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Abstract. The design, fabrication, and characterization of an upconversion-luminescence
enhancer based on a two-dimensional plasmonic crystal are described. Full-wave finite-differ-
ence time domain analysis was used for optimizing the geometrical parameters of the plasmonic
crystal for maximum plasmon activity, as signified by minimum light reflection. The optimum
design produced >20× enhancement in the average electromagnetic field intensity within a one-
micron-thick dielectric film over the plasmonic crystal. The optimized plasmonic upconverter
was fabricated and used to enhance the upconversion efficiency of sodium yttrium fluoride:
3% erbium, 17% ytterbium nanocrystals dispersed in a poly(methylmethcrylate) matrix. A
thin film of the upconversion layer, 105 nm in thickness, was spin-coated on the surface of
the plasmonic crystal, as well as on the surfaces of planar gold and bare glass, which were
used as reference samples. Compared to the sample with a planar gold back reflector, the
plasmonic crystal showed an enhancement of 3.3× for upconversion of 980-nm photons to
655-nm photons. The upconversion enhancement was 25.9× compared to the same coating
on bare glass. An absorption model was developed to assess the viability of plasmonically
enhanced upconversion for photovoltaic applications. © 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.JPE.3.035598]
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1 Introduction

Silicon (c-Si) is the most common material used in solar cells.1,2 However, the energy produced
from c-Si solar cells is expensive due to the high cost of ultrapure crystalline silicon and its
medium power conversion efficiency. Thin-film solar cells may provide more cost-effective pho-
tovoltaics in the long term due to the thin absorber layer and less stringent requirements in the
purity and crystallinity of the absorber. However, thin-film inorganic solar cells based on amor-
phous Si,3 cadmium telluride,4,5 and copper indium gallium selenide,6 and organic solar cells
based on small-molecule organic dyes7,8 and polymers9 all exhibit a large absorption loss in the
infrared spectrum as the absorption coefficient of the absorber layer vanishes beyond 800 to
900 nm. Figure 1(a) shows the loss in the number of photons (red line) and energy of sub-
bandgap photons (black line) in the AM1.5 spectrum as a function of bandgap of the photo-
voltaic material and its associated cut-off wavelength. The photon loss is normalized to the
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total number of photons in AM1.5 spectrum and energy loss is normalized to the total energy of
light in AM1.5 spectrum (100 mWcm−2).

Upconversion of low-energy photons into high-energy photons can reduce these absorption
losses and widen the absorption window of solar cells. Trupke et al. suggest that the theoretical
upper limit for the efficiency of a silicon solar cell can be enhanced from 30 to 47.6% by upcon-
version of low-energy photons into photons within the absorption band of the solar cell,10 assum-
ing complete recovery of sub-bandgap photons.

Figure 1(b) and 1(c) illustrates the possible integration of an upconversion layer into the
structure of conventional inorganic or organic thin-film solar cells. However, utilizing upcon-
version concepts in solar cells has been very challenging, mainly due to (1) the very low effi-
ciency of the upconversion process under AM1.5 illumination conditions (low-power regime),
(2) the narrowband nature of upconversion in current upconversion materials, and (3) the small
absorption coefficient of upconversion materials. This article tackles the first and the third chal-
lenges by enhancing the interaction of incident light with the upconversion nanomaterials
through plasmonic field enhancement.

