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Abstract. A bilayer hybrid nanoimprinting (NI) method was developed for fabricating
embedded metal nanopatterns with greater processability and improved reliability for enhanced
photoluminescence (PL) in optoelectronic devices. Bilayer hybrid NI consists of the following:
(a) spin-coating ultraviolet (UV) and thermally curable NI resists in sequence, (b) high-pressure
thermal NI and UV exposure while maintaining the stamp in a pressed position, and (c) silver
(Ag) deposition and lift-off using a thermal NI resist on the upper surface to create embedded Ag
nanoarrays. Reference samples with no Ag nanopatterns and with protruding Ag dot-shaped
nanopatterns were also fabricated for comparison. The transmittance and PL of all samples
were measured. All samples containing Ag nanopatterns exhibited improved PL compared
with reference samples with no Ag. For all pattern sizes, the samples with the embedded
Ag nanoarrays exhibited the highest PL; the relative PL enhancements compared with samples
with Ag dot-shaped nanoarrays were 32.2%, 36.1%, and 62.7% for pattern sizes of 150, 200, and
265 nm, respectively. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JNP.8.083089]
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1 Introduction

Metallic nanostructures, often referred to as metallic photonic crystals or plasmonic nanostruc-
trures, can act as light-scattering centers through plasmonic resonant excitation and outcoupling
of the incident electromagnetic field. The use of metallic nanostructures is known to improve the
coupled emissions and energy transformation efficiencies in optoelectronic devices1–4 and the
quality of sensing in sensors.5–7 New advanced nanofabrication methods have recently enabled a
wide range of other applications, including metallic conductor-based electronic devices8,9 and
metal slits in optical modulators.10–12 A protruding metal nanodot configuration has been typ-
ically achieved through high-precision microfabrication tools for lift-off13–15 and direct-ion mill-
ing16,17 of predefined patterns fabricated using nanoimprinting (NI) or soft nanolithography.
Corrugated metal nanostructures have also been considered instead of isolated metal dots for
use in optoelectronic devices.2–4,18 However, both sputtered and evaporated metal films exhibit
inherent surface roughness, and their use leads to problems such as current leakages and
resistivity increases.

Corrugated dielectric nanostructures have been used to improve emission efficiency via
enhanced out-coupling of trapped photons in the waveguide mode.19–22 However, these effi-
ciency improvements are achieved at the cost of increased leakage currents because conformally
deposited electrodes and emitters are characterized by elongated current paths and degraded
uniformity. For example, nanopatterned organic light-emitting diodes (OLEDs) with a photonic
crystal structure exhibit even lower luminous efficiencies at current densities larger than
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5 mA∕cm2; however, the efficiencies can be increased by 13% by planarization of the device
with multiple spin-coated layers of ZnO sol-gel.21 Alternatively, to reduce current leakage and
enhance light extraction, multiple spin-coated layers and physical pressing of a higher refractive
sol-gel oxide, TiO2, can be used to fill in and smooth any “pillar”-like nanostructures on the glass
substrate prior to deposition of the anode in OLED fabrication.22 In fact, if corrugated Ag nano-
structures exceed a critical height, then the increase in efficiency attributable to the Ag nano-
structures is offset by efficiency decreases attributable to a grating effect on the
electroluminescence intensity and absorption.2 Thus, the corrugated nanopattern-endowed
benefits must be balanced against effects such as light scattering and spectral absorptions.

Similar effects have been observed when plasmonic metal structures have been incorporated
into devices. Relevant previous studies have attempted to selectively infiltrate metal nanopar-
ticles directly into nanopattern holes23,24 or have used a template stripping method.25–28 For
example, the embedding of gold (Au) nanowires into an indium tin oxide anode layer was
achieved by spin coating and surface energy-driven confinement of Au nanoparticles into
the grating grooves.23 In this case, strong coupling between the waveguide mode and the plas-
mon resonance nanowire in the transverse magnetic field mode could enhance direct-current
conductivity and conferred unique optical behaviors. Furthermore, the template stripping
method, initially developed by Frey et al.,25,26 has been shown to generate the same level of
surface roughness of the embedded metal nanopattern surface as the surface of the target tem-
plate for metal deposition. Accordingly, the corrugation levels of embedded metal nanopatterns
should be optimized to achieve plasmonic resonance improvements in devices.

