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1. Introduction

Photon upconversion (UC) is a process in 
which at least two photons of low energy 
are absorbed and a single photon with 
higher energy is emitted. The ability to 
convert light from the near-infrared (NIR) 
to the visible spectral region opens new 
possibilities to overcome current limita-
tions in solar energy,[1,2] and to enable 
autofluorescence-free biosensing and 
-imaging,[3–5] temperature sensing (nano-
thermometry),[6] and nanoscale electric 
field sensing.[7] Trivalent erbium (Er3+)-
doped crystals are widely used for photon 
UC as they exhibit ladder-like separated 
energy levels[8] lying within the near-
infrared biological excitation windows and 
which are accessible with commercially 
available excitation sources.

However, lanthanide ions such as 
Er3+ have a comparably small absorption 
cross-section[9] which results in a poor 
brightness and hence small signals under 
near-infrared excitation.[10] Particularly for 
excitation in the first biological window 
(700–950 nm),[11] the Er3+ absorption cross-

section is so small such that they are often integrated in a host 
crystal which is codoped with another rare earth ion with a 
larger absorption cross-section such as trivalent ytterbium as 
sensitizer. By contrast, for excitation around 1550 nm – a wave-
length regime that is of particular interest in the application 
areas of telecommunication, biology, and photovoltaics – Er3+ 
is the material of choice which can be directly excited, avoiding 
the necessity of a codoping material.

In every case, photon UC is a nonlinear optical process and 
its efficiency critically depends on excitation power density 
(Pexc). A nowadays widely discussed approach to increase the 
UC efficiency is to harvest the strongly enhanced near fields 
in the vicinity of dielectric or plasmonic nanostructures. For 
photon UC with lanthanide-doped materials, several studies 
have been published demonstrating more than two orders 
of magnitude enhanced photon UC upon excitation around 
980  nm using plasmonic[12] or dielectric[7,13–16] structures. Par-
ticularly, Liang et al. set a benchmark by the demonstration 
of five orders of magnitude enhanced UC using a dielectric 
superlensing array on large areas up to 50  cm2.[16] Regarding 
UC upon excitation in the 1500  nm regime, there exist few 
pioneering studies reporting on enhanced photon UC by 
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(nano)concentration of light.[17–20] However, these works suffer 
from limited enhancement values[17,19,20] or employ small-scale 
plasmonic nanostructures,[18] severely restricting its practi-
cability in photovoltaics and the bioassay technology. On the 
other hand, dielectric metasurfaces have recently attracted great 
attention due to their opportunity for low dissipative losses, 
large resonant enhancement of electromagnetic near fields,[21] 
and applicability on larger area.[22]

Here, we show enhanced UC luminescence emission of 
NaYF4:Er3+ nanoparticles (NPs) deposited onto a large-area 
(25 cm2) dielectric silicon metasurface fabricated by soft-nano-
imprint lithography and thin-film deposition techniques. We 
demonstrate more than three orders of magnitude enhanced 
UC luminescence emission upon 1550  nm laser excitation at 
distinct incident angles. Optical simulations allow to attribute 
the UC luminescence enhancement by the coupling of metas-
urface resonances with the 1550 nm laser excitation beam. Fur-
thermore, UC dynamics on the silicon metasurface are inves-
tigated by means of excitation-power-dependent luminescence 
emission and ratios of the red-to-green emission intensities, 
allowing to estimate the strength of nanoscale electromagnetic 
near fields.

2. Results and Discussion

Oleate-capped NaYF4:Er3+ NPs were synthesized using 
thermal decomposition by choosing reaction conditions that 
favor the formation of larger particles.[23] As revealed by the 
transmission electron microscopy (TEM) images in Figure 1, 
the synthesized NPs are nanoplates with an average size of 
130 nm × 60  nm. The elemental composition of the NPs 
was determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES)  showing Y3+ and Er3+  contents 
provided in percentage of the total amount of lanthanides of 
(74.2 ± 1.3) mol% and (25.8 ± 1.5) mol%, respectively. This Er3+ 
doping level was chosen as a starting point for several reasons: 
concentrations in this range have been proposed for solar 
cell applications.[2,24] It has also been demonstrated that the 
strength of cross-relaxations is acceptable within this concen-
tration range[25,26] and that the absorption cross-section of the 
particles is not limiting to the experiments. There is of course 
a trade-off between these two effects. The radiative electronic 

