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T
he desire to control and manipulate
light�matter interactions at the nano-
scale has become a major scientific

interest in recent years as technology shifts
progressively toward miniaturization of op-
tical elements and operation with shorter
wavelengths of the electromagnetic spec-
trum. An essential part of nanoscale optical
design is the ability to localize electromag-
netic fields in dimensions below the diffrac-
tion limit and to harvest the resulting
enhanced field for which traditionally an-
tennas have been known.1 Ever since the
pioneering report by Ebbessen et al.2 on
extraordinary transmission of light through
periodic arrays of subwavelength holes in
thin metallic films, much effort has been
dedicated to exploring the fundamental
principles that govern the far-field proper-
ties of transmitted light through various
types of subwavelength hole arrays as well
as the enhancement of the near-field inside
each aperture.3�6 These fundamental stud-
ies have yieldedmany applications of nano-
hole arrays in areas including efficient
chemical and biological sensing7,8 and en-
hancement of nonlinear optical effects.9,10

A promising application of the high elec-
tric field localization in nanoscale structures
is to enhance the emission of low quantum

yield fluorophors.11�13 Among such rela-
tively low quantum yield emitters are up-
converting nanophosphors (UCNPs) which
have attracted much attention in recent
years due to their application in various
areas including solar cells,14�17 therapeu-
tics,18,19 and imaging.20�22 Among UCNPs,
the β-NaYF4 crystal doped with the lantha-
nide atoms of Yb3þ and Er3þ remains one of
the most efficient upconverting materials.23

However, it still suffers from relatively low
quantum yield.24 Various nanostructured
metallic substrates have been employed
for plasmonically enhanced phosphores-
cence of UCNPs including the use of colloidal
nanocrystals,25,26 arrays of fabricatedmetallic
nanostructures,27,28 and roughened metallic
surfaces.29,30 The ordered nanohole arrays
have a number of advantages: (1) they
can be reproducibly fabricated, and their
planar geometry promises device scaling
and miniaturization; (2) their optical reso-
nances can be systematically tailored
through the design of these structures;
and (3) each aperture presents a well-
defined “template” that could be tailored
to host a fixed number of UCNPs with well-
defined configurations.
Here, we report dramatic plasmonic en-

hancement of upconversion luminescence
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ABSTRACT Arrays of subwavelength holes (nanoholes) in Au films were computationally designed,

fabricated, and used as templates to localize and enhance the luminescence of upconversion nano-

phosphors (UCNPs);hexagonal phase NaYF4 doped with Yb
3þ and Er3þ. The dimensions of nanohole

Au arrays were designed to accept only a single UCNP upon particle filling and with a periodicity to be

resonant with the excitation wavelength of the upconversion. Frequency-dependent luminescence

enhancements of up to 35-fold and a concomitant shortening of the UCNP luminescence rise time were observed, consistent with simulations of

plasmonic enhancement of the UCNP absorption.
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in UCNPs by taking advantage of the enhanced elec-
tromagnetic field generated in metallic nanohole ar-
rays at resonance. Few works have been devoted to
plasmonic enhanced luminescence of molecular dyes
and lanthanide atoms using nanohole arrays. In these
studies, nanohole arrays in thick (above 100 nm) Au
films were fabricated, and the fluorescent molecules or
ions were added to the structures through processes
such as spin-casting or ion implantation.31�34 In con-
trast to previous applications of nanohole arrays, in this
work, we design relatively thin metallic layers to mini-
mize the high losses that are often associated with
apertures of the commonly used thickmetallic layers in
nanohole arrays. With this approach, we increased the
strength of the electromagnetic field that could be
harnessed to enhance the luminescence of UCNPs. To
precisely position single UCNPs inside each of the
nanohole array apertures, we have employed a “squee-
gee method”.35 This method allowed precise control
over UCNP placement, an essential element in the
design and fabrication of next generation devices.
We exploited the properties of the nanohole array
to create high intensity excitation of the individual
UCNPs positioned in each aperture and demonstrated
up to 35-fold enhancement in the UCNP luminescence.
The UCNPs used here were Yb3þ and Er3þ co-doped