Prior studies as referred above have significantly contributed to the understanding of the
implications of using embedded metal nanostructures. However, in most cases, fabrication
approaches have been complicated, requiring numerous process steps and leading to a lack
of processability and reliability. In this study, a cost-effective and simple fabrication strategy
for embedding metal nanoarrays was developed. Our method is based on bilayer hybrid NI
[sequential thermal and ultraviolet (UV) NI in a single process step] followed by accessible
metal lift-off. Transmittance spectra and photoluminescence (PL) enhancements observed in
devices fabricated using our method were examined terms of the embedded nanopattern size
in comparison with corresponding metal nanodot configurations.

2 Experiments

As shown in Figs. 1(a) and 1(b), the first step of fabrication is coating with UV-curable and
thermally curable NI resists (UV cur 21, mr-I 7010E, MRT Inc., Korea). The UV resist was
partially cured prior to deposition of the thermal resist to ensure that it would not be removed
upon spin coating of the thermal resist. The UV resist was sufficiently precured to maintain its
integrity while also achieving the minimal viscoelastic properties required for molding during
the subsequent high-pressure imprinting. Because the UVand thermal NI resists had compatible
chemistry and similar solvents, they tended to mix without precuring of the UV resist. Either UV
exposure in an oxygen-free environment or vacuum plasma could be used for the precuring.

Next, hard transparent stamps with protruding pillar arrays, which were replicated from Si
master patterns, were applied in the NI step, as shown in Fig. 1(c). Three types of stamps were
applied: a hexagonal array with 150-nm diameter and 300-nm-high nanopillars, a hexagonal
array with 200-nm diameter and 250-nm-high nanopillars; and a hexagonal array with
265-nm diameter and 270-nm-high nanopillars. Their pattern periodicity was identically
twice of their diameters. The given pattern sizes were chosen to minimize the nonradiative
PL decay.27 Bilayered resists were imprinted under increasing pressures up to ∼50 bar at
150°C for 20 min in a vacuum chamber, and then subsequently exposed to a UV lamp (energy
intensity ∼35.5 mW∕cm2) for 3 min while imprinted with the stamp. The quality of the pattern
transferred to the underlying UV-curable resist was evaluated after mold release and removal of
upper thermal resist layer. The thickness of the thermal resist was optimized to more effectively
transfer the pattern to the underlying UV resist layer; the optimal thickness for the thermal resist
layer was found to be <100 nm, which could be achieved through adjustments in dilution, spin
speed, and spin time. A 25- to 30-nm layer of Ag was then evaporated onto the device using an
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in-house electron-beam evaporator, as shown in Fig. 1(d), to fill the holes on the bottom side of
the UV-cured resist layer. The Ag deposited on the tops and sidewalls of the imprinted holes on
the upper thermal resist was then easily removed along with the thermal resist in acetone under
ultrasonication for 5 min, as shown in Fig. 1(e). Thus, Ag remained only in the imprinted holes
on the UV-cured resist, thereby completing the embedded Ag nanopattern configuration.
Reference samples for comparison were made with protruding dot-shaped Ag nanopatterns.
These counterpart samples were fabricated by Ag lift-off on the predefined NI patterns
using lift-off resist and a Si-based etch mask material.15

The transmittance spectra of the embedded Ag and protruding Ag nanodot samples were
measured in the UV-visible wavelength range (NEOSYS-2000, SCINCSO Inc., Korea).
Prior to the deposition of PL layer, a 20-nm oxide layer was deposited as a spacer on both
the protruding Ag dot-shaped and embedded Ag samples to prevent quenching to eliminate
PL quenching. Pre-existing native oxide should add, which was considered to be still in the
optimum range (20 to 25 nm) of quenching-resistant thickness of oxide layer.29