transitions of the β-NaYF4:Er3+ nanocrystals corresponding to 
distinct UC emission peaks are indicated by comparison with 
the literature in Figure 1b.[26,27] The luminescence emission of 
the β-NaYF4:Er3+ NPs, from 350 to 1020  nm, in cyclohexane 
solution is shown in Figure  1c. The spectral data were col-
lected for a continuous wave laser excitation with a power den-
sity of Pexc = 52 W cm−2 and λexc = 1551 nm. A photograph of 
the luminescence emission in a 1 mm thick cuvette that has 
been placed inside an integrating sphere is shown in the inset 
of Figure 1c.

The geometrical design of the photon UC system is illus-
trated in Figure  2a. In order to quantify the metasurface-
induced UC luminescence enhancement, the emission inten-
sities of NaYF4:Er3+ NPs on metasurface and on a planar part 
of the silicon film are compared. The excitation beam is tilted 
along one of the metasurface high-symmetry directions Γ–K 
or Γ–M (see inset). The silicon metasurface is designed as a 
hexagonal nanohole array with lattice constant p  = 1000  nm, 
hole diameter d  = 400  nm, and layer thickness of t  = 53  nm. 
A scanning electron microscopy (SEM) image of the produced 
silicon metasurface is shown in Figure  2b. The β-NaYF4:Er3+ 
NPs are deposited on the metasurface via drop-casting to form 
a layer with an average thickness of 660 nm. A top view SEM 
image of the β-NaYF4:Er3+ NPs on the metasurface is shown 
in Figure  2c. A cross-section SEM image of the β-NaYF4:Er3+ 
NPs on the silicon metasurface is depicted in Figure 2d. More 
details regarding the silicon metasurface production on nano-
imprinted glass can be found in Figures S1 and S2 (Supporting 
Information) and in ref. [28].

Angularly resolved luminescence measurements (see 
Figure S3 in the Supporting Information) were performed 
under laser excitation with both, transverse-electric (TE)- and 
transverse-magnetic (TM)-polarized light, with λexc  = 1551  nm 
at Pexc = 30 W cm−2. The angular dependence of the UC lumi-
nescence emission in Figure  3a is obtained by sweeping the 
angle of incidence (AoI) from 0° to 40° along the Γ → M high 
symmetry direction of the metasurface. For each measurement 
point, the whole emission spectrum (as shown in Figure  1c) 
is integrated from 350 to 1020  nm. The integrated emission 
exhibits three distinct peaks at AoI = 8° ± 1° and 18° ± 1° under 
the TE-polarized excitation (orange shaded horizontal lines) 
and AoI  = 26°  ±  1° for TM-polarized excitation (blue shaded 
horizontal lines) in Figure 3a.
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Figure 1. Properties of the hexagonal β-NaYF4:Er3+ nanoparticles (NPs) in solution. a) TEM image of the β-NaYF4:Er3+ upconversion (UC) NPs with the 
inset illustrating the dimensions. b) Energy level diagram of the UC NPs with radiative transitions between the electronic levels of the Er3+ indicated. 
c) Typical UC luminescence emission spectrum of the UC NPs in cyclohexane solution. The inset shows a photographic image of the NP/cyclohexane 
solution in 1 mm thick cuvette placed inside an integrating sphere upon 1550 nm laser excitation.
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To elucidate the origin of the enhanced UC emission at dis-
tinct AoIs, we studied the so-called leaky modes of the silicon 
metasurface. Leaky modes of metasurfaces are resonances, 
which can couple with external radiation and can be excited by 
choosing an appropriate combination of angle of incidence AoI 
and excitation wavelength λexc. These modes are often associ-
ated with strongly enhanced near fields on the metasurface[29] 
and can increase the number of absorbed photons in the 
β-NaYF4:Er3+ NP layer considerably. Coupling with leaky modes 
often shows up as resonant features in optical transmittance 
or reflectance measurements.[30] Here, the angularly resolved 
reflectance measurement (ARRM) method is employed (see 
Figure S3 in the Supporting Information). The ARRMs of the 
β-NaYF4:Er3+-NP-coated silicon metasurface reveal the spectral 
dispersion of the leaky modes, which are the dark and light 