A major challenge of upconversion-based solar cells is to find efficient upconversion mate-
rials. Sodium yttrium fluoride (NaYF4) nanoparticles doped with erbium (Er) as the emitter and
ytterbium (Yb) as the sensitizer is one of the most efficient upconversion materials reported to
date.11 Yb3þ ions absorb near-infrared (NIR) light at 980 nm and sequential energy-transfer
events from Yb to Er excites visible Er emission at 665 and 540 nm. The intensity of two-photon
upconversion luminescence in this material system is proportional to the square of the incident
light intensity. As a result, the efficiency of upconversion can be enhanced by concentrating
sunlight into the upconversion material. Alternatively, the evanescent field in metallic nanostruc-
tures, produced by plasmon resonance with the excitation light, can lead to formation of electro-
magnetic hot spots at the metal/dielectric interface.12–14 This property of plasmon resonance can
be utilized to enhance the efficiency of two-photon upconversion. Plasmonic nanostructures
have been explored extensively to improve the effective optical path length and absorption
of incident photons in the absorber layer of inorganic and organic solar cells.15–20 For our pur-
poses, tuning the wavelength of the plasmon resonance to that of the absorption spectrum of the
upconversion material is of great importance. Several approaches have been used for tuning the
wavelength of the surface plasmon resonance, including engineering the size of metallic nano-
particles,21 varying the thicknesses of double metallic layers,22 and varying the periodicity in
two-dimensional (2-D) lattices.23 Also, colloidal noble-metal surfaces have been used to influ-
ence the optical properties (e.g., quantum efficiency, absorbance, polarization, directional emis-
sion, excited-state lifetime) of a wide variety of luminescent materials.24–30 Metal nanostructures
can influence the optical properties of a nearby emitter through (1) amplification of the excitation
field in the vicinity of the metal surface, (2) modification of the intrinsic radiative and nonra-
diative transition rates of the phosphor, and (3) controlling emission directionality.24,25,29 The
emission rate, γem, for a simple system far from saturation is given by

γem ¼ γex ·
γrad

γrad þ γnrad
; (1)

Fig. 1 (a) Loss in the number and energy of AM1.5 solar spectrum as a function of the bandgap of
common photovoltaic materials and their associated cut-off wavelength. (b) Schematic of an
upconversion-based thin-film solar cell in a superstrate architecture. (c) Schematic of an upcon-
version-based thin-film solar cell in a substrate architecture.
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where γex is the excitation rate, γrad is the radiative rate, and γnrad is the nonradiative rate. The first
effect, amplification of the excitation electric field, E, increases the emission rate by increasing
the excitation rate, γex, according to γex ∝ jp · Ej2, where p is the transition dipole moment. The
second effect works through modification of the intrinsic radiative and nonradiative processes of
the phosphor via near-field interaction with the metal surface, thereby changing γrad and γnrad.
Luminescence is enhanced (i.e., γrad is increased) if energy transfer from the emitter to the metal
structure is re-emitted as radiation to the far field. Emission is quenched (i.e., γnrad is increased) if
the energy transferred to the metal is damped within the metal structure and lost as heat. As a
brief review of the prior art, Song et al.31 in 2005 reported a 50× enhancement of emission from
CdSe/ZnS quantum dots in the presence of surface plasmons. Surface plasmons were excited on
a surface consisting of Ag nanoparticles interconnected by an Ag film. Silva et al.32 reported an
upconversion enhancement in Er-doped PbO-GeO2 glasses containing Ag nanoparticles with an
average diameter of 2 nm. Aisaka et al.33 reported a 25× enhancement of upconversion photo-
luminescence from Er-doped Al2O3 films in the visible range and 8× in the infrared range
through plasmon resonance on Ag nanoparticles. In 2010, Schietinger et al.34 reported 3.8×
plasmon-enhanced upconversion in single NaYF4 nanoparticles codoped with Yb3þ∕Er3þ
ions. We recently demonstrated the feasibility of using engineered plasmonic surfaces to enhance
NIR-to-visible upconversion luminescence from nanocrystalline systems.35 The major focus of
that paper was the synthesis of nanoparticles and characterization of two-photon upconversion
enhancement due to an engineered plasmonic surface. This approach is attractive because the use
of engineered surfaces offers the possibility of much greater control over the location and dis-
tribution of local-field enhancement zones relative to plasmonic materials based on colloidal
metal nanostructures.

This article describes the process used to design a plasmonic upconversion enhancer using
rigorous three-dimensional finite-difference time domain (3D-FDTD) simulations, followed by
the fabrication and characterization of the enhancer. The focus of the paper is on quantifying the
plasmon-assisted upconversion mechanism, assessing the loading effect of the absorptive upcon-
version layer on the field enhancement of the plasmonic crystal, and evaluating the viability of
this approach for photovoltaic application through a rational experimental—modeling approach.
It should be noted that solar cells require a wideband absorption spectrum; therefore, a wideband
upconversion process is highly preferred. However, we have purposefully focused on upconver-
sion of 980-nm photons through NaYF4: 3% Er, 17% Yb, because the two-photon upconversion
process in this material system is the most efficient upconversion process discovered to date. The
methodology developed in this article to enhance upconversion efficiency through plasmonics
can be expanded to wideband upconversion once new materials with efficient wideband upcon-
version properties are developed.