The PL materials used were green-emitting tris[2-(p-tolyl)pyridine] iridium (III) [IrðmppyÞ2]
(EM Index Co., Seoul, Korea). The PL materials were dissolved in chlorobenzene, doped with
polymethymethacrylate (PMMA), and spin-coated onto the oxide layer on the sample substrates. It
was baked on a hotplate at 80°C for 20 min. The PL spectrum of IrðppyÞ3 complexes-doped
PMMA films showed the excitation peak at 370-nm wavelength. The PL spectra were measured
using a Hitachi F-4500 fluorescence (Tokyo, Japan) spectrophotometer focused at green emission
to compare the different Ag configurations and to investigate the size dependence in combination
with the transmittance spectra. The solid-state emission measurements were carried out by using
each film supported on a quartz substrate that was mounted with front-face excitation at an angle of
<45 deg. Each emitting film was excited with several portions of visible light from a xenon lamp.

3 Results and Discussion

Scanning electron microscopy (SEM) was used to obtain images of the fabrication process. The
SEM images of the embedded Ag nanoarrays presented in Figs. 2(a) and 2(b) correspond to the
process step shown in Fig. 1(c), and the Ag deposition and lift-off step depicted in Fig. 1(d),
respectively. As shown in Fig. 2(b), and as a result of the resist thickness optimization experi-
ments, high-pressure NI on the top surface of the UV curable resist formed imprinted holes
∼30 nm in depth on the underlying thermal resist. This depth was sufficient for embedding
the evaporated Ag in the subsequent process step. The SEM images of the embedded Ag

Fig. 1 Schematic diagram of the bilayer hybrid nanoimprint (NI) process for fabricating embedded
metal nanopatterns. The process consists of (a) coating the substrate with an ultraviolet
(UV)-curable resist, (b) coating the substrate with a thermal NI resist, (c) thermal NI followed
by UV exposure, (d) evaporation of Ag, and (e) lift-off of Ag metal and thermal NI resist.
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Fig. 2 Scanning electron microscopy (SEM) images of the bilayer hybrid NI process correspond-
ing to (a) the thermal NI and UV exposure step depicted in Figs. 1(c) and 1(b) the Ag evaporation
step depicted in Fig. 1(d).

Fig. 3 The SEM images of Ag hexagonal nanoarrays (a) protruding dot-shaped Ag nanopattern
with 200-nm-diameter structures, and (b)–(d) the embedded configuration with 150-, 200-, and
265-nm-diameter structures, respectively.
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nanoarrays fabricated for three hole diameters (150, 200, and 265 nm) are presented in
Figs. 3(b)–3(d). The SEM image of a 200-nm-diameter protruding dot-shaped Ag nanoarray,
which was fabricated using metal lift-off assisted with a Si-based etch mask material and
lift-off resist to minimize the rabbit-ear side profile for the comparative study, is shown in
Fig. 3(a).

Figures 4(a) and 4(b) present atomic force microscopy (AFM) images of the Ag nanoarrays
with feature diameters greater than 150 nm. Figures 4(a) and 4(b) correspond to the nanoarrays
depicted in Figs. 3(c) and 3(d) above, respectively. An AFM image of the 150-nm nanoarray
[corresponding to the SEM image in Fig. 3(b)] is excluded because inaccurate measurement
deviations associated with the AFM tip size were observed for this specimen. The AFM images
for the 200- and 265-nm nanoarrays were qualitatively well matched to the SEM images. The
structures exhibited clear but slightly exaggerated profiles with pronounced edge waviness
around the imprinted holes. The stretched waviness of the imprinted hole surfaces on the
UV-cured resist and the ball-shaped silver dots inside the holes are expected to reduce the cor-
rugation period roughly by half, so-called the reduced pseudo-periodicity resulting from the
deformed pattern profile. In addition, the features in the embedded Ag nanoarrays were projected
more distinctly in the AFM images than in the SEM images because of scanning inaccuracy and
interface tolerances.

