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Abstract: Lanthanide-based upconversion materials
convert low energy infrared photons into high energy
visible photons. These materials are of interest in a myriad
of applications such as solar energy harvesting, color dis-
plays and photocatalysis. Upconversion nanoparticles
(UCNPs) are also of interest in biological applications as
bioimaging and therapeutic agents. However, the intrinsic
conversion efficiency of UCNPs remains low for most ap-
plications. In this review, we survey the recent work done
in increasing the upconversion emission by changing
the local electric field experienced by the UCNPs using
photonic nanostructures. We review both the underlying
theory behind this photonic manipulation as well as
experimental demonstrations of enhancement. We discuss
the recent developments in the more common plasmonic
designs as well as the emerging field of dielectric nano-
structures. We find that improvements in design and
fabrication of these nanostructures in the last few years
have led to reported enhancements of over three orders of
magnitude. This large enhancement has been achieved in
not only nanostructures on films but also in nanostructures
that can be dispersed into solution which is especially
relevant for biological applications.

Keywords: energy transfer; lanthanide ion; luminescence
upconversion; nanoparticle; photonic crystal; surface
plasmon.

1 Introduction

Upconversion luminescence (UCL) is a fluorescence
mechanism that converts two or more lower energy pho-
tons into a higher energy photon [1, 2]. This process occurs
through the interaction between the low energy incident
photons and long-lived intermediate state of the lumines-
cent material. Through processes such as energy transfer,
excited state absorption and triplet-triplet annihilation, the
material is excited to a higher energy level and subse-
quently emits a high energy photon. Compared to other
frequency conversion mechanisms such as high harmonic
generation, optical parametric oscillation or four-wave
mixing that stem from materials with nonlinear optical
susceptibilities, this type of upconversion occurs at much
lower incident intensities and does not need to satisfy
stringent phase matching conditions.

A typical upconversion material consists of an inert
host matrix doped with rare Earth ions such as Yb3+, Er3+,
and Tm3+. The lanthanide based upconversion materials
have a rich energy level landscape with easily tunable
emission characteristics which is useful in the fields of
display [3], anticounterfeiting [4] and fingerprinting tech-
nology [5]. Many of the ions have adjacent energy levels
with small energy gaps which follow a Boltzmann distri-
bution and as a result can be used to realize a highly sen-
sitive optical thermometer [6]. The rare Earth based
upconversion materials are also of interest for solar cell
technology as the conversion of infrared light into the
visible regime allows for the potential to harvest below
band gap photons that comprise a significant portion of the
solar spectrum [7]. This upconversion of solar radiation can
also be used to enhance photocatalytic reactions [8].

Upconversionmaterials are also of interest for their use
in biological applications. Upconversion nanoparticles
(UCNPs) are commonly used as bioimaging agents.
Compared to conventional fluorescent dyes which need to
be excited with high energy UV light, UCNPs are excited
with near infrared (NIR) photons. UCNPs have numerous
advantages over the more commonly used dyes. The UV
light often excites background fluorescence from the
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surrounding tissue while the infrared light does not and as
a result provides a high contrast against the background.
The infrared light can penetrate much deeper into the body
before getting absorbed. The UCNPs do not suffer from
photobleaching or photoblinking that occurs in other
fluorescent materials such as quantum dots. In additional
to their use in bioimaging, UCNPs can also be used as a
treatment modality through methods such as photody-
namic therapy [9, 10] and drug delivery [11].

Despite the advantages of UCNPs, themain challenge to
be overcome with UCNPs is their poor efficiency. The
upconversion efficiency is typically on the order of a few
percent. This low efficiency stems from the forbidden nature
of the f-f transition involved in the upconversion process as
well as from the potential for additional nonradiative path-
ways introduced by defects and cross relaxation [1, 2]. Thus,
in order to make UCNPs viable in the applications
mentioned above, additional steps are necessary to increase
the overall brightness of the UCNPs. Enhancing emission is
especially crucial in biological applications as they require
much lower incident powers [12, 13].