2 Design of Gold Nanopillars for Maximum Plasmon Activity

Surface plasmons are the electromagnetic surface modes coupled with free electrons in metallic
surfaces. Plasmon activity in nanostructured metallic surfaces can be simulated by solving
Maxwell’s equation via a 3D-FDTD approach, which discretizes the time-dependent
Maxwell’s equations into space and time grids36 without using any approximation. This sim-
ulation approach can be used to study the potential efficiency enhancement of upconverters by
simulating the enhanced electric-field intensity. The theory of excitation of surface plasmons on
the 2-D gold-nanopillar arrays, and the FDTD simulation procedures used, are described in our
earlier publications.12–14 Since plasmonic resonances result in the absorbance of incident light,
maximum plasmonic activity can be associated with minimum light reflection. Therefore, in this
work, reflection simulations and measurements are utilized to study plasmonic resonance and
field enhancement in 2-D plasmonic crystals.

The plasmonic crystal described in this study is composed of a square-lattice array of gold
nanopillars on a continuous gold surface, coated with a film of poly(methylmethcrylate)
(PMMA) with a refractive index of 1.49, as shown in Fig. 2. All the reflectance and field
enhancements in this study are simulated at normal incident angle. Figure 3 shows the specular
reflectance of 980-nm light as a function of lattice period (λg in x axis) and nanopillar diameter
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(d in y axis) by the plasmonic crystals with a nanopillar height (h) of 70 nm. (The maximum
absorbance of the Yb sensitizers is at 980 nm.) The period of the nanopillars was varied from 500
to 800 nm, and the diameter of the nanopillars was varied from 200 to 500 nm. A sharp minimum
reflectance is observed for a lattice constant of 620 nm and a nanopillar diameter of 310 nm. We
expect the surface plasmons in this structure to be more selective than localized plasmons as they
involve the interaction of light with the highly ordered periodic lattice (Bloch modes). This is
because plasmon resonance in 2-D metallic plasmonic crystals originates from the interplay
between both surface plasmon polaritons (SPP) and localized plasmons. Nevertheless, in certain
geometrical regions, the SPPs may dominate the plasmonic activity, whereas, in other regimes,
localized plasmons might be the limiting mechanism. Due to the long-range propagation of
Bloch modes, SPP-limited plasmon resonance is much more sensitive to the period of the grating
compared to the resonance due to localized plasmons. Therefore, the regions most sensitive to
grating period appear to be SPP-limited, whereas regions that are relatively insensitive to the
period of the grating should be localized-plasmon-limited.

Therefore, the strong plasmonic activity around the lattice constant of 620 nm and nanopillar
diameter of 310 nm can be attributed to surface plasmons, whereas the other reduced reflectance
region, corresponding to the upper left segment of Fig. 3, is attributed to plasmon resonance
localized on the nanopillars. Based on this study and our earlier study on the geometry

Fig. 2 Top view of nanopillars in square lattice (a). Three-dimensional view of the unit cell of a
plasmonic crystal composed of cylindrical nanopillars of diameter d and spacing λg in a square
lattice (b).

Fig. 3 Specular reflectance of 980-nm incident light from plasmonic crystals with respect to the
diameter and spacing of the cylindrical gold nanopillars in square lattice. The height of the nano-
pillars is 70 nm.
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dependence of plasmonic resonance in noble metal nanopillar arrays,12–14,37 the optimum values
for d, λg, and h were chosen to be 310, 620, and 70 nm, respectively. These design parameters
should achieve the strongest plasmonic activity under 980-nm irradiation, and, hence, provide
maximum excitation-rate enhancement for the Yb sensitizers.

Figure 4(a) shows the spatial distribution of the electric-field intensity, normalized to that of
the incident 980-nm light, in the x-z plane of the unit cell at the cross-section of a gold nanopillar.
A field enhancement of over 100× is observed at the edge of the nanopillars, and a field enhance-
ment greater than 10× persists up to 300 nm throughout the majority of the volume above the top
surface of nanopillars. Figure 4(b) shows the simulated reflectance spectrum of the optimized
plasmonic crystal simulated at normal incident angle, confirming maximum plasmonic activity
at 980 nm.