β-NaYF4 nanocrystals.36 The UCNPs chosen for filling
the nanohole arrays were hexagonal prisms in mor-
phology, having two hexagonal faces with a diameter
of ∼70 nm and rectangular sides with a height
of ∼80 nm (standard deviation σ ≈ 5%). Transmission
electron microscopy (TEM) images, represented by
Figure 1a, show the UCNPs viewed along various sides
of the hexagonal prismatic nanocrystals. Under 980 nm
excitation, these UCNPs show a prominent green
emission peak at 540 nm and a weaker red emission

peak at 650 nm characteristic of sensitization by the
Yb3þ and upconverted emission from Er3þ dopants
(Supporting Information Figure S1).37

On the basis of the optical absorption and the size of
the UCNPs, the nanohole array period and aperture
diameters were designed by using COMSOL Multi-
physics simulation software and optimized experimen-
tally to give maximum field enhancement inside each
aperture and high transmission for the entire array
resonant at the 980 nm UCNP excitation wavelength
after nanocrystal filling. The resonant wavelength of
themetallicnanohole array is dependenton the sizeof the
apertures as well as the periodicity of the array and the
thickness of the metallic layer. Given the diameter of the
UCNPs, the aperture diameter wasmade to be 110 nm so
that each aperture canhost only a singleUCNP. In order to
minimize losses in the metallic film layer, the thickness of
the Au layer was designed to be ∼30 nm. Therefore, the
period of the array was optimized to be 525 nm.
The Au nanohole arrays were fabricated on transpar-

ent glass substrates, in a process depicted in Figure 1b. A
negative resist (NEB31a) was patterned using e-beam
lithography followed by thermal evaporation of the Au
layer. However, since the UCNPs were larger in dimen-
sion compared to the thickness of the Au layer and
needed to be completely placed inside the aperture to
experience maximum field enhancement, the depth of
the holes was further increased by dry etching of
the glass substrate. Therefore, a thin layer of Cr was
evaporated and used as an etch mask to avoid damag-
ing the Au layer during dry etching of the glass
substrate. The Au and Cr layers were defined by lift-
off of the negative resist. Then, 60 nm of glass was dry
etched using CHF3 chemistry. Nanohole arrays were
fabricated across areas of 2 mm � 2 mm. SEM images
of a representative Au nanohole array (Figure 1c) show

Figure 1. (a) TEM image of hexagonal prismatic NaYF4:Yb
3þ,Er3þ UCNPs that are 70 nm in diameter, 80 nm in height.

(b) Schematic of the fabrication process used to define Au nanohole arrays. (c) SEM images of the fabricated nanohole arrays
at low and (inset) high resolution. Scale bars: (a) 200 nm; (c) main, 10 μm; inset, 500 nm.
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that precise nanohole arrays were achieved over large
areas.
UCNPs were assembled into the Au nanohole arrays

by a squeegee process (Figure 2a).35 A concentrated
solution of UCNPs in hexane was placed on the sub-
strate, and a droplet of the UCNP dispersion was slowly
swept across the surface of the substrate by a cut piece
of polydimethylsiloxane (PDMS). In this method, the
meniscus of the droplet which was fixed at the edge of
the PDMS piece was dragged across the substrate. As
the meniscus moved over holes in the substrate, the
UCNPs that were at the meniscus�substrate interface
were driven into the holes. By holding the contact
angle of the droplet on the substrate at∼35� and using
a concentrated UCNP dispersion with a particle con-
centration of ∼1.6 � 1017 cm�3, we reproducibly
achieved a high filling factor of above 90%. The mask-
ing Cr layer was subsequently removed bywet etching,
which ensured the removal of any excess UCNPs that
remained on the surface of the template during the
filling process. Representative SEM images of the
resulting filled template are shown in Figure 2a and
Supporting Information Figure S2.
Optical transmission measurements were used to

characterize the plasmon resonances of empty and
UCNP-filled nanohole arrays. The empty nanohole
arrays show two major peaks in the transmission
spectrum centered at 930 and 780 nm. The transmis-
sion peak at 930 nm corresponds to the plasmonic
resonance of the entire structure, and the peak at
780 nm arises from diffraction at the metal�glass
interface. The broader and less intense resonances
measured experimentally in comparison to simulations