The different Ag nanoarray configurations resulted in different optical performance. Figure 5
shows the dependence of transmittance on the feature size for two given Ag surface configu-
rations. The transmittance fluctuated more in the protruding Ag nanodot-shaped samples
[Fig. 5(a)] than in the bilayer-imprinted embedded Ag nanoarray samples [Fig. 5(b)]. For
both shapes, the plasmonic peak wavelength was red shifted as the feature size increased. It
moved from 700 to 1050 nm in wavelength as the dot size increased from 150 to 265 nm.
Transmittances at the plasmonic extinction peak wavelength were greater for the embedded

Fig. 4 Atomic force microscopy profile images of embedded Ag nanoarrays with (a) 200- and
(b) 265-nm-diameter structures.

Fig. 5 Transmittance spectra of Ag nanoarrays with 150-, 200-, and 265-nm configurations:
(a) dot-shaped protruding Ag nanoarrays and (b) embedded Ag nanoarrays fabricated using
bilayer hybrid NI.
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Ag nanoarray than for the Ag dot-shaped nanoarray; the transmittance values were 15.7% and
5.7% for the Ag dot-shaped nanoarray with 150- and 265-nm features, respectively, and 44.1%
and 72% for the embedded Ag nanoarray with 150- and 265-nm features, respectively. Blue
shifts of the plasmonic extinction peak wavelength were observed in all of the embedded
Ag nanoarray samples for all pattern sizes. The blue shifts were attributed to the somewhat
wavy edge profiles between the imprinted holes and the silver inclusions, different materials
between the silver patterns, and more effective higher order diffractions that were not picked
up by our measurement scheme. However, scattering effects, particularly back-scattering,
seem to dominate the plasmonic extinctions obtained for the dot-shaped configurations
[Fig. 5(a)]; thus, it was conversely inferred that the decreased transmittance observed in the
embedded Ag configuration could be attributed to plasmonic absorptions [Fig. 5(b)].

The PL measurements as a function of configuration and pattern size are summarized in Fig. 6.
The structural configuration remarkably influenced the PL. For green-emitting PL materials, the
enhancement factor increased with the pattern size for the embedded Ag nanopattern samples
[Fig. 6(a)], although slight spectral mismatches still existed. Compared with the reference sample
with no Ag, the PL enhancements at an emitting wavelength of 510 nm were 38.6%, 55.4%, and
88.0% for nanoarrays with 150-, 200-, and 265-nm features, respectively. The embedded Ag nano-
array configurations exhibited even larger PL enhancements than the dot-shaped Ag nanoarrays for
all pattern sizes, as shown in Figs. 6(b)–6(d). The 150-nm dot-shaped Ag nanoarray resulted in a
4.8% enhancement compared with the reference sample with no Ag, whereas its embedded Ag
counterpart exhibited an enhancement of 38.6%, which corresponds to a relative PL enhancement
over the dot-shaped Ag nanoarray of ∼32.2%. The PL enhancements of the dot-shaped Ag nano-
arrays were 36.1% and 62.7% for the pattern sizes of 200 nm and 265 m, respectively, which even
increased up to 55.4% and 88.0% for their counterpart embedded Ag configurations with the
relative PL enhancement ratios of 14.2% and 15.6%, respectively.

Fig. 6 Photoluminescence (PL) enhancements with green-emitting PL materials [IrðmppyÞ3] on
SiOx-deposited silver-nanopatterned glass subtrates: (a) the dependence of PL on the size of
the embedded Ag nanoarray, and (b)–(d) comparisons of protruding dot-shaped Ag nanoarrays
(200-nm diameter) and embedded Ag nanoarrays with diameters of 150, 200, and 265 nm,
respectively.
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The larger PL enhancements for the Ag-embedded nanoarrays could be partially attributed to
decreased scattering loss observed in the transmittance measurements (Fig. 5), which might
result in a plasmonic field-driven increase in photon absorption in the PL layer. However,
the observed transmittance differences between the embedded and the dot shapes are trivial
for all the given pattern sizes in PL at the excitation wavelength of 510 nm. Hence, this
would not fully explain the much higher relative PL enhancements of the embedded Ag nano-
arrays. Thus, other phenomena must have also occurred. Higher order diffractive scattering
would have also caused more photons to be absorbed in the PL layer, which would have con-
tributed to an increase in PL for the embedded Ag nanoarrays compared with their counterpart
dot-shaped Ag nanoarrays, but this phenomenon was not detected in the transmittance measure-
ments. Instead, the blue shifted extinction peak wavelength may have more directly influenced
the relative PL improvements, facilitating the plasmonic resonance matching condition and
subsequently its near-field coupling to PL. At near the PL emitting wavelength, the surface plas-
monic field energy can be resonantly out-coupled to facilitate PL emissions through repetitive
charge generations and photon absorptions caused by the field intensification,30,31 and also the
embedded Ag nanopatterns may have scattered more of the near-field luminescence that would
have otherwise been trapped in the waveguide mode.