The ways to enhanced upconversion emission can be
split into two categories. The first is through nanoparticle
engineering. Here, the absorption cross-section and radi-
ative emission rates can be controlled by changing the
synthesis conditions. The most common method for this
type of enhancement is to grow a shell around that nano-
particle that passivates the surface and greatly reduces the
number of surface defects that act as nonradiative path-
ways in the upconversion process [14–23]. This is especially
relevant for the smaller (<10 nm) UCNPs as their surface to
volume ratio is a lot higher [14, 16]. The shell can further be
doped with a sensitizer ion such Yb3+ or Nd3+ to increase the
absorption cross-section. While adding a sensitizer to the
upconversion process has been a relatively standard pro-
cedure, recent work has shown that the shell can be doped
with much higher concentrations of sensitizer ions before
the effects of concentration quenching kick in [18, 19]. The
absorption cross-section can also be enhanced by func-
tionalizing the UCNPs with dyes that absorb in the IR re-
gion [24–26]. Finally, the upconversion process can be
enhanced bymanipulating the crystal field experienced by
the ions by doping with a wide variety of ions such as Bi
[27], Cd [28], Fe [29, 30], K [31] and Li [32–34].

The second way to enhance upconversion, and the
focus of this review, is through photonic engineering. Here,
the effective absorption cross-section is increased by
increasing the local photon density of states. Note that the
nanoparticle engineering techniques mentioned previously
can be used in conjunction with these methods to achieve

maximum enhancement. Using plasmonic nanostructures,

it is possible to achieve over 102 fold enhancement of the
local field. Since the upconversion process is a multiphoton

process, this can potentially lead to a 102n increase in
emission where n is the number of photons involved in
upconversion, resulting in a significantly brighter UCNP.

In this review, we assess the recent work on the pho-
tonic engineering of the local density of states to enhance
upconversion emission.We start by establishing underlying
theory behind photonic engineering and show how the ab-
sorption cross-section, decay rates and energy transfer rates
can all be affected by photonic nanostructures. Further
analysis of the rate equations involved shows that a multi-
photon process can be greatly enhanced by increasing the
local E field experienced by the particle. We then do an in-
depth survey the enhancement from photonic nano-
structures reported in last few years. We survey both tradi-
tional plasmonic nanostructures as well as the emerging
field of dielectric photonic nanostructures. We conclude
with observations on the future prospects of the field.

2 Theory

For the theory section of this review, we will focus specif-
ically on Energy Transfer Upconversion (ETU) which is
known to be themost efficient upconversionmechanism [1].
However, the theoretical framework presented here can
easily be extended to other upconversionmechanisms such
as excited state absorption or triplet-triplet annihilation.

There are three main process involved in ETU: ab-
sorption, decay (radiative and nonradiative), and energy
transfer. Absorption cross-section is defined as the ratio of
absorbed power to the incident intensity [35].

σ � Pabs

Iinc
� cμ0ω Im{α}

∣
∣
∣
∣
∣
∣
∣

n
ˆ
d ⋅ E(r0)

∣
∣
∣
∣
∣
∣
∣

2

|E0|2 (1)

where α is atomic polarizability, E(r0) is the local field at
the position of the quantum emitter and E0is the incident
field. The polarizability is determined by the transition
matrix element and thus depends only on the electronic
wavefunctions and not on the photonic nanostructures.
The local field, however, can be strongly enhanced by a
suitably designed photonic nanostructure, thereby
impacting the absorption cross-section. Specifically,
equation (1) shows absorption cross section scales as
|E/E0|2, that is, linearly with the local intensity.
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Photonic nanostructures can affect both radiative and
nonradiative decay rates. According to Femi's golden rule,
the radiative transition rate is determined by the transition
matrix element and the density of states. In quantum elec-
trodynamics, we should consider the states of the combined
system of atom and photon and therefore the density of
states includes the photon states as well as the electronic
states. Consequently, the large increase in photon density of
states by a nanophotonic structure can increase the optical
transition rate. This is the well-known Purcell effect that has
been widely studied in photonics [36, 37].