can be attributed to damping by electron scattering
from the Au grains in fabricated structures, which were
not taken into account in simulations. The damping
effect is notably significant in the small aperture arrays,
as the resonant peaks are sharper (Figure 2b). Theore-
tical simulations and experimental measurements in-
dicated a red shift in the transmission spectrum of the
template after filling with UCNPs. The red shift in the
spectral features partially arises from the higher refrac-
tive index of the UCNPs (∼1.4) compared to air in the
volumes occupied by UCNPs after particle insertion
into each of the apertures (Figure 2c).
It is important to note that the origin of the plas-

monic resonance in this nanohole array structure, even
though similar in nature, is somewhat different from
the arrays that have been used in Ebbessen's report
and similar experiments due to the difference in thick-
ness of themetallic layer. In nanohole arrays, where the
diameter of the holes is small compared to the thick-
ness of the metallic film, the plasmonic resonance can
be best described as excitation of surface plasmon
polaritons (SPPs) at the dielectric�metal interface by
the incident electromagnetic wave.5,6 In such struc-
tures, the periodic arrays provide the required trans-
versemomentum in order to couple the incident plane
wave to the SPP on the surface of the metallic film.
However, in the nanohole array structure used here,
the diameter of the fabricated apertures is large com-
pared to the thickness of the film. Therefore, the array is
instead best described as two intersecting arrays of
parallel Au nanostrips that are laid perpendicular to
each other forming a fishnet structure. In the presence
of an electric field, the nanostrip array perpendicular to
the electric field experiences a characteristic plasmonic

Figure 2. (a) Schematic of the squeegee process used to fill
the nanohole array with UCNPs and SEM images of the
resulting filled nanohole array. (b) Transmission spectra of
the unfilled nanohole arrays based on experimental mea-
surements (solid black) and theoretical simulation results
(dashed black) with respect to the transmission from a
30 nm layer of Au deposited on a glass substrate. (c)
Transmission spectra of the filled nanohole arrays based
on experimental measurements (solid red) and the theore-
tical simulation results (dashed red) with respect to the
transmission from a 30 nm layer of Au deposited on a glass
substrate. Scale bars: (a) main, 1 μm; inset, 500 nm.

Figure 3. (a) Intensity enhancement inside an aperture in
the nanohole array at its resonance normalizedwith respect
to a similar array made in glass. (b) Theoretical simulations
for excitation enhancement for the empty nanohole array.
(c) Theoretical simulations for quantum yield enhancement
of an arbitrary dipole placed in an aperture in the nanohole
array at resonance. (d) Theoretical simulations for total
emission enhancement of an arbitrary dipole placed in the
nanohole array when the pump wavelength is set to the
peak of the excitation enhancement.
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resonance at a frequency determined by the geomet-
rical parameters of each strip and the periodicity of the
array while the second parallel nanostrip array only acts
as a dilutemetal simply changing theDrude response of
the effective medium by shifting the plasma frequency
to lower values.38�40 Therefore, Ebbessen's approxima-
tion and equation for the prediction of transmission
peak positions breaks down and is no longer valid in our
case. As a result, we have used numerical software to
predict the peak positions and field enhancement in the
thin metal nanohole array structure used here.

RESULTS AND DISCUSSION

Simulations performed using COMSOL Multiphysics
software indicated that, at the resonance of the nano-
hole array, in the center of each aperture, the electric
field is enhanced by a factor of ∼6, and therefore, the
intensity is enhanced by a factor of ∼36 (Figure 3a). The
enhancement is greater at hot spots close to the edges of
the apertures. The total emission enhancement in fluor-
ophors is the product of both the excitation enhance-
ment and the emitter's quantum yield enhancement.
Excitation enhancement refers to the combined effect of
the higher absorption rate in Yb3þ atoms, as well as the
change in the decay rates of the excited states in Yb3þ