resonant patterns in Figure 3b, spanning the NIR region from 
1400 to 1700  nm under rotation along the Γ  → M high sym-
metry direction for TE (left)- and TM (right)-polarized light. 
The presence of the resonant features at 1551 nm excitation can 
be traced by the orange and blue shaded vertical lines. It can 
be clearly seen that the peaks of the integrated UC emission 
of β-NaYF4:Er3+ correspond to the same AoIs where resonant 
features occur in the ARRM for λexc = 1551 nm. An ARRM on 
a bare silicon metasurface without UC NP layer is shown in 
Figure S4 (Supporting Information). Here, the resonant fea-
tures are slightly shifted toward shorter wavelengths due to the 
lack of the UC NP layer.

To obtain a better understanding of the origin of the lumi-
nescence enhancement of β-NaYF4:Er3+ NPs on the metasur-
face and expand the understanding of our experimental results, 
ARRM spectra of β-NaYF4:Er3+ NPs on a silicon metasurface 
were also simulated using the finite-element method. The 
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Figure 2. Photon UC system designed to convert near-infrared (1550 nm) 
to visible light. a) Schematic of the UC system comprised of a silicon 
metasurface covered with a β-NaYF4:Er3+ NP layer as well as geometrical 
details of the experimental setup designed for UC enhancement inves-
tigation. b) Scanning electron microscopy (SEM) image of the uncov-
ered silicon metasurface, taken at viewing angle 30°. c) Top view on the 
β-NaYF4:Er3+ NP layer on metasurface. d) SEM cross-section image of 
a 660 nm thick β-NaYF4:Er3+ NP layer covering the silicon metasurface, 
respectively. The planar appearance on top of the NP layer can be regarded 
as an artefact due to charging effects during the SEM measurements.

Figure 3. Correlation between enhanced upconversion emission and 
excitation of metasurface resonances. a) Integrated UC emission (350–
1020 nm) from β-NaYF4:Er3+ NPs on silicon metasurface as function of 
the angle of incidence (AoI) for rotation in Γ → M high symmetry direc-
tion using TE (left)- and TM (right)-polarized 1551 nm radiation for exci-
tation (Pexc = 30 W cm−2). b) Experimentally measured and c) simulated 
reflectance of the β-NaYF4:Er3+ NP/silicon metasurface system. The color 
bar ranges from 15% to 50% for a better visibility in case of (b) and from 
0 to 1 in case of (c). d) Calculated enhancement of the electrical near-field 
energy inside the β-NaYF4:Er3+ NP layer volume (compared to the respec-
tive electric field energy in the same volume in free space). White dashed 
lines represent laser excitation wavelength at 1551 nm, while orange and 
blue shaded white lines represent the angle of incidences where the lumi-
nescence emission maxima are observed.



www.advancedsciencenews.com www.advopticalmat.de

2101285 (4 of 9) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

presence of the two leaky TE modes and one TM leaky mode 
interacting with 1551  nm excitation is shown in Figure  3c. 
An excellent agreement of the spectral position of reso-
nances in reflectance in experiment (Figure  3b) and simula-
tion (Figure  3c) can be observed. Furthermore, angularly and 
spectrally resolved near fields on the silicon metasurface were 
calculated (Figure  3d). The electric field energy enhancement 
is defined by the total electrical field energy integrated over 
the volume of the β-NaYF4:Er3+ layer on the silicon metasur-
face, divided by the respective electric field energy in the same 
volume in free space. Electric field energy enhancement values 
of up to 1000 are obtained by simulation, which are similar to 
values presented in the literature,[7,29,31] and are in agreement 
with the spectral and angular positions of the leaky modes of 
the silicon metasurface. For TM-polarized light at AoI around 
15°, a weak additional feature is observed for both measured 
integrated UC and ARRM. We attribute this small discrepancy 
between experiment and simulations to a weak contribution of 
the Γ  →  K high symmetry direction caused by a slight diso-
rientation of the metasurface imprinting process. Considering 
the overall agreement of angular positions exhibiting enhanced 
UC emission (Figure 3a), resonant features in the experimental 
(Figure  3b) and simulated (Figure  3c) reflectance, and simu-
lated enhanced near fields (Figure  3d) strongly indicate that 
the increase of the UC luminescence of β-NaYF4:Er3+ NPs on 
silicon metasurface is attributed to the excitation of leaky meta-
surface modes associated with strong near fields.