Nonradiative decay such as multiphonon emission is
not directly impacted by the local field. However, the
presence of a lossy medium, e. g., metal, can introduce
additional nonradiative decay channels, increasing the
overall nonradiative decay rate and consequently resulting
in luminescence quenching. Just like the radiative decay
rate, non-radiative decay rates can also be estimated by the
dyadic Green function [35]. The tradeoff between the pos-
itive effect of Purcell effect and the negative effect of
quenching is an important aspect of photonic engineering
of quantum emitter. Typically, quenching dominates at
short distances while the Purcell effect remains pro-
nounced at larger distances [38, 40], as shown in Figure 1A
and B. It is therefore customary to insert a thin (∼10 nm)
spacer layer between metal surface and quantum emitters.

Finally, the rate of Förster energy transfer can also be
calculated by using the dyadic Green function [41, 42]. An
earlier study observed enhanced Förster energy transfer
rate in optical cavities and attributed it to the enhanced

local density of states to which the donor emission rate is
directly proportional [41]. However, it was later shown that
the energy transfer enhancement is not related to the
density of states enhancement [43, 44]. Theoretical studies
indicate that the energy transfer enhancement is generally
smaller than the spontaneous emission enhancement,
although the enhancement depends strongly on the donor-
acceptor distance [42]. Our calculations for a donor-
acceptor pair in the vicinity of a silver surface showed that
the energy transfer rate can be enhanced at frequencies
slightly lower than the surface plasmon frequency and
quenched at slightly higher frequencies (Figure 1C) [35, 39].
Also, both the enhancement factor and the bandwidth over
which enhancement is achieved are smaller than the
fluorescence enhancement. Enhanced energy transfer rate
in a plasmonic nanostructure has recently been observed
experimentally by a time-resolved photoluminescence
spectroscopy study [45].

For a complete understanding of the ETU mecha-
nism, we need to set up a system of rate equations con-
taining all involved states and transitions. As an
example, we will consider the prototypical Yb3+-Er3+ sys-
tem whose energy level scheme is shown in Figure 1D. As
the details of the rate equation analysis have been pub-
lished elsewhere [35, 39], we simply present the results
here. Analytical solutions can be found in two limiting
cases: weak and strong excitation regimes. In the strong
excitation regime, the intermediate energy levels are
highly populated and upconversion occurs readily with
one-photon absorption. Therefore, the overall

Figure 1: (A,B) Calculated quantum yield qa, excitation rate γexc, and fluorescence rate γem as a function of the separation distance between
gold nanoparticle and fluorescent molecule. γexc and γem are normalized with their corresponding free-space values (z→∞). The solid curves
are the result of multiple multipole calculations [38] whereas the dashed curves correspond to the dipole approximation in which all higher
order multipoles of gold nanoparticles were ignored. In (A) the particle diameter is d = 80 nm and in (B) it is indicated in the figure. Excitation
wavelength is λ = 650 nm and ε = −12.99 + i1.09 (gold) (C) Energy transfer rate enhancement factor calculated for a donor-acceptor pair with a
pair separation of 3.4 nm placed at various distances, z, from a flat silver surface. ωsp and λsp represent the surface plasmon frequency and
wavelength, respectively (D) Energy levels of Yb3+ and Er3+ ions relevant to the ETU process. Initial absorption is indicated by the black solid line
arrow, subsequent energy transfer processes by the dashed arrows, non-radiative relaxations by dotted arrows and the final upconverted
luminescence by the green and red arrows. Adapted from Ref. [38] for (A, B) with permission from Anger et al., Phys. Rev. Lett. vol. 96, p.
113002, 2006,© 2006 by the American Physical Society, and from Ref. [39] for (C, D) with permission from Lu et al., ACS Nano vol. 8, pp. 7780-
7792, 2014, © 2014 by the American Chemical Society.
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enhancement factor for upconversion is simply equal to
the absorption enhancement factor,

Fstrong ≈ Fa (2)

In the weak excitation regime where the intermediate
energy levels are nearly empty, upconversion requires two
back-to-back photon absorption and energy transferwithin
the lifetime of the intermediate energy level. Thus, the
enhancement factor contains all three components: ab-
sorption, energy transfer and decay from the intermediate
energy level

Fweak ≈
Fd4 F

2
a

F2
D 10

(3)

Here Fd4 is the enhancement factor for the rate of second
energy transfer process that excites the Er3+ ion into the
emitting level, FD10 is the enhancement factor for the decay
rate of Yb3+ ion and Fa is the absorption enhancement fac-
tor. The requirement of two back-to-back absorption
manifests itself as the quadratic dependence on Fa. The
decay of intermediate energy level, whether radiatively or
non-radiatively, detrimentally impacts upconversion and
thus FD10 shows up in the denominator.