atoms and the intermediate state in Er3þ atoms at the
pump wavelength. These two effects work together to
increase the amount of energy that is transferred to Er3þ.
Emitter's quantumyieldenhancement, however, refers to
the change in the decay rates of Er3þ atoms at the
emission wavelength which would cause an increase in
the radiative quantum yield of the emitter atoms.
Since the nanohole array hosting the UCNPs is

resonant at the UCNPs' excitation wavelength, we
expect thatmost of the enhancementwould arise from
the frequency-dependent excitation enhancement.
Excitation enhancement simulations revealed up to a
35-fold enhancement at the UCNP absorption. To
predict the change in the emitter's quantum yield,
simulations were performed for dipoles located at
the center of the aperture and averaged over all three
directional degrees of freedom (Figure 3c). However,
since this effect is strongly distance-dependent, we
would expect that for emitters in various locations in an
aperture the quantum yield would vary somewhat. The
total emission enhancement, calculated as the product
of excitation enhancement and emitter's quantum
yield enhancement, depicted in Figure 3d, reflects a
total enhancement in UCNP emission of ∼30 due to
the excitation enhancement and changes in dipole
quantum yield of the nanophosphors.
Photoluminescence (PL) spectrawere collected from

NaYF4:Yb
3þ,Er3þ UCNPs positioned in the apertures of

Au nanohole arrays under 980 nm excitation. A bicon-
vex lens was used to focus collimated 980 nm laser
light onto a spot size of∼20 μm in diameter. In order to
accurately measure the luminescence enhancement of

UCNPs in the Au nanohole array, a similar nanohole
array with the same aperture size and periodicity was
fabricated in glass. The positive e-beam resist PMMA
was patterned by e-beam lithography, and CHF3 was
used to dry etch the SiO2 substrate, defining the
nanohole array. In the glass nanohole array, however,
the entire volume of the UCNPs was embedded in the
glass templates; therefore, a deeper oxide etching of
about 90 nm was performed. The UCNPs were posi-
tioned inside the nanohole array with the same squee-
gee method as described above. After particle filling,
the PMMA resist was dissolved using acetone, thereby
removing any possible excess particles that had re-
mained on the surface of the resist during the squee-
gee process (Supporting Information Figure S3).
Removal of excess UCNPs ensured that equal numbers
of particles were studied in the glass and Au templates,
enabling reliable comparison of the emission spectra in
the two sample geometries (Supporting Information Fig-
ures S2 and S3). The PL spectra for UCNPs localized in both
Au and glass nanohole arrays are shown in Figure 4a. We
calculated the wavelength-dependent emission enhance-
ment factor by normalizing the emission intensity of the
UCNPs in the Au nanohole arrays with respect to that for
the same motif of UCNPs in the glass nanohole array
(Figure 4b). Enhancements of up to 35-fold were mea-
sured near the prominent 540 nm emission peak of the
UCNPs. Integration of the area underneath the emission
peaks of the UCNPs, averaged over six independent
measurements from three samples, showed a 32.6-fold
increase for the 540 nm emission peak and a 34.0-fold
increase for the 650 nm peak.
Luminescence lifetime measurements performed

on UCNPs in the Au nanohole array show a consider-
able decrease in the rise time of the UCNPs in compar-
ison to the sameUCNPs in the glass nanohole array.We

Figure 4. (a) Upconversion luminescence spectra of NaYF4:
Yb3þ,Er3þUCNPs in a glass nanohole array (blue line) and in
a Au nanohole array (red line) under 980 nm excitation. (b)
Emission enhancement factor as a function of wavelength.
Upconversion luminescence (c) rise time and (d) decay time
monitoring the 540 nmemissionunder 980 nmexcitation of
UCNPs assembled in a glass nanohole array (black line) and
in a Au nanohole array (red line).
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measured a rise time of τ= 0.52ms for the UCNPs in the
nanohole array on glass, while the rise time decreased
to τ= 0.38ms for the case of enhancedUCNPs in the Au
nanohole array. This decrease in rise time of UCNPs is
consistent with plasmonic enhancement seen in fluor-
ophors, in which the enhancement in excitation intensity
accompanies a faster excitation rate in fluorophors.41