A detailed analysis of the simulated electric field distribu-
tion of the specific resonance associated with the strongest 
UC emission for excitation with TE-polarized light and AoI = 
7.3° is illustrated in Figure 4. It shows the spatial distribution 
of the electric field energy we normalized to the electric field 
energy in the same volume for the incident wave in vacuum 

e
0w  (detailed equations to calculate e

0w  and we can be found in 
the Supporting Information). The cross-sectional x–z- and y–z-
planes shown in Figure 4b,c indicate that these enhanced near 
fields leak out of the silicon metasurface by about 200–300 nm. 
Hence, no more than half of the UC NP layer volume experi-
ences enhanced electric fields. The distribution in the x–y-plane 
(Figure 4a) shows a pattern with close to the sixfold symmetry 
of the lattice. From all the three resonances that can be excited 
with 1551 nm light, this specific resonance exhibits the smallest 
full width at half maximum (see Figure S5 in the Supporting 
Information) and hence a higher quality factor and a higher 

buildup of localized energy. The electric field energy density 
plots of the other two resonances occurring at 1551 excitation 
(TE with AoI = 16.7°; TM with AoI = 27.2°) can be found in 
Figure S6 (Supporting Information).

Further examination of the near-field effects on the UC 
process was investigated by Pexc-dependent measurements. 
β-NaYF4:Er3+-NP-coated silicon metasurface and planar silicon 
reference were excited at AoI = 8°, where a leaky mode of sil-
icon metasurface exists at 1550 nm. The Pexc dependence of the 
UC emission is expressed by a so-called power law[32]

log ·log constexc∝ +I n P  (1)

where I is the UC emission intensity. The value of n is 
equal to the slope of a linear fit to the data of I versus Pexc 
on a double-logarithmic scale. In the limit of low Pexc and 
low concentration of Er3+ (i.e., less than 1%), the value for n 
approaches the number of photons involved in the excitation 
process. The Pexc dependence of UC emission in double-loga-
rithmical representation based on the 4I11/2 → 4I15/2 transition 
(978  nm) and 4F9/2  →4I15/2 transition (654  nm) is shown in 
Figure S7 (Supporting Information). Figure  5a,b depicts the 
slope factors n extracted from these power-dependent data by 
differentiating Equation (1). It is expected that energy transfer 
is an important upconversion mechanism for materials doped 
with 26% Er3+[33] as utilized in this study. The excitation power 
dependence of the energy transfer upconversion (ETU) under 
low excitation intensities can be described by Equation  (1). 
The slope factors of the 978  nm (4I11/2  →  4I15/2) and 654  nm 
(4F9/2 →  4I15/2) transitions approach values of around 2 and 3 
at low excitation intensities, respectively, indicating two and 
three photons involved for UC. As we do not see significant 
blue and ultraviolet emission, we regard the impact of popu-
lated high energy levels and the corresponding cross-relaxa-
tion processes that are known to populate the red (654  nm) 
transition (4F9/2 →4I15/2)[33] as negligible for both, using a sil-
icon metasurface and a planar silicon reference, in the range 
of our experimental conditions. With increasing Pexc, however, 
the slope factors quickly decrease to 0.5 and 1 in case of 978 
and 654  nm emissions, respectively, which is in accordance 
with the work by Pollnau et al. from 2000:[32] the slope factors 
for ETU when the transition includes the ground state result 
in n = 0.5 for 978 nm emission and n = 1 for the next higher 
level, with increasing excitation intensity.