Based on the analysis given above, wemay draw a few
conclusions. First, even with extremely high Purcell
enhancement, the green emission would not be enhanced
significantly. This is because the ETU is usually limited by
the excitation process and not by the radiative decay.
Indeed, equations (2) ∼ (3) show that the processes occur-
ring at the excitation wavelength, which are absorption,
energy transfer and the donor decay, are important for the
overall enhancement of upconversion. It is therefore
desirable to tune the photonic resonance to the excitation
wavelength rather than the emission wavelength.
Furthermore, in the weak excitation limit, the upconverted

luminescence intensity is enhanced linearly to energy
transfer enhancement and quadratically to absorption
enhancement. Thus, absorption enhancement is expected
to produce the most dramatic improvement in upconver-
sion. Finally, we note that this analysis can be extended to
3- or 4-photon upconversion processes observed in, e. g.,
Yb3+-Tm3+ system. It is generally expected the overall
enhancement factor should scale as Fn

a in the weak exci-
tation regime and as Fa in the strong excitation regime,
where n is the number of photons involved in upconver-
sion. Thus, the absorption enhancement will make even
more dramatic enhancement in the overall upconversion in
these higher order upconversion system.

3 Experimental demonstrations of
upconversion enhancement

Figure 2 shows the reported enhancement of the upcon-
verted green emission from plasmonic nanostructures
since 2015. For publications prior to this point, we refer to
our previous review paper where we performed an
exhaustive study of reported plasmonic enhancement at
the time [35]. The enhancement factor is plotted against the
peak of the surface plasmon resonance (SPR). Note that
though several structures report multi-peak or broadband
resonances that cover both absorption and emission
wavelengths [46–49], for simplicity we only focus on the
primary peak of the resonance. The results are also sum-
marized in full detail in Table 1 below.

A few things of note are immediately evident. First, a
majority of the plasmonic nanostructures target the
infrared wavelengths over visible wavelengths. This is a
significant shift from our study in 2015 where we found
most nanostructures had resonances at visible wave-
lengths [35]. The shift towards infrared wavelengths is due

Figure 2: Survey of plasmonic enhancement
of upconversion from 2015 onwards. The
data is divided by material choice for the
nanostructure (red for Au, blue for Ag, green
for Au-Ag alloy, and black for other
materials) as well as by whether the
nanostructure can be dispersed into
solution or not (filled circle for non-
dispersible nanostructures and unfilled
circle for dispersible). All references are
listed in Table 1.
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to the superior quadratic scaling that can be achieved by
enhancing the effective absorption coefficient as discussed
earlier in section 2. Indeed, the nanostructures with reso-
nances in the infrared display much higher enhancements
on average than those with resonances in the visible
regime.

The structures are predominantly made from the noble
metals, gold and silver. These materials can be easily
processed into nanostructures and, in the case of the
dispersible structures, have a localized surface plasmon

resonance (LSPR) at visible wavelengths. Other plasmonic
semiconductor materials such as Cu2−xS NPs and W18O49

nanowires have also emerged as viable options due to their
unique properties [48, 50–52]. A large number of highly
mobile hole carriers in Cu2−xS NPs support a strong LSPR in
the near-infrared and broadband LSPR across the visible
andNIR regions ofW18O49 nanowires (NWs) enhances both
excitation and emission of UCNPs. The use of dielectric
materials to enhance upconversion emission has also
emerged as a viable alternative to plasmonic designs. In

Table : Upconversion enhancement factors for various method, materials, target SPR wavelength, emission lines and dispersibility for
plasmon enhancement. RE, D, ND, MIM, NP, NW, NR, and OPC represent rare Earth, dispersible, non-dispersible, metal-insulator-metal,
nanoparticle, nanowire, nanorod, and opal photonic crystal respectively.

