width
[um]? [nm]) [nm])

A 0.68 320 200

B 1.52 500 200

C 1.80 780 285

D 2.00 650 300

E 2.12 695 220

3 Definitions of these dimensions can be found in Figure 1c. Data were averaged
from at least ten positions.

Adv. Funct. Mater. 2012, 22, 1578-1585
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Figure 7. a) Raman spectra of R6G molecules absorbed on Cu scales

described in Figure 5 and Figure 6 as SERS substrates. b) Comparison of

Raman intensities at 1650 cm™.

1, E gave the lowest Raman signals. These experimental results
are consistent with our hypothesis presented in the previous
section.

As we have demonstrated, although Lepidopterans initially
developed those light-responsive hierarchical structures for
propagation and camouflage, etc. 2622383 they could still
offer other light concerned functions aroused by the develop-
ment of state-of-the-art science and technology.***!l Based
on recently developed ideas, e.g., the “nano-antenna”,l'¥l sev-
eral high-quality artificial superstructures including nano-
rod assemblies,’”! nano-canal arrays,'! and petal-like arrayed
structures,?% etc., have been successfully fabricated to arrange
the hotspots out of the substrate plane. However, the morpho-
logical varieties of these materials would be somewhat limited
as compared with those of the metallic replicas of the nature-
designed butterfly scales. Human beings have actually been
farming some species of Lepidopterans for thousands of years.
For example, the caterpillars of Bombyx mori (silkworm) gives
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us excellent silk products. Considering many adult Lepidop-
terans have a short life cycle (in weeks), we can use their wing
scales as bio-templates for replication after their natural death.
We have also evaluated the SERS properties of a whole Cu wing
of E. mulciber without removing the original chitin-based struc-
tures (Figure S5, Supporting Information), which can be syn-
thesized within thirteen hours in an ordinary laboratory. The
lowest detection limit in either R6G or crystal violet (i.e. CV,
another widely used analyte for SERS study) concentration is
as low as 108 m. Thus, Cu SERS substrates with optimized
3D periodic structures inherited from butterfly wing scales are
mass-producible consumables for sensitive molecule-detection
by virtue of their high ability in Raman signal enhancement,
and especially, the ultra low cost as compared with their Au and
Ag counterparts for certain applications.[*2#4]

3. Conclusions

We have demonstrated the influence on the SERS properties
exerted by the rib-structures in Cu butterfly wing scales. The
pronounced Raman enhancement mainly originates from
the 3D sub-micrometer periodic rib-structures located on the
main ridges of Cu scales rather than the morphological or
size effects of Cu NPs themselves. Similar to the more floors
a building has, the more residents it can contain, more peri-
odically arranged rib-layers per unit square result in more
piled-up hotspots, leading to better SERS performance. It is
still quite difficult to efficiently generate reproducible and
mass-producible 3D sub-micrometer structures for SERS
applications, but nature has already engineered lots of such
candidates via millions of years’ selection. By further intro-
ducing the presently well-developed tuning methods to these
nature-designed 3D scaffolds, e.g., the control of NP mor-
phologies or the formation of core-shell NP structures with
multi-components,*>#’] even higher SERS properties can be
expected. This work paves the way to the optimal s cale candi-
dates out of ca. 175 000 Lepidopteran species as bio-templates
to replicate for SERS applications, and thus helps bring afford-
able SERS substrates as consumables with high sensitivity,
high reproducibility, and low cost to ordinary laboratories
across the world.

4. Experimental Section

Materials: We chose wing scales from E. mulciber, K. inachus, and
T. diores as original bio-templates to replicate. These scales were first
covered by Au NPs, which served as catalysts for the subsequent
continuous deposition of Cu. The original chitin-based textures were
finally removed by exposure to H;PO,. A general synthesis route can
be found in the literature.?l We herein set the plating time of Cu from
5 min to 25 min at an interval of 5 min to study the effects of various
sub-micrometer structures on the induced SERS properties.

Microstructural ~ Characterization: The synthesized samples were
examined using XRD on a D-max/2550 X-ray diffractometer system
(Rigaku, 35 kV, 20 mA, Cuy,), operated at a scan rate of 4° min~' and
a step size of 0.05° in 20. FESEM observation was conducted on an FEI
Quanta FEG 250 (20 kV). TEM images were recorded on an FEI Tecnai
20 (200 kV). Optical microscope observation was carried out using a
VHX-1000 stereomicroscope from Keyence.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Measurement of Raman Spectra: Raman scattering spectra were
acquired using a Renishaw inVia Raman microscope operated with a
514.5 nm Ar ion laser (beam size: ca. 2 um, using a 50x short focal
length objective). An irradiation power of approximately 2 mW (10% of
the laser power) was used to excite the samples. The integration time
was 20 s. R6G and CV were respectively dissolved into ethyl alcohol
to form solutions with various concentrations for detection. The Cu
butterfly wing scales as substrates were immersed in the corresponding
solutions for 2 h towards a sufficient molecule adsorption before SERS
measurements. All the Raman signals were acquired at least for ten
times from different spots on various Cu scale replicas.

Modeling and Simulation: A finite element method (FEM) realized
by commercial software (COMSOL 3.5a) was adopted to simulate the
distribution of electromagnetic fields in a three dimensional space.
We only computed the EM field distribution caused by the long-range
smooth structures, and ignored the roughness of the metal surface. The
models and detailed structural dimensions of two different substrates
are shown in Figure S4 and Table S1 in the Supporting Information.
The dielectric constant of air was 1 and the dielectric constant of Cu
was obtained from the literature.*¥l An incident plane electromagnetic
wave (514.5 nm) was set to propagate against the normal of the scale
surface with polarization (E-vector) in the mentioned directions. In the
calculations, initial amplitude of EM field was set to be 1.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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