Adv. Optical Mater. 2021, 2101285

Figure 4. The logarithm of the electric field energy density in cross-sectional planes of the simulated hexagonal unit cell of the metasurface for TE-
polarized light incident with an angle of 7.3° at 1551 nm. a) The x–y-plane is evaluated at z = 1 nm above the silicon surface. The b) x–z- and c) y–z-
planes are evaluated at y = 0 and x = 0, respectively. In part (b), the materials of the sample – UC NP, silicon (Si), and glass – are indicated. we and e

0w  
designate the electric field energies in a given region and in the same volume for the incident wave in vacuum, respectively.
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Interestingly, the dependency of the slope factor n of the 
978 nm emission on Pexc (Figure 5a) for both the silicon meta-
surface and planar silicon reference has a similar shape, occur-
ring at different values of Pexc. Hence, starting with a silicon 
metasurface substrate, Pexc needs be increased by over an order 
of magnitude to obtain similar slope factors using a planar Si 
substrate. A similar trend is observed for the red transition 
(4F9/2 → 4I15/2) in Figure 5b. The slope of the 654 nm emission 
reaches n  = 3 for low excitation power densities, as expected 
for a three photon UC process. At higher power densities, slope 
values n  = 1.5–1.8 are observed for the red emission of the 
Er3+-doped crystals, which is in agreement with reports from 
the literature at 1.5 µm laser excitation.[34,35] Also here, similar 
n values on the metasurface can be obtained at more than 
one order of magnitude lower excitation power densities Pexc 
than on planar silicon films. These are further indications of 
enhanced near fields on the metasurface.

The Pexc dependence of the red-to-green (654/542 nm) emis-
sion ratios is compared both on the silicon metasurface and 
planar silicon reference at AoI = 8° in Figure 5c. Both, 4F9\2 
and 4S3\2 levels of the Er3+, are excited by at least three photons 
(Figure  1b). In the following text, we assume that equal near-
field intensities within the UC NP layer would lead to equal 
red-to-green ratios in the UC spectra. That means an external 
excitation power density of only around 1.9 W cm−2 in case 
of the metasurface yields a comparable red-to-green-ratio like  
43 W cm−2 in the case of the planar silicon layer (dashed line). The 
metasurface enables similar red-to-green emission ratios with 
around 23-fold reduced Pexc. In a first rough approximation, 
considering a slope factor n of around 1.7 for the red transition 
at Pexc = 1.9 W cm−2 (see Figure 5b), an UC emission enhance-
ment of 231.7–200 is estimated. However, the extraction of an 
absolute value of the near-field enhancement on the meta-
surface is challenging: the enhancement factor of a lumines-
cent process on a metasurface also depends on how well the 
upconverter material and the near fields spatially overlap, i.e., 
it depends on the distance of the UC material from the meta-
surface. As already shown in Figure  4, in our sample system 
with around 660 nm thick UC NP layer and only 53 nm thin 
silicon metasurface, we expect maximum half of the UC NPs 
being exposed to enhanced near fields of the resonantly excited 
metasurface.

The effect of the near-field enhancement is further studied 
by comparing UC emission intensity of the β-NaYF4:Er3+ NPs 
on silicon metasurface and on planar silicon reference as func-
tion of the excitation beam AoI for rotation in Γ → M direction 
of the metasurface, TM-polarized light, Pexc = 52 W cm−2, and 
λexc = 1550 nm (Figure 6a). The explicitly measured UC emis-
sion on the silicon metasurface and on the planar reference at 
978, 654, and 542 nm are shown in Figure S8 (Supporting Infor-
mation). At the two resonant angles (AoI = 8° and AoI = 18°) 
that had already been identified by ARRM (Figure 3), enhanced 
UC emission ratios up to 100, 300, and 800 times for the 978, 
654, and 542 nm emission peaks are achieved. These enhance-
ment factors lie in the same range as estimated from comparing 
red-to-green-emission ratios above. Similar results on lumines-
cent enhancement values using dielectric and metallic metasur-
faces were already demonstrated by others.[31] The difference in 
enhancement factors can be attributed to considerably different 