3 Fabrication and Measurement Procedures

Electron-beam lithography using a Hitachi SEM S-3400N, followed by a lift-off process, was
used to make the square-lattice gold plasmonic crystal with a lattice constant of 620 nm, nano-
pillar diameter of 310 nm, and nanopillar height of 70 nm. The detailed process flow is as fol-
lows: glass substrates were cleaned using a standard RCA I cleaning procedure, followed by a
10 min hot wash. A 100-nm layer of gold was deposited on the glass substrates via a radio
frequency sputtering method. A 300-nm-thick electron-beam resist, 495PMMA polymer, 6%
solid in Anisole, was spin-coated onto the substrate at 4000 rpm for 45 s and prebaked for
1 min at 180°C. An electron-beam dose of 350 μC∕cm2 was used to expose the sample
using the square-lattice pattern designed using a Designcad pattern generator. Plasmonic crystals

Fig. 4 (a) Electric-field intensity distribution in the xy -plane around a single nanopillar when illu-
minated by 980-nm light, normal to the surface. (b) Reflectance spectrum of the optimized square-
lattice nanopillar array with a diameter of 310 nm, height of 70 nm, and period of 620 nm.
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with 100 μm × 100 μm dimensions were made at 1500× magnification. The exposed sample
was developed in methylisobutylketone/isopropyl alcohol:1∕3 solution for 25 s. A 70-nm-thick
gold film was deposited above the patterned surface via an e-beam evaporation method using a
CHA (Fremont, California) electron-beam evaporator. The e-beam resist was dissolved in PG
Remover solution for 4 h and the gold layer above the resist was lifted off during this process.
Each substrate included multiple plasmonic crystal regions, regions coated only with a planar
gold film, and regions of bare glass. For upconversion enhancement studies, plasmonic sub-
strates were spin-coated with a 105-nm thick film of PMMA impregnated with β-NaYF4:
3% Er, 17% Yb nanoparticles. These nanocrystals were synthesized according to a previously
published procedure.11 The sol containing the upconversion nanocrystals consisted of 100 mg
NaYF4: 3% Er, 17% Yb nanoparticles and 100 mg PMMA in 10 mL of chloroform and 2 mL
of toluene. Upconversion luminescence from the coated plasmonic substrate was measured using
a scanning confocal microscope from Horiba Jobin Yvon with a 980-nm diode laser. The com-
plete visible upconversion emission spectrum was acquired at each point of a 2-D grid scan over
a selected area of the substrate. The scan areas were chosen to include both patterned and
smooth-gold regions of the substrates, so the upconversion-luminescence intensity from the plas-
monic crystal could be reliably compared to that from the planar gold.

The reflection spectra from gold nanopillar regions and gold film region were measured using
a Fourier transform infrared spectroscopy (FTIR) microscope at the National Renewable Energy
Laboratory. The Continuum infrared microscope was coupled to an FTIR spectrometer (Nicolet
6700). A CaF beam splitter with white light illumination from a quartz-halogen source and an
MCT (HgCdTe) detector were used to make measurements in a microreflectance mode with a
100 μm square aperture. Spectra were acquired from an average of a minimum of 128 scans with
a system resolution of 4 cm−1.

4 Experimental Results and Analysis

Figure 5(a) shows a SEM image of a plasmonic crystal fabricated as described above. The
observed nanopillar spacing and diameter are in an excellent agreement with the targeted design
parameters (<2% error in dimensions). The height of the nanopillars was measured with an
atomic force microscope in contact mode. Figure 5(b) shows a line scan over a single row
of nanopillars. The height was measured to be approximately 70 nm, and the lattice constant
was measured as 615 nm (less than 1% difference from the designed dimension). These results

Fig. 5 (a) SEM image of gold nanopillars on a gold surface over a 100-nm gold layer created from
electron-beam lithography. (b) Topographic line scans over a row of gold nanopillars using AFM.
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demonstrate that the fabrication process provides remarkable accuracy in making designed plas-
monic crystals.