The quantum yield of UCNPs dramatically influences
the magnitudes of the emission enhancement and the
lifetime changes they experience in a plasmonic struc-
ture. Plasmonic enhancement causes both the radia-
tive and nonradiative rates to increase. In a low
quantum yieldmaterial, however, the liftetime is domi-
nated by the larger nonradiative rate and does not
show the same magnitude of change as the enhance-
ment factor which is largely a measure of the radiative
rate.25

A decrease in decay time of the UCNPs from 0.3 to
0.25 ms was also measured, which could be attributed
to an increase in the radiative rate in those emitter
atoms within each UCNP that have an optimum dis-
tance between 2 and 10 nm from the Au walls.25 The
increase in radiative rate competeswithpossible quench-
ing of the emitter, which occurs in very close proximity
of less than 2 nm between the emitter and metal layer.

However, the quenching effect cannot dominate the
process in these particles since only a very small
fraction of emitters within individual UCNPs can be in
close proximity of the metallic walls to experience
quenching. As a result, the dominant effect is the
decrease in the decay time of the emitters due to
changes in the permittivity of the space surrounding
the emitters, which results in an increase in the quan-
tum yield of the emitters.

CONCLUSION

In conclusion, we have designed and fabricated a
tunable plasmonic nanohole array resonant at the
excitation wavelength of NaYF4:Yb

3þ,Er3þ UCNPs. The
array was fabricated by means of reproducible litho-
graphical techniques and was filled by particles using
the squeegeemethod. We further studied the plasmonic
emission enhancement of UCNPs placed in these arrays
bymeans of steady-state and time-resolved PLmeasure-
ments. Luminescence enhancements of up to 35-fold
were observed which were due to the combined effects
of enhancement in the excitation of sensitizers and
increase in radiative decay rate of emitters, which is
further supported by the measured decrease in the rise
and decay times of the UCNPs in nanohole arrays.

METHODS
Nanocrystal Synthesis. Colloidal UCNPs were synthesized ac-

cording to our previous work.36 A typical protocol for the
synthesis of hexagonal phase NaYF4-based UCNPs is described
below: 5.6 mmol of NaCF3COO and 3.4 mmol of lanthanide
trifluoroacetates together with 15 mL of 1-octadecene (ODE)
and 15mL of oleic acid (OA) were added to a three-necked flask.
Themixturewas thenheated under vacuumat 120 �C for 60min
to form a transparent, yellow solution. The reaction flask was
flushed with N2 for 5 min and was then placed into a molten
NaNO3/KNO3 (1:1 mass ratio) salt bath that was stabilized at
342 �C. A large amount ofwhite smokewas produced after about
1.5 min, indicating the decomposition of metal trifluoroacetates.
After 30 min of reaction under N2 flow and vigorous magnetic
stirring, the solution was cooled by adding 15 mL of ODE. The
products were isolated by adding ethanol and centrifugation.

Nanohole Array Fabrication. The nanohole arrays were fabri-
cated on Fisher Scientific soda-lime microscope glass. Sub-
strates were first cleaned by sonication in acetone and
subsequently by oxygen plasma etching to remove organic
residue from the surface. Next, NEB31a negative e-beam resist
was spun on the substrates at 4500 rpm followed by 2 min hot
plate baking at 110 �C. The patterns were formed by e-beam
lithography using an Elionix ELS-7500EX E-beam writer with
20 pA current and 50 kV accelerating voltage. The patterned
substrates were subsequently postbaked for 4 min at 90 �C and
then developed for 30 s in MF321 developer. Next, a 7 s
descumming process was performed on the samples in an
Oxford 80þ RIE dry etching tool for 10 s with 30 sccm O2,
30 mTorr total pressure, and 100 W power. Subsequently, 5 nm
Ti adhesion layer, 30 nm of Au, and 15 nm of Cr layer were
deposited on the substrate by e-beam evaporation (PVD75 Kurt
Lesker). The lift-off process was then performed by soaking the
samples in 1165 remover at 70 �C for 30min followed by a 2min
sonication process. The underlying SiO2 on patterned samples
were subsequently etched ∼60 nm in the 80þ RIE dry etching
tool using a combination of 12 sccm of Ar and 30 sccm of CHF3

gases for 80 s. The ∼60 nm additional etching into SiO2

deepened the holes needed for nanophosphor insertion. After
the particle filling process, the Cr mask layer was removed by Cr
wet etching using standard Cr etchant (Sigma Aldrich) resulting
in nanohole arrays with UCNPs filling 90 nm deep apertures.

