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Abstract
The angle-variable tunable optical filter was strictly fabricated by two strategies of nanoimprint-coupled metal nanopatterning
with improved cost-effectiveness and accessibility. The tunable optical properties and the performances of two strategies were
experimentally examined and turned out to be well matched to numerical results. Tunable properties are obtained by three factors:
size of fabricated Ag nanodisks, incident illumination angle, and fabrication strategies. The resonant extinction peak shifts were
identified to show a large increase along with the increase in fabricated Ag disk size and increase in the incidence angle of
illumination. When comparing a fabrication strategy, it was confirmed that the sample fabricated by the strip-off method has
better stability on color changes with a consistent dependency on the incident angle. The presented strategies of fabrication are
technically viable for obtaining well-defined plasmonic nanostructures so that it has the feasibility to apply for fascinating optical
applications including display or tunable optical filters.
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Introduction

Subwavelength nanostructures exhibit a variety of light modu-
lation effects, such as light interference and diffraction.
Therefore, they present a new category of structural color to
overcome the drawbacks of both conventional absorptive pig-
ments and multilayered films with alternate refractive indexes.

Structural color designs have been achieved based on periodic
arrays of either dielectric photonic crystals [1–6] or metallic
plasmonic nanostructures [7–12]. The unique optical properties
of nanostructures originate from localized surface plasmon res-
onance (LSPR) in novel metallic nanostructures. The resonant
mode of a specific structure may be sensitively tuned to the
surrounding materials or configuration change. The tuning of
the resonance mode can be measured with different variables
and recorded to extinction, reflection, or transmission spectra
[13, 14]. In several previous researches, theoretical models have
been intensively investigated particularly to explain how the
incident angle affects the reflective color of nanostructures
[15]. These models have been widely applied for practical uses.
For instance, perfect understanding of the angle-dependent
property of nanostructures makes it feasible to design highly
accurate and efficient tunable optical filters and sensors [16, 17].

Along with the high potential of nanostructure samples, for
the commercial success of large-area nanostructure samples,
more practical and higher yields are required in the fabrication
process. A novel metal nanostructure is commonly fabricated
by a very well-known metal lift-off method [18], which re-
quires multiple process steps with relatively stricter and low-
tolerance process optimization. Therefore, researchers have
beenworking on fabricating corrugated nanostructures instead
of strict nanostructures to reduce the effort required in fabri-
cation, because corrugated nanostructures can easily be
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fabricated using the angled evaporation method [19].
However, the performance for presenting color on corrugated
structures is much inferior to that on nanostructures with strict
and sharp edges because metal-free regions can be created
while fabricating corrugated structures. Hence, the overall
transmittance through the fabricated sample diminishes with
no distinctive plasmonic resonance effect [20].

For these reasons, more efficient fabrication methods are
required to fabricate nanostructures, as they are strictly de-
signed with the specific purpose of achieving fascinating plas-
monic effects. Thus, we employed the adhesive-driven metal
transfer method coupled with nanoimprinting, which satisfies
both the needs—high accuracy and reduced process steps. The
metal transfer and strip-off methods are based on the additive
and subtractive processes, respectively. Particularly, the strip-
off method has been used to fabricate the multilayer
metamaterial deposited inside the imprinted pattern holes
and web trenches, as introduced in [21]. Both methods can
generate multiple shape configurations through their process
derivatives with affordable optimization criteria. Thus, they
have been introduced for various research purposes or as ap-
plication tools in a number of previous studies [21–24].

In this work, we attempted to fabricate nanodisks using
both methods and investigated the incident angle-variable tun-
ability of transmittance through the localized metal
nanopatterned substrate. The measured transmitted spectra
were employed to prove whether these schemes are effective
for fabricating the strict plasmonic metal nanostructures with
the distinctive angle-variable transmittance property. The
measurement scheme of angle-variable transmittance spectra
is almost similar to the reference works [20–22]. The tuning of
optical properties was experimentally confirmed by the reso-
nant peak shifts resulting from the various incident angles,
sizes, and periodicities of the fabricated nanopatterns. In ad-
dition, a numerical analysis was conducted to theoretically
support the obtained tuning transmissive optical properties.