The measured reflectance spectrum of the plasmonic crystal coated with a 105-nm-thick
upconversion film is shown in Fig. 6. For comparison, Fig. 6 also includes the reflectance spec-
trum of a smooth-gold segment of the substrate. (The increased noise at the short-wavelength end
of the spectrum is a result of approaching the wavelength limit of the instrument response.)
A plasmonic resonance is observed within the wavelength window of 950 to 1050 nm, with
a reflection minimum at 998 nm. The minimum shows a 1.8% red-shift with respect to the target
wavelength (980 nm). This red-shift is minimal, however, and significant reflectance is observed
at 980 nm. Overall, excellent agreement is observed between the measured and anticipated res-
onance behavior of the fabricated plasmonic crystal, confirming the validity and effectiveness of
our design and fabrication methodology. The ability to design surfaces with a desired plasmonic
activity is a major advantage of plasmonic crystals over colloidal plasmonic nanoparticles.

Figure 7(a) shows an optical image of a targeted scan area of the sample at a bare glass/planar
gold interface. The red dots in Fig. 7(a) are the focusing marks for the optical image, and the
green dot is due to upconversion emission, indicating the location of the scanning laser beam.
Confocal upconversion images of the area in Fig. 7(a) showing the measured green (540 nm) and
red (660 nm) emission intensities are shown in Fig. 7(b) and 7(c). On average, green emission
from the smooth-gold region is 4.4× brighter than that from the bare glass. The red emission is
7.8× brighter. The major part of this upconversion enhancement is attributed to mirror effects, in
which the gold layer reflects both excitation and emission light back into the upconversion layer,
thereby increasing the effective excitation intensity as well as the fraction of collected emission.
The larger enhancement of red relative to green in Fig. 7(b) and 7(c) is due to the increased

Fig. 6 Reflectance spectra from the sample substrate coated with an upconversion layer. The red
curve is the spectrum from an adjacent smooth surface, and the dotted blue curve is the spectrum
from the patterned plasmonic surface. The increased noise at the short-wavelength end of the
spectrum is a result of approaching the wavelength limit of the instrument response.

Fig. 7 (a) Optical image of a gold/glass substrate coated with an upconversion film (NaYF4: 3%
Er, 17% Yb nanoparticles in PMMA) to be scanned using confocal microscopy. Upper area of
image is smooth gold and lower region is glass. (b) Confocal image of green upconversion
and (c) red upconversion emission intensity. The increased intensity collected from the gold
area relative to the glass is due to mirror effects of the gold.
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reflectivity of gold at red relative to green. Plasmonic activity is not expected on the smooth-gold
surface, as evidenced by the lack of structure in the reflectance spectrum (blue curve) in Fig. 6.
Note that the reflectance for smooth gold at 980 nm is close to unity.

Figure 8(a) through 8(c) is equivalent to those of 7(a) through 7(c) over a region of the sample
that includes areas of both planar gold and the plasmonic crystal. The dark-gray area in the
optical image [Fig. 8(a)] shows the plasmonic crystal, whereas the light-gray area corresponds
to the planar gold region. The entire sample is coated with an upconversion layer (105 nm thick).
Comparing the average green and red upconversion emission intensities from the planar gold and
plasmonic regions in Fig. 8(b) and 8(c), the average upconversion-luminescence enhancements
by the plasmonic surface are 3.25× and 3.30×, respectively. This significant enhancement is
confidently attributed to plasmonic activity, because the mirror effects from the plasmonic
layer are less than that from smooth gold, since smooth gold has a higher reflectance over
the wavelength range of interest. Table 1 summarizes the average upconversion enhancements
for the samples shown Figs. 7 and 8.

Combining the results of Fig. 7 with those of Fig. 8 (see Table 1), the expected emission
enhancement due to the gold plasmonic crystal with respect to that of upconversion layer on a
glass substrate would be equal to the product of emission enhancement due to the planar gold
with respect to glass times that of the plasmonic crystal with respect to planar gold. As a result,

Fig. 8 (a) Optical image of a smooth-gold/plasmonic crystal substrate coated with an upconver-
sion film (NaYF4: 3% Er, 17% Yb nanoparticles in PMMA) to be scanned using confocal micros-
copy. The left area of image is the plasmonic surface and right area is smooth gold. (b) Confocal
image of green upconversion and (c) red upconversion emission intensity. The increased intensity
collected from the plasmonic area relative to the smooth gold is attributed to plasmonic activity.