The nanohole array period and aperture diameters fabri-
cated by e-beam lithography were initially designed by using
COMSOL Multiphysics simulation. However, the nanohole array
resonance will experience a red shift after the filling process due
to the change in the permittivity of the aperture space filled by
UCNPs, which is hard to capture in simulations. As a result,
several sets of templates were fabricated and their aperture
diameter and periodicity were optimized such that the reso-
nance of the filled template would be at the excitation wave-
length of UCNPs (980 nm).

Structural and Optical Measurements. Transmission electron mi-
croscopy images were taken on a JEM-1400 microscope oper-
ating at 120 kV. Scanning electron microscopy was performed
on a FEI Quanta 600 ESEM operating at 5 kV. Optical absorption
spectra were recorded using a Cary 5000 UV/vis/NIR spectro-
meter. Upconversion luminescence was measured on a Fluor-
olog-3 spectrofluorometer (Jobin-Yvon) using excitation from
a 980 nm diode laser with 1.06 W power and a 0.05 W/mm2

power density. A 1 in. diameter biconvex lens with focal length
of 25.4mmwas used to focus the light on a∼20 μm spot on the
nanohole array patterned area. Photoluminescence lifetime
measurements were performed with the same 1 W, continuous
wave, 980 nm laser light source. The excitation was modulated
at 100 Hz with a Stanford Research Systems SR540 optical
chopper, and the time-dependent luminescence was collected
using a multichannel analyzer system integrated in the Fluor-
ohub of a Jobin-Yvon Fluorolog-3 spectrofluorometer, which is
a time-gated method compatible with the long lifetime of
UCNPs.

Simulations. The simulations were performed on a commer-
cial finite element method (FEM) based solver (COMSOL
Multiphysics) using a frequency domain solver. The structure
was meshed using tetrahedral mesh elements with a resolution
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between 2 and 10 nm inside the gold film and a gradually
increasingmesh size as wemove away from the gold filmwith a
maximummesh element size of 50 nm. The simulation domain
was surrounded by a perfectly matched layer (PML) to absorb
the outward propagating radiation. The permittivity of the gold
was obtained through ellipsometry measurements on gold
films deposited using the same e-beam evaporator that was
used in the fabrication of the nanohole array. The total emission
enhancement was calculated using themodel for upconversion
enhancement.42 The total emission enhancement can be split
into two parts, excitation enhancement at the pump wave-
length and quantum yield enhancement at the emission wave-
length. The excitation enhancement is directly proportional to the
fourth power of the local field enhancement by virtue of the
upconversion being a two-photon process and inversely propor-
tional to the square of the decay rate of the intermediate level in
the upconversion.42 To calculate the local field enhancement, the
structure was illuminated with a plane wave at the pump wave-
length and the local field in a hole was simulated. The transmit-
tance spectrum was also obtained using plane wave simulations.
The decay rate of the intermediate level was simulated by placing
a dipole at the location of the UCNP and calculating the power
emitted by the dipole. This power includes both the radiated
power and the power absorbed by the plasmonic structure.
According to the semiclassical approximation,43 the ratio of the
total power emittedby thedipole is proportional to the total decay
rate of a two-level system placed at the same location. The
quantum yield enhancements at the emission wavelength were
also simulated using the semiclassical approximation,43 but in this
case,wedistinguishedbetween the radiatedpower and thepower
absorbed by the plasmonic structure. The radiated power is
proportional to the radiative decay rate, whereas the absorbed
power is proportional to the quenching rate due to the plasmonic
structure. By using the intrinsic quantum yield of the UCNP at the
emissionwavelength, we could calculate the quantum yield in the
presence of the plasmonic structure.
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