Method SP Material RE SPR (nm) Green Red Dispersibility Ref.

Plasmonic
Core-shell

Au-Ag nanocage Gold/silver Er   D []
Au shell@UCNP/SiO Gold Er   D []
AuNR@SiO@UCNP Gold Er   . D []
Ag@UCNP Silver Er    D []
Ag NP decorated UCNP@SiO Silver Er  . . D []
Au nanocap Silver Er    D []
UCNP@SiO@Ag Silver Ho   . D []

MIM
Au disk/UCNP/Au disk Gold Er   D []
Ag disk/UCNP/Ag film Silver Er , ,   ND []

NPs with film – patterned
Cu-xS NPs film Cu-xS Er   ND []
Au NRs on substrate Gold Er  . ND []
Au nanocavity Gold Er   ND []
Au NRs layer Gold Er   ND []
Au NRs on substrate Gold Er   . ND []
Au sandwich Gold Er   ND []
Ag grating Silver Er    ND []

- unpatterned
WO NWs on FTO film WO Er , , ,   ND []
Cu-xS@SiO Cu-xS Er   ND []
mCu-xS@SiO@UCNP in TiO film mCu-xS Er   ND []
Au film on microfiber Gold Er   ND []

Ag nanoplatelets on substrate Silver Er
 

ND []
 

Au NRs/UCP@SiO film Gold Er   ND []
porous Ag film Silver Er -  ND []
Au-Ag alloy film Gold/silver Er,Tm   ND []
porous Ag film Silver Er    ND []

OPC
Au NR/OPC Gold Er    ND []
Inverse OPC Silver Er    ND []
Dielectric
Four-silicon-pillar metasurface Si Tm ,   ND []
SiN photonic crystal SiN Er    ND []
Polymeric microbead PEGDA Er,Tm,Eu Eu-

Er-
ND []
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contrast to the plasmonic materials, these nanostructures
do not introduce new nonradiative pathways to the
upconversion process and thus are not subject to plas-
monic quenching.

Figure 2 further splits the data into nanostructures that
can be dispersed into solution versus those that are fixed
onto a film. As discussed earlier, the applications of these
two types of structures are very different from each other.
The applications of the non-dispersible plasmonic struc-
tures include multicolor flexible display, fingerprint, solar
energy harvesting, temperature detection, and photo-
catalysis. Dispersible plasmonic structures on the other
hand are of interest for biological applications where they
can be used for bioimaging and therapeutic techniques
such as photodynamic therapy and drug delivery. In the
next sections, we take a deeper look at the two types of
nanostructures and discuss the publications in each case
that were able to achieve significant enhancement of
upconversion emission. We end with a discussion of re-
ported enhancement from the few dielectric nano-
structures that have recently emerged as an alternative to
the traditional plasmonic designs.

3.1 Non dispersible plasmonic
enhancement

Figure 3 shows recently reported non-dispersible plas-
monic nanostructures, presented as squares in Figure 2.
Many methods are applied to harness the efficient plas-
monic enhancement. While the more traditional approach

is to use UCNPs on patterned [45, 47, 55–59] and unpat-
terned [48, 50–53, 60, 61] plasmonic films, new techniques
involving porousmetal films [46, 49, 62] and opal photonic
crystals [54, 63] (OPC) have emerged in recent years. Porous
metal films were used as they are able to support broad
SPRs that cover both the excitation and emission wave-
lengths. Over 1000-fold enhancement was achieved by
OPCs embedded with metal nanostructures [54]. Here, the
luminescent intensity of UCNPs can be exceedingly
improved by combining local field enhancement from both
the OPC and the SPRs of the metal nanoparticles.

Zhang et al. demonstrated a 36x improvement in the
UCL from β-NaYF4:Yb3+,Er3+ UCNPs using a microfiber
coated with an Au nanofilm as shown in Figure 3A [53]. By
controlling the pump power and the UCNP concentration,
they were able to achieve a wide-range temperature
detection of 486 K (325 – 811 K) with a temperature reso-
lution of 0.035 – 0.046 K. Using the SPR of the Au nanofilm
on a microfiber, they were able to improve the fiber-
coupled optical temperature sensing properties of the
UCNPs.