Table 1 Average upconversion emission enhancement for samples of Figs. 7 and 8.

Sample Reference sample Wavelength (nm) Upconversion enhancement ratio

Planar gold Bare glass 540 4.44

Planar gold Bare glass 655 7.85

Gold plasmonic crystal Planar gold 540 3.25

Gold plasmonic crystal Planar gold 655 3.3
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the plasmonic crystal enhances the average upconversion emission 14.4× and 25.9× at 540 and
665 nm, respectively.

The two-photon upconversion emission enhancement is directly proportional to the square of
electromagnetic-field intensity. Here we compare the observed upconversion intensity enhance-
ment with that of the electric-field enhancement obtained from FDTD simulations. The maxi-
mum simulated electric-field intensity enhancement by gold nanopillar arrays is approximately
100×. However, this enhancement was localized within a small region around the nanopillars
(see Fig. 4). The electromagnetic-field intensity, averaged over the thickness of the upconversion
layer (105 nm), is enhanced 22× and the average of E4 in the same volume is enhanced by
1824×. Nevertheless, experimental measurements show only ∼25.9× enhancement (about
70× less than predicted). While the simulation matches the experiment very well in predicting
the plasmonic resonance wavelength regime, it falls short in predicting the magnitude of the
upconversion enhancement. Part of this discrepancy might be attributed to the following:
(1) The nanoparticle film was thinner over gold nanopillars compared to the film planar
gold. This would result in overestimation of field enhancement in the simulation. (2) The actual
upconverting layer was only 105 nm thick, whereas the simulation model assumed a thick layer
(1 μm) of PMMA over the nanopillars. (3) Plane-wave excitation was assumed in the simulation,
whereas the excitation in the confocal experiment was a narrow beam focused on a 1-μm2 region.

5 Quantitative Analysis of Light-Plasmon-Nanoparticle Interaction:
Strategies to Further Enhance Upconversion Enhancement

Looking back at Eq. (1), the upconversion emission rate is directly proportional to the excitation
rate. The excitation rate (per unit volume per second) in a linear photonic material system at a
given point is equal to the product of absorption coefficient (per unit length, normally denoted by
α) times photon flux (per unit area per second) at that point. In the case of two-photon upcon-
version, a second-order nonlinear medium, the absorption coefficient itself, is function of photon
flux. In order to decouple the complexity of 3D-FDTD analysis from the complexity of a non-
linear and nonhomogenous medium, we use a narrowband effective medium approximation,
using a normalized Lorentz-Lorenz formulation, described in Ref. 38, with an effective real
refractive index of n and an effective imaginary refractive index of κ, which relates to the absorp-
tion coefficient (α) by 4πκ∕λ. For the PMMA medium dispersed with β-doped NaYF4 nano-
particles, we use an n value of 1.6.39 The κ value, however, is a function of the intensity of
the electromagnetic field. As a result, we adopt a reference imaginary refractive index value
of 4.68 × 10−5, which is reported for the low-power regime in Ref. 39, for the NaYF4: 3%
Er, 17% Yb material. For a nanoparticle/PMMA composite with a nanoparticle volumetric