Adv. Optical Mater. 2021, 2101285

Figure 5. Power dependence of upconversion luminescence from 
β-NaYF4:Er3+ nanoparticles on silicon metasurfaces (orange symbols/
lines) and planar silicon films (blue symbols/lines). a,b) Slope factors n 
(5-point-average) from Equation  (1) extracted from UC emission inten-
sity versus 1550 nm excitation power density Pexc in double-logarithmical 
representation, for the UC emission peaks at 987 and 654 nm, respec-
tively (see Figure S5 in the Supporting Information). c) Red-to-green 
(654/542 nm) UC emission ratio as function of Pexc. All measurements 
were taken at AoI = 8° with TE-polarized light at λexc = 1550 nm, hence on 
metasurface resonance excitation conditions.
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population dynamics for the three investigated emission wave-
lengths. As a result from the power law exc∝I Pn , the emission 
intensities I depend with different powers n on the excitation 
power density Pexc for the three different emission wavelengths, 
resulting in larger enhancement factors for large n values and 
smaller enhancement factors for smaller n values. This explains 
the smaller enhancement factor of the UC emission at 978 nm 
(a 2-photon absorption process) compared to the observed 
enhancement factors at 542 nm (3 or more photons involved). 
The 654 nm band lies in between 987 and 545 nm and can be 
populated via several other pathways. The decreasing red-to-
green emission ratio with increasing excitation power density 
shown in Figure 5c is an experimental evidence that the n factor 
of the red emission is smaller than the respective n of the green 
emission, explaining smaller metasurface-induced enhance-
ment factors. Moreover, enhanced upconversion emission by 
around one order of magnitude is observed at every AoI even 
without contribution of a metasurface leaky mode. The observed 
emission enhancement effect at nonresonant AoIs might be 
attributed to both, better extractions of the upconverted photons 
from the nanostructured metasurface and light trapping in the 
β-NaYF4:Er3+ NP layer that might be caused by total internal 
reflection of higher diffraction orders on the metasurface.[20]

Figure 6b shows two UC emission spectra of NPs on meta-
surface (orange lines) and planar silicon (blue lines, 100 times 
magnified) for 8° AoI excitation. Hence, when exciting a 
metasurface resonance (which is indicated by a green star in 

Figure 3a) for an excitation power density of Pexc = 52 W cm−2, 
a vast difference in emission intensity is observed which 
reflects the effect of the enhanced near fields on the absorp-
tion of β-NaYF4:Er3+ NPs. Furthermore, the shape of the emis-
sion spectrum changes considerably, e.g., by means of a dif-
ferent red-to-green emission ratio (compare Figure  5c). The 
integrated UC luminescence of the β-NaYF4:Er3+ NPs was 
also measured for a wider range of Pexc values between 35 and 
52 W cm−2 by integrating the UC emission bands from 500 to  
1021  nm (Figure  6c). Remarkable metasurface-induced UC 
enhancement factors from 1150 (Pexc  = 52  W cm−2) to even  
2430 (Pexc = 35 W cm−2) are observed (green symbols and lines). 
The metasurface-induced enhancement of the integrated UC 
emission intensity increases with decreasing excitation power 
density Pexc, and there is reason to believe that even higher 
enhancement factors can be expected at lower Pexc values. As 
already seen in Figure  5, the integrated UC emissions from 
β-NaYF4:Er3+ NPs exhibit different power dependence on the 
silicon metasurface and planar silicon reference. This provides 
a hint that the near fields on the silicon metasurface can change 
the population dynamics and the UC mechanism considerably.