The increased photon absorptions and near-field plasmonic coupling efficiency would be the
major causes of the larger PL improvements for the embedded Ag configurations. The decreased
scattering loss, increased higher order diffractions, and blue shifting of the peak wavelength were
the most likely underlying related factors leading to the PL improvements. These effects were
more pronounced when Ag nanoarrays were embedded instead of protruding. The present study
was focused on the development of a new fabrication strategy for embedded Ag nanopatterns
and the exploration of their enhancement of plasmonic PL. Additional fundamental studies
aimed at better understanding the enhancement physics are suggested.

4 Conclusion

A bilayer hybrid NI method followed by silver lift-off was developed for the fabrication of
embedded Ag nanoarrays. In addition, the improved plasmonic-coupling effectiveness of
embedded Ag nanoarrays was investigated through PL measurements in comparison with refer-
ence samples with no silver and their counterpart protruding dot-shaped Ag nanoarray configu-
rations. The process was characterized by imprinting of the bilayer-deposited resist system
(including UV-curable and thermally curable resists), leaving the imprinted holes on the under-
lying UV resist available for subsequent Ag deposition. The top surface of the thermal resist
acted as a buffer layer for imprint pattern transfer to the underlying UV-curable resist and as
a sacrificial layer for subsequent metal lift-off. As an additional benefit, the Ag trapped in
the imprinted holes was more resistive to a swirling lift-off process using a wet chemical
bath than to conventional lift-off.

Transmittance and PL were measured for the embedded Ag nanoarrays and protruding Ag
dot-shaped nanoarrays with three different feature diameters as well as for reference samples
with no Ag. The plasmonic peak wavelength was blue shifted, and the scattering loss was
lower for the embedded Ag configuration than for the protruding Ag dot-shaped configuration.
PL enhancements compared with reference samples were observed for all samples containing Ag
nanoarrays; the observed enhancements were greater for the embedded Ag nanoarrays than for
the Ag dot-shaped nanoarrays. Relative PL enhancements of embedded Ag nanoarrays com-
pared with Ag dot-shaped nanoarrays were 32.2%, 14.2%, and 15.6% for 150-, 200-, and
265-nm pattern sizes, respectively. The largest relative PL enhancement for 150 nm can be
explained in a point of the spectral matching between the plasmonic extinction and the emitting
wavelength of the given green PL material. The gap between plasmonic extinction wavelength
and the emitting wavelength (510 nm) seems to be quite critical. It is smaller in the embedded
ones than in the dot-shaped ones. It reduced from 190 to 40 nm in the diameter of 150 nm, from
910 to 110 nm for 200 nm, and from 1050 to 710 nm for 265 nm. Hence, its highest rate (78.9%)
occurred for 150-nm pattern size, which probably leaded to the largest relative PL enhancement.
The effects of the metal nanostructure size on PL intensity have been investigated in Ref. 32.
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The PL enhancements were evaluated using transmittance spectra and discussed from the
view point of effective plasmonic near-field coupling efficiency and scatter-driven photon
absorption in PL layer. The embedded configuration was the most effective for extracting
the PL excitations and reducing the scattering loss. This study focused on presenting a new
fabrication method for fabrication of embedded Ag nanopatterns and exploration of their
enhancement of plasmonic PL. The presented bilayer hybrid NI method is simple and minimized
the process steps required for fabricating embedded Ag nanopatterns.
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