Lee et al. designed a metal-insulator-metal (MIM)
structure (Figure 3B) using Ag nanodisks on a Ag film to
enhance the UC luminescence of an intermediate UCNP
film [47]. The structure was also designed to enhance the
downshifting (DS) luminescence of a Tb(thd)3 film that
coated the top of the structure. Using the strong field
enhancement from the gap plasmonmode of the structure,
they were able to achieve a 174x and 29x enhancement of
UC and DS luminescence, respectively. This approach of-
fers the possibility of using the full solar spectrum in

Figure 3: Non-dispersible plasmonically
enhanced nanostructures (A) Schematic of
the UCNPs/Au structure. A microfiber is
coated by a sputtered Au nanofilm and
drop-casted NaYF4:Yb

3+,Er3+ UCNPs (B)
Schematic of an MIM structure with UC and
DS layers. The silver nanodisks are
fabricated by a nanoimprinting method (C)
Schematic illustrations of porous Au–Ag/
NaYF4:Yb

3+,Tm3+ composite film (D)
Schematic illustration of NaYF4,Er/AuNRs/
OPCs surface plasmonic photonic crystal
hybrid structure (E) Schematics of a
NaYF4:Yb

3+,Er3+/W18O49 film on FTO glass (F)
Schematic illustration on the

mCu2−xS@SiO2@Er2O3 nanocomposite and their application in perovskite solar cell. Reproduced from Ref. [53] for (A) with permission from
Zhang et al., ACS Appl. Mater. Interfaces vol. 9, pp. 42935-42942, 2017, © 2017 by the American Chemical Society, from Ref. [47] for (B) with
permission from Lee et al., Nano Lett. vol. 15, pp. 2491-2497, 2015, © 2015 by the American Chemical Society, from Ref. [46] for (C) with
permission from Chen et al., Adv. Funct. Mater. vol. 25, pp. 5462-5471, 2015, © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim, from
Ref. [54] for (D) with permission from Yin et al., Adv. Mater. vol. 28, pp. 2518-2525, 2016, © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA,
Weinheim, fromRef. [48] for (E)with permission fromZhang et al., Adv. Sci. vol. 5, pp. 1800748, 2018,©2018 TheAuthors. PublishedbyWILEY‐
VCH Verlag GmbH & Co. KGaA, Weinheim, and from Ref. [50] for (F) with permission from The Royal Society of Chemistry.
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photovoltaic devices to maximize the power conversion
efficiency.

Alloys of noble metals can also be used to achieve
efficient UCL. Chen et al. used a porous film of Au–Ag alloy
islands to enhance the UCL of NaYF4: Yb

3+,Tm3+ UCNPs
(Figure 3C) [46]. The Au–Ag alloy structure is advanta-
geous as its extinction cross section can be easily tuned by
changing the ratio between Au and Ag and it has a higher
chemical stability than pure Ag. The Au-Ag alloy was
optimized by controlling the concentration of AgNO3 to
suppress absorption and increase scattering in the visible
spectrum as well as to absorb more NIR light. This resulted
in an improved scattering to absorption ratio and conse-
quently a UCL enhancement factor of 180x. As discussed in
section 2, the 3-photon upconversion in a Yb3+-Tm3+ system
should exhibit a cubic dependence on the excitation power
while the 2-photon upconversion process of the Yb3+-Er3+

system scales quadratically. It is thus expected that the
overall enhancement factor is much higher in a Yb3+-Tm3+

system even with the same local field enhancement. By
using the improved UCL, the authors demonstrated high-
resolution fingerprint identification, exhibiting excellent
optical contrast and high detection sensitivity.

Figure 3D shows the nanophotonic structure fabri-
cated by Yin et al. using gold nanorods (AuNRs) implanted
three-dimensional PMMA opal photonic crystals (OPCs). In
this structure, the local electric field was amplified due to
the combination of photonic crystal (PC) and SPR effects
[54]. The UCL from a film of UCNPs assembled on the sur-
face of the AuNR/OPC structure was enhanced by 1200x.
FDTD simulations showed a significant field enhancement
(770x) at the hot spots at 980