Fig. 9 Sample volume simulated for absorption and reflection analysis, in which a 1-μm-thick
homogenous upconversion layer covers the surface of the gold plasmonic crystal. The plasmonic
crystal consists of cylindrical nanopillars in a square lattice with spacing of 620 nm, diameter of
310 nm, and height of 70 nm.
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ratio of 20%, the effective medium approximation leads to effective n and κ values of 1.501 and
4.6 × 10−6, respectively. We use κ0¼ 4.6 × 10−6 as the base imaginary refractive index and use a
normalization coefficient of κn such that κ ¼ κn × κ0. In this study, we sweep the κn values over a
large window to assess the interaction of light–plasmon–nanoparticle as well as the light absorp-
tion by nanoparticles and plasmonic resonance. The reference κ0 value leads to an absorption
coefficient of 6 cm−1 at 980 nm and penetration depth of 1.67 mm. Such small κ and α values
require a very thick (millimeter range) layer of upconversion material. This may not be a cost-
efficient method for implementing an upconversion layer, as this layer uses a number of rare-
earth elements in high concentration. As demonstrated in Sec. 4, field enhancement by plas-
monic resonance can enhance upconversion efficiency; however, plasmonic field enhancement
is confined to close proximity to the metal surface. We use a plasmonically enhanced upcon-
version process through nanostructured metal surfaces to assess whether efficient upconversion
can be generated from upconversion layers with a thickness of the order of 1 μm. Figure 9 shows
the structure of the volume simulated for absorption and reflection analysis, in which a 1-μm-
thick homogenous upconversion layer covers the surface of the gold photonic crystal.

Figure 10 shows the specular reflectance of 980-nm light from the structure in Fig. 9 at
normal incident angle as a function of κn (black squares). Figure 10 also shows the product
of κn and average field intensity (within the upconversion layer) normalized to the incident
field intensity (red circles). The simulations show that the excitation rate and, hence, the emission
intensity increase linearly with κn up to 1000× the κ0 values. In this regime, the upconversion is
expected to be limited by excitation rate; i.e., the absorption coefficient in this regime is so low
that the upconversion medium can be approximated by a nonabsorbing dielectric layer. For κn
values larger than 1000, however, the excitation and emission rates experience a sublinear
growth as a function of κn. This suggests that absorption by the upconversion layer damps
the field intensity. This damping effect can be seen clearly in Fig. 11(a) to 11(c), where the
field distributions are plotted for the κn values of 1, 100, and 10,000, respectively. For κn values
of 1 and 100, the field distribution is very similar to that shown in Fig. 4(a), confirming

Fig. 10 Reflectance of 980-nm light from the plasmonic sample of Fig. 9 and product of imaginary
refractive index (κn) and average field intensity versus multiples of imaginary refractive index.

Fig. 11 Normalized electric field intensity (E2) around nanopillars when nanoparticles loaded in
PMMA had (a) κn ¼ 1, (b) κn ¼ 100, and (c) κn ¼ 10;000.
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negligible light absorption by the upconversion layer. For κn ¼ 10;000 [see Fig. 11(c)], the
absorption in the upconversion layer significantly damps the plasmonic field enhancement.
This suggests that plasmon-enhanced upconversion is not an efficient approach for a strongly
absorbing upconversion medium.

Figure 12 summarizes the result of a comprehensive study on the impact of κn, which deter-
mines the amount of absorption in the upconversion layer, on the normalized magnitude of the
average field enhancement for various thicknesses of the upconversion layer. Two key obser-
vations can be made. (1) Average field enhancement over the volume of the upconversion layer is
higher for thinner films. For a 200-nm-thick effective medium layer, the average field enhance-
ment is 19.9× at κn ¼ 1, but decreased to 13.9× for a 400-nm-thick layer and 6.7× for a 1-μm-
thick layer. (2) There is almost no change in the average electric-field intensity up to κn ¼ 100

for any of the effective medium thicknesses, but a mild attenuation (about 25% decrease) begins
between κn values of 100 and 1000 and strong attenuation is observed for κn values larger than
1000. Field enhancement even falls below unity for κn values larger than 10,000.

Figure 13 shows the flow of electromagnetic power around a nanopillar in plasmon reso-
nance mode. The energy flow was calculated using Poynting vectors, the real value of
E ×H�, where the direction of arrows shows the direction of the Poynting vectors and the
color of the arrows shows the magnitude of the Poynting vectors normalized with respect to
the incident power. The arrows show that the energy flows in loops near the nanopillar and

Fig. 12 Normalized average electric field intensity (E2) versus multiples of κn. The average was
calculated for different thicknesses of the nanoparticle-PMMA effective medium.

Fig. 13 Poynting vector, ReðE × H�Þ, plot in xy -plane normalized with respect to incident power
around a single nanopillar. PMMA was a dielectric medium over the gold nanopillars.
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back and forth along the metal surface. This indicates that the surface plasmon resonance mode is
a standing wave. We use the divergence of the Poynting vector, ∇ • ReðE ×H�Þ), to determine
the excitation rate, as well as the spatial distribution of excitations, within the simulated volumes.
Figure 14(a) to 14(c) shows the spatial distribution of power absorption around nanopillars,
normalized to the thickness of the upconversion layer, for the structure of Fig. 9 with κn values
of 1, 100, and 10,000, respectively. Maximum excitation (white) occurs near the flat surfaces of
the nanopillars, indicating that power is flowing toward the nanopillar and is stored in the surface
plasmon field. The evanescent plasmon field is associated with the emission of light in the direc-
tion of plasmon field decay.29 In the dark regions, the power absorbed by the nanoparticles is
lower than the power emitted by the evanescent field. Therefore, the net divergence of the
Poynting vector is negative. Electromagnetic power is also lost due to resistance to plasmonic
oscillation in the gold layer.

Figure 15 shows the absorption in the upconversion material (proportional to the excitation
level) in the plasmonic crystal and the total absorption (sum of absorption in upconversion layer
and the plasmonic crystal) over a wide window of κn values. In these simulations, the thickness
of the upconversion layer was kept at 1 μm. The absorption of the upconversion material
increases from 6 to 11% when varying κn from 1 to 100, whereas the absorption of the plasmonic
crystal decreases from 58 to 55%. This is the regime in which upconversion efficiency benefits
most from plasmonic field enhancement, significantly reducing the required thickness of the
upconversion layer. Nevertheless, absorption by the upconversion layer in this regime is
much less than that of the plasmonic crystal. A major part of the electromagnetic energy is con-
sumed by resistive losses in this regime. It should be noted that the sum of the absorption com-
ponents in Fig. 15 and the specular reflection in Fig. 10 for corresponding κn values is less than
unity. The difference originates from the diffraction modes, scattering due to interference of
incident light with the plasmonic crystal. When κn is increased from 100 to 1000, the absorption

Fig. 14 Spatial distribution of energy absorption, −∇ • RelðE × H�Þ, around a nanopillar when the
nanopillars were covered with 1-μm-thick nanoparticles-PMMA mix medium for (a) κn ¼ 1,
(b) κn ¼ 100, and (c) κn ¼ 10;000.

Fig. 15 Normalized light absorption in upconverter, gold nanopillars, and gold surface and total
absorption versus multiples of κn .
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by the upconversion layer increases but that of the metal layer decreases, intersecting at a value
of 43% for an approximate κn value of 1000. Upon further increase in κn, the upconversion layer
absorbs the majority of the electromagnetic energy and significantly damps the plasmonic activ-
ity and, hence, the plasmonic field enhancement.

It should be noted that the κn values can be enhanced in two ways: (1) by increasing the
volume fraction of upconversion nanoparticles in PMMA and (2) by increasing the intensity
of the incident light, as κn is directly proportional to the intensity of electromagnetic field.
Overall, the simulations outlined here can provide quantitative guidelines for the design and
development of efficient upconversion layers.

6 Conclusions

2-D periodic arrays of gold nanopillars can enhance the electric-field intensity of incident 980-
nm light by 100× in close proximity to the nanopillars and 20× averaged over the volume of a
1-μm-thick dielectric layer due to surface plasmon resonance. These nanopillars showed 25.9×
enhancement of red upconversion emission spectrum in a 105-nm-thick layer of PMMA-NaYF4:
3% Er, 17% Yb. However, the uniform distribution of nanoparticles in a 1-μm-thick layer of
PMMA-NaYF4: 3% Er, 17% Yb medium could increase this figure several fold.

The 3D-FDTD simulations along with the absorption model utilized here showed that over a
1000× enhancement in upconversion of 980-nm photons is required for possible consideration of
plasmonically enhanced upconversion layer for photovoltaic application, part of which can be
achieved by increasing the concentration of nanoparticles in the PMMA matrix. We also showed
that the plasmonic upconversion enhancement becomes less efficient due to the loading effect
when a highly absorbing upconversion layer is utilized. We conclude that, while plasmon-
assisted upconversion enhancement might be used in photodetector applications, new upconver-
sion materials with wideband absorption properties are required for this method to be a prom-
ising approach for solar cell applications.
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