3. Conclusion

We demonstrated more than 2400-fold enhanced upconversion 
emission of β-NaYF4:Er3+ nanoparticles by placing them on a 
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Figure 6. Evaluation of metasurface-enhanced UC emission. a) Ratio of the UC emission of β-NaYF4:Er3+ NPs on silicon metasurface and planar silicon 
reference films for the emission peaks at 978, 654, and 542 nm (as indicated) as function of the excitation beam angle of incidence AoI (rotation in 
Γ → M direction of the metasurface, Pexc = 52 W cm−2, and λexc = 1550 nm). b) Upconversion luminescence emission spectra at 8° angle of incidence 
of the silicon metasurface (orange curve and planar silicon reference (blue curve, magnified by a factor of 100). c) Integrated UC emission intensity 
of β-NaYF4:Er3+ NPs on silicon metasurface (orange hollow dots) and on planar silicon reference (blue solid dots), and upconversion enhancement 
factor as function of excitation power density Pexc.
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silicon metasurface. This enhancement is ascribed to strong 
near fields originating from the coupling between metasurface 
resonances with the 1550 nm laser excitation at resonant inci-
dent angles. A detailed study of the excitation-power-density-
dependent upconversion dynamics providing slope factors 
and red-to-green-emission-ratios of the upconverted emis-
sion yields an indirect tool to quantify nanoscale-enhanced 
near fields. The obtained results open up possibilities to 
dramatically reduce the required external excitation power 
densities for optical applications based on photon upconver-
sion upon excitation in the third biological excitation window 
(1550–1870 nm). In light of the fact that in our sample system 
only a part of the 660  nm thick upconversion nanoparticle 
layer experiences enhanced near fields from the metasurface, 
even stronger effects can be expected by attaching the upcon-
version nanoparticles in a monolayer on the metasurface, 
which is practical for many applications, e.g., biosensing. 
This could greatly increase the spatial overlap between leaky 
mode volume and upconversion particles and give rise to even 
higher enhancements factors. These findings are expected not 
only to allow for dramatically reduced detection limits in bio-
sensing but also to help harnessing near-infrared parts of the 
solar spectrum, which cannot be used by state-of-the-art silicon 
photovoltaic devices. Moreover, this provides an elegant tool 
to quantify nanoscale electromagnetic near fields on nano-
structures by exclusively applying far-field spectroscopic meas-
uring technologies around 1550 nm, the conventional band for 
telecommunications.

4. Experimental Section
Synthesis of NaYF4:Er3+ Nanoparticles: Oleate-capped NaYF4:Er3+ 

was synthesized following a procedure reported by Wilhelm et  al. 
for the large-scale synthesis of hexagonal-phase UC NPs with some 
modifications.[23] Briefly, YCl3·6H2O (1213.4  mg, 4.0  mmol) and 
ErCl3·6H2O (381.7 mg, 1.0 mmol) were dissolved in 15 mL of methanol 
by sonication and subsequently added to a mixture of oleic acid (30 mL) 
and 1-octadecene (75  mL) in a 250  mL three-necked flask. The stirred 
reaction mixture was then heated to 150  °C under argon flow. After 
30  min, vacuum was applied for further 45  min at 150  °C to remove 
remaining low-boiling impurities. The lanthanide precursor-containing 
reaction mixture was then cooled down to room temperature under 
a constant argon flow. Subsequently, a methanolic solution (30  mL) 
containing NaOH (500 mg, 12.5 mmol) and NH4F (740 mg, 20 mmol) 
was added, and the resulting suspension was heated to 120  °C for 
30 min to remove excess methanol. The reaction mixture was heated to 
325 °C under reflux while applying a gentle flow of argon and kept at this 
temperature for 90 min. Then, the reaction mixture was cooled down to 
room temperature and the nanoparticles were precipitated by ethanol 
and collected by centrifugation at 5000  rpm for 5  min. Then, the NPs 
were redispersed in chloroform, washed by ethanol several times, and 
stored in cyclohexane (c = 30 mg mL−1) at 4 °C.

Characterization of NaYF4:Er3+ Nanoparticles: The dopant ratio was 
verified by ICP-OES (Spectro Arcos, Spectro Analytical Instruments 
GmbH, Kleve, Germany).

TEM images were obtained with a Talos F200S Microscope (Thermo 
Fisher Scientific) using an accelerating voltage of the electron beam 
of 200  kV. The samples were prepared by NP dispersions (1  mg mL−1 
in water) onto a 3 mm copper grid (lacey, 400 mesh) and letting them 
dry under air at room temperature. The obtained microscopy images 
were analyzed with the software ImageJ. To determine the elemental 
composition of the NPs, energy dispersive X-ray spectroscopy with two 

silicon drift detectors was used during TEM analysis. The counting time 
for the X-ray spectra was 60 s.