Methods

Experiments

For both the additive metal transfer and subtractive strip-off
applied in this work, the nanoimprint master pattern is pre-
pared at the first step of the metal nanopattern fabrication.
Four different designs were implemented—150-nm, 200-
nm, 250-nm, and 400-nm hole diameter in either hexagonal
array with their pitch equal to twice its hole diameter. The
silicon master patterns for nanoimprinting were fabricated
by KrF optical lithography, followed by a properly controlled
anisotropic etching at the National Nanofab Center in
Daejeon, Korea. They were replicated in UV curable mold
resin (RM311 from Changseung Sheets Inc., Republic of

Korea) on PET film, which was followed by an anti-stiction
su r f a c e t r e a tmen t by t h e vapo r depo s i t i on o f
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-
Aldrich, St. Louis, MO, USA) to conservatively facilitate the
mold release in the later process steps. The replicated mold
with the reversed phase of pattern configuration was used
either for UV nanoimprinting followed by the metal deposi-
tion, silver in this work, onto the imprinted pattern for the
metal strip-off, or for silver deposition directly onto the repli-
cated mold for metal transfer.

Figure 1 a illustrates the metal strip-off process from the
UV nanoimprinted pattern onto the spin-coated resin
(NIL0210, MRT GmbH, Germany), whereas Fig. 1 b shows
the metal transfer process from the replicated mold pattern.
The SEM images exhibited the evidently reversed pattern pro-
file owing to the different number of replications. On the
imprinted pattern surface, a 30-nm-thick silver layer was de-
posited by the custom-made e-beam evaporator. At this stage,
the nanopatterned surface is chemically treated to minimize
the adhesion force with the abovementioned surface treatment
methods to ensure that the deposited metal layer can be
stripped off easily. The metal strip-off process follows the
previously reported optimized process condition [25].
Epoxy-based ultraviolet (UV) curable resin (NOA 61;
Norland Inc., Fort Atkinson, WI, USA) coated on a flexible
PET film was partially cured by UVexposure at an energy of
9 mJ (approximately 50% of its complete cure energy) prior to
being used as an adhesive layer. Excessive pre-curing would
lead to near solidification with diminished adhesion, whereas
insufficient UV exposure will cause complete removal of the
whole layer of the deposited silver including those in the
trench. The optimized pre-cure was expected to remove the
Ag layer only from the raised surface of the nanopatterns,
which resulted in the transferred silver layer with open-hole
regions in the adhesive layer, as depicted in Fig. S1 (c-1).
Finally, the silver disks only inside the imprinted-hole regions
remained after stripping off, as depicted in Fig. S1 (c-2).

The metal transfer process illustrated in Fig. 1 b is quite
similar to the strip-off process except for the need to control
the embedded depth of the metal and the corresponding struc-
ture configuration. A thinner adhesive layer (mrI-6000E.1,
MRT Inc., Germany, ~ 100 nm in layer thickness) compared
to that used for metal strip-off was applied because of its better
suitability and ease of making the embedded depth consistent
and improving process reliability. At mild temperatures of
approximately 40 °C, the contact press by approximately
10–20 kPa caused conformal sticky contacts with the Ag layer
on the protruded surface of the mold nanopatterns.
Subsequently, the complete UV cure and mold release created
the transferred Ag disks in the adhesive layer, as shown in Fig.
S1 (f-1), and the Ag layer inside the recessed region still
remained, as shown in Fig. 1 (f-2). Hence, Fig. S1 (c-2) and
Fig. 1 (f-2) represent patterns made by the strip-off and
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transfer process, respectively, indicated by the finalized sam-
ples on a 2-in. glass substrate. Their structural configuration
was examined by a FIB (focused ion beam) (NOVA200, FEI,
located in the National Nanofab Center), particularly for their
sidewall profiles. The measurement scheme comprised the
detector and the illumination aligned in a straight line, and
the fabricated sample held by the rotation stage located in
between them, as in [26, 27]. The angle-variable transmittance
spectroscopy was measured in the region of UV–Vis to NIR
range with a spectrophotometer (S3100, SCINCO, Republic
of Korea/U-4100, Hitachi, Japan).

Numerical Analysis

The experimental data was verified and qualitatively
discussed with the assistance of modeling and simulation
using the rigorous coupled-wave analysis (RCWA). The
wavelength-dependent optical properties for silver were taken
from the database reported by Johnson and Christy [28]. The
refractive index value of the resin was set as 1.52, as given by
the product dataset. The experimental factors, specifically the
dimensional parameters of shape and periodicity, and the size
of nanostructures were derived using scanning electron mi-
croscopy (SEM) images of the samples, and those were max-
imally incorporated into the modeling process for numerical

analysis. The formational factors, such as the size, thickness,
pattern depth, periodicity, and edge curvature, were picked up
empirically to be carefully considered in the numerical analy-
sis. The results were moderated through the Gaussian function
for clearly finding the peaks by minimizing the fluctuations in
the spectra.

Results and Discussion

The cross-sectional profiles of the samples created by the
strip-off and transfer methods were comparatively analyzed
via FIB-machined SEM for the pattern master of hole diame-
ter 150 nm to 400 nm, as presented in Fig. 1. First, the samples
obtained from the str ip-off method maintain the
nanoimprinted structure profile, apparently with the deposited
Ag layer into the recessed regions. The bright layer around the
structure skin is a 10-nm-thick Pt layer coated prior to loading
the sample into the FIB, and the deposited Ag layer remained
inside the trench. It was also confirmed that the Ag layers on
the top surface of the nanoimprinted patterns were properly
removed. On the other hand, the samples for transfer showed
different configurations, as shown in Fig. 1 b. The transferred
Ag nanodisks seemed to be slightly embedded into the adhe-
sive layer without forming the imprinted structure profile.

Fig. 1 Schematic images of fabrication process: a strip-off method and b transfer method. The fabricated structures with different diameters of Ag disks
are shown in the XZ-planar cross-sectional SEM images under the schematic images that show the fabrication process
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Therefore, the effect of the diffractive interference owing to
the phase change was minimized.

The corresponding transmittance spectroscopy was measured
at various incidence angles and the obtained data are presented in
Fig. 2 a for the strip-off sample and Fig. 2 b for the transfer
sample, both of which have 200-nm-diameter Ag disks incorpo-
rated in the array. These samples were fabricated from the
nanoimprint patternmaster with a hole diameter of 200 nm, pitch
equal to twice the diameter, and 150 nm in hole depth via either
the strip-off or the transfer method. The presenting color through
the patterned substrates at several angles, by rotating the sample
to apply the light at different incidence angles, was captured as
the image data and shown in Fig. 2. The gradual color change of
green to blue appears evidently as the angle increases and it is
proved through angle-variable transmittance spectra in Fig. 2,
when other factors such as diameter and periodicity of Ag disks
are fixed as 200 nm and 400 nm, respectively. As shown in the
spectra, the following observationsweremade. From the strip-off
method, it was observed that the plasmonic resonant peaks are
located at approximately 800 nm, but from the transfer method,
they were observed to be at approximately under 700 nm with
200-nm-diameter Ag disks array at normal incidence. The prac-
tically obtained transmittance spectra using the fabricated sam-
ples at various diameters, periodicities, and angle dependencies
are presented in Fig. S2 and Fig. S3, which represent the results
measured on the samples using the strip-off and transfermethods,
respectively. Referring to themeasurement data shown in Fig. S2
and Fig. S3, generally, the resonance peak wavelength was ob-
served to be shorter for the transfer sample by approximately
100 nm than the strip-off sample, which probably implies that
the imprinted depth affects the embedded depth of the Ag
nanodisks and subsequently the resonance extinction. Second,

the silver disk size dominantly affects the resonant peak position.
At normal illumination and zero-order optical detection, the res-
onance peakwavelength for the sample fabricated by the strip-off
method shifted from 690 to 1352 nm as the silver disk size
increased from 150 to 400 nm, whereas it increased from 576
to 1256 nm for the sample fabricated by the transfer method. The
resonance shifts were even increased when measuring at the
angled illumination. Third, the illumination angle was also prov-
en to affect the plasmonic resonance significantly, and conse-
quently, the spectral transmittance property changes. At a higher
tilted angle, the resonant peak wavelength got red-shifted, the
ratio of which depended on the silver disk size (or hole diameter)
in proportion. This is true of both the samples.Most significantly,
we confirmed that the sample fabricated by the strip-off method
has better stability on color changes with a consistent dependen-
cy on the incident angle. The sample fabricated by the transfer
method loses a clear resonance peak gradually as the incident
angle is increased. After all, the resonance peak vanishes beyond
the threshold incident angle, whereas the resonance peak is clear-
ly observed for the sample fabricated by the strip-off method.
This tendency seems to be sustained well in the strip-off sample
rather than in the transfer sample, particularlywith small disk size
samples.

To clearly understand the tendency, the amount of the res-
onant peak shifts in the transmission spectra shown in Fig. S2
and Fig. S3 is calculated and plotted in Fig. 3. The values were
obtained by subtracting the value of wavelength measured at
0° from the value of wavelength measured at the angled posi-
tion. It means that each point represents a relative resonant
wavelength position from a resonance peak position at normal
incidence. To clarify the number of peak shifts, a linear fitting
was done and plotted with solid lines. According to Fig. S2

Fig. 2 The measured angle-dependent transmittance images and spectra at the diverse incidence angles with the fabricated 200-nm-diameter Ag disks
via a strip-off and b transfer methods
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(a), the resonance peak position of the 150-nm-diameter Ag
patterns fabricated by the strip-off method is 690 nm and shifts
to 1352 nm when measured with 400-nm-diameter Ag disks.
This means that the size-driven wavelength shift is estimated
to be 662 nm at normal incidence and 1013 nm at 60° inci-
dence. The angle-dependent wavelength shifts increased from
31 up to 382 nm with the diameter of Ag disks from 150 to
400 nm, at which the optical properties are affected critically
by the silver disk size. A similar trend occurred in the transfer
samples shown in Fig. S3. The angle-dependent shifts of the
peak resonant wavelength were in the range 33–170 nm, so
that the size-driven resonant wavelength shifted from 680 nm
at normal incidence to 817 nm at 60° tilt incidence. There is a
slight difference in the angle-variable wavelength shift range
between the two process schemes. Although the qualitative
angle-variable behavior showed similar tendency, a narrower
shift range was observed for the transfer samples. This can be
explained in relation to the shorter resonant extinction wave-
length for the transfer samples than for the strip-off ones prob-
ably owing to the coupled structural property. In addition, the
transmittance at the resonant wavelength is of interest to dis-
cuss comparatively. Fig. S2 exhibited much lower extinction
transmittance at the smaller disk size, 9.2% average transmit-
tance with a 150-nm-diameter disk in the strip-off sample, and
it sustained as the disk size grew. However, the transmittance
through the transfer sample was approximately 28%, and it
became less as the disk size grew. When comparing Fig. S2
and Fig. S3, the strip-off samples seem to provide clearer and
distinctive spectral configuration than the transfer samples, in
general. To figure out its dependence on the illumination angle
for both process schemes shown in Fig. S2 and Fig. S3, the
simulation was performed to supplement the measurements.

It is of significance to analytically deduce the shift of the
resonant extinction wavelength with respect to disk size and
illumination angle and the difference between strip-off and
transfer owing to the structural configurations. In Fig. 4, the
calculated spectral data depending on the aforementioned

factors are presented: (a) is the transmittance spectra for the
strip-off samples and (b) is that for the transfer samples. The
graphs in the second column in Fig. 4 present the contoured
transmittance spectroscopy in terms of incidence angle for the
two selected sizes of Ag disks and both the process schemes,
respectively. The color bar represents the transmittance—
purple to red color variations represent 0 to 100%. The other
data obtained with the 250-nm- and 400-nm-diameter Ag
nanodisks are presented in Fig. S4. The last column in Fig. 4
shows the outcome number of peak shifts at the resonance
mode as the tilt angle increased from normal incidence accord-
ing to the calculation data. The tendencies of calculated results
match well with the measured data shown in Fig. S2 and S3,
satisfying our expectation. The size and periodicity depen-
dence of LSPR on the nanostructures has already been well
reported through previous researches even recently [29, 30]
and it should be noticed that the outcome calculation confirms
the effect well, even the slight broadening of the SP band. The
Ag disks in the strip-off samples are surrounded by resin
whereas those in the transfer samples are exposed to air.
Because the former is governed more by the higher refractive
index in the surrounding material, a longer wavelength of the
resonant peak occurred for the strip-off sample. Referring to
the SP band position obtained from the result, we could deter-
mine the relevance between the size of nanodisks and the
position of the resonance peak; as the size of Ag disks in-
creased, the resonance peak shifted to the longer wavelength
region. Furthermore, it was verified that the changes in inci-
dence angle resulted in the red shift of the SP band. The angle-
dependent red shifts could be explained by the changes in the
aspect ratio of the Ag nanodisk. In this research, incident light
was applied at various angles to the nanodisk-patterned sub-
strate. Thus, the aspect ratio of the Ag nanodisks embedded in
the resin structure varied from 1:1 to 1:2 toward the illumina-
tion direction in accordance with the incidence angle changing
from 0° to 60° as the sample was turned. Correspondingly, the
incident light travels a higher aspect ratio of the nanodisks as

Fig. 3 Obtained resonance peak shifts in transmission spectra measured
with the fabricated a strip-off sample substrates and b transfer sample
substrates when the incidence angle changes from 0° to 60°. Effects of
the diameters of the Ag nanodisks also are presented. Each point

represents a wavelength at the resonance mode, and the peak shifts in y-
axis were calculated by setting the value of wavelength measured at 0° as
reference. The linear fitted results are shown with solid lines
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the incident angle increased, which implies that the dipolar
moments of the nanodisks result in multipolar resonance. In
previous research, it was proven that the extinction peaks of
nanodisks moved to longer wavelengths for larger aspect ra-
tios [25, 31, 32]. This can explain analytically that the inci-
dence angle can cause the shift of the extinction peak wave-
length via the change of structural profile in the illumination
direction. Furthermore, the refractive index of the surrounding
material near the structure can sensitively affect the extinction
peak, and the shifts are enlarged at the higher aspect ratio of
the nanohole structure [32]. Consequently, the largest peak
shifts were found in the 400-nm-diameter Ag disks
surrounded by resin, which is fabricated by the strip-off pro-
cess. The tendency increased along with the increment of the
Ag disk size, which was presented well in the last column in
Fig. 4. The slopes of the solid lines reflect the extent to which
the optical properties are affected by the given parameters.
Similar to the measured data, all the slopes for strip-off sam-
ples are larger than those for the transfer samples under the
same conditions.

Conclusion

Two fabrication strategies based on adhesive layer–assisted
peel-off were devised to enable efficient metal nanopatterning
with improved cost-effectiveness and accessibility. The fabri-
cated nanopatterns were exploited to prove the efficiency of

strategies in fabricating a desired structure. Furthermore, the
angle-variable transmittance property was examined to vali-
date tunable optical performance and we compared the perfor-
mance based on both strategies for examining the feasibility of
the product as an angle-dependent wavelength filter. The strip-
off method produced Ag nanodisks only in the recessed re-
gions, whereas the transfer process produced silver disks em-
bedded slightly into the adhesive layer. The difference in their
structural profiles with or without the presence of the
nanoimprinted holes resulted in their corresponding complex
photonic properties. For the given test samples having four
different hole diameters, with their periodicity almost twice
of the diameters, the measured transmittance spectroscopy
data at varying incidence angles were presented along with
their counterpart numerical analysis.

The measured spectra show remarkably distinctive spectral
modes depending on the configurations of the samples, which
matched well with the numerical results. This proves that the
attempted fabrication strategies worked well to produce the
strict configurations of nanodisks. Summarizing the analysis
on the tuning performance with the measurement data, the
resonant peak wavelength clearly red-shifted with increase
in angle tilting and Ag disk size for the patterned substrates
fabricated using both strategies. The largest size-variable res-
onance peak shift was observed in the range of 817 to
1013 nm from the normal to 60° incidence angle with the
strip-off sample. The resonant peak shift achieved by the in-
cident angle and Ag disk size were also supported by the

Fig. 4 Calculated transmission spectra with a a strip-off sample and b a transfer sample depending on the following factors: (1) diameter of Ag nanodisk
and (2) incident angle. The resonance peak shifts in transmission spectra from simulation data are presented in the last column
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carried out calculated results and both results are in good
agreement. According to the calculated data with strip-off
samples, approximately 882 nm of resonance peak shift can
be achieved at 60° incidence angle by changing the disk size
from 150 to 400 nm, and up to 278 nm of resonance peak shift
can be achieved as the incidence angle varies. The resonance
peak responds to the increased effective refractive index value
owing to the presence of the imprinted structure profile and
the resin over the nanodisk array, resulting in peak shifts. The
resonant peak wavelength was found to be longer by more
than 100 nm for the strip-off sample than for the transfer
sample, which can lead us to infer that the imprinted structure
profile was affected optically by the increased effective refrac-
tive index value owing to a surrounding resin. The resonant
extinction transmittances were identified to show a larger in-
crease along with the Ag disk size proportionally for the strip-
off sample as compared to the transfer sample. The presented
strategies of fabrication are technically viable and cost-
effective with improved accessibility for obtaining a well-
defined plasmonic nanostructure, in comparison with the in-
creased number of the process steps demanded in the conven-
tional metal lift-off and adopting costly modern advanced
photolithography line-up. Hence, it can be potentially appli-
cable to fascinating optical applications including displays or
optical filters and affordable as well.
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