Silicon Metasurface Fabrication: The silicon metasurface with a 5  cm 
× 5  cm area was designed and produced by the soft-nanoimprinting 
lithography method.[28,36] A nanopillar array with a hexagonal lattice 
constant (p) of 1000 nm, a nanopillar diameter d = 400 nm and height 
h = 500 nm containing silicon substrate (Eulitha) was used as a master 
structure. A polydimethylsiloxane (PDMS) stamp was prepared by 
molding on the silicon master structure. The fabrication proceeded by 
spin coating of a glass substrate with UV/thermally curable sol–gel for 
imprinting and followed by attachment of the PDMS stamp on the sol–
gel. The sol–gel was transformed into substoichiometric silicon dioxide 
(SiOx) after UV curing for 5 min.[36] After detaching the PDMS stamp 
from the substrate, a post-thermal-annealing at 100  °C for 8  min was 
applied so that residual solvent on the substrate was removed. The NIL 
process was completed by a second annealing procedure at 600 °C for  
1 h to test the thermal stability of the SiOx nanostructures before further 
processing. As a final product, a SiOx replica of the master structure was 
obtained on the glass substrate. For details on the fabrication of the SiOx 
nanopillar array on glass, please also see Figure S1 in the Supporting 
Information.

Silicon was preferred as dielectric material owing to its optical 
transparency on NIR-II optical window and high dielectric contrast to 
nanoparticle/air and glass interface.[36] An 80  nm thick amorphous Si 
layer was deposited on the SiOx nanopillars by electron-beam-assisted 
physical vapor deposition method at 300 °C. The deposited amorphous 
silicon layer was crystallized at 600  °C under a nitrogen atmosphere. 
However, the silicon layer around the SiOx pillars did not crystallize 
effectively. An electronic grade polysilicon etchant consisting of nitric, 
phosphoric, and hydrofluoric acid was applied to remove the amorphous 
silicon layer around the SiOx nanopillars so that SiOx nanopillars became 
vulnerable to breaking under applied gentle mechanical force. After the 
sample was exposed to polysilicon etchant, trenches formed around SiOx 
nanopillars. Next, the SiOx nanopillars were removed completely from 
the bottom of the trenches by mechanical abrasion. After the etching 
process, the silicon layer thickness (t) was reduced to more than 30% of 
its initial value. As a final product, a nanohole array silicon metasurface 
with p = 1000 nm, d = 400 nm, and silicon layer thickness t = 53 nm was 
produced and schematically illustrated in Figure 2a. A scanning electron 
microscope 30° tilted cross-section image of the produced silicon 
metasurface is shown in Figure  2b. For details regarding the silicon 
metasurface production on nanoimprinted glass, please also see Figure S2 
in the Supporting Information.

NaYF4:Er3+ Nanoparticle Deposition: The produced β-NaYF4:Er3+ NPs 
in cyclohexane solution were deposited on the silicon metasurface and 
the planar silicon reference via drop-casting. A cross-section of the 
660 nm thick β-NaYF4:Er3+ nanoparticle layer on metasurface is shown 
in Figure  2d. A top view is shown in Figure  2c. All the production 
procedure except nanostructuring was applied simultaneously on a 
planar silicon reference sample.

Optical Simulations Using the Finite-Element Method: In order to 
understand the mechanism of the enhanced upconversion luminescence, 
optical simulations were performed using a commercial finite element 
solver.[37] The hexagonal unit cell of the periodic metasurface with 
nanoparticle coating was meshed in 3D using periodic boundaries in the 
x–y-plane and perfectly matched layer boundaries in the z-direction. A 
plane wave excitation was used for all simulations. The reflectance and 
transmittance were calculated by taking the Fourier transform of the 
outgoing wave solution and summing the power fluxes in the z-direction. 
The local field enhancement was determined by integrating the electric 
field energy density over the volume of the nanoparticle coating. In 
order to account for the line width of the laser source, the local field 
enhancement was calculated for wavelengths corresponding to the laser 
line shape, then subsequently multiplied with a Gaussian fit to the laser 
line shape and integrated over the corresponding wavelength range.

A maximum mesh length of half the material-dependent wavelength 
was used in combination with adaptive finite element degree (p) 
elements with a target precision of 1%. Values of p between 2 and 
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4 were typically employed. Convergence tests confirmed that the desired 
precision was reached.

A fixed refractive index of 1 was assumed for the air superspace. The 
refractive index data for the glass substrate and silicon metasurface were 
taken from literature.[38,39] To obtain the refractive index of the porous 
nanoparticle film, a Bruggeman effective medium was employed using 
literature data for the nanoparticles with weight fraction 0.6 and air with 
weight fraction 0.4.[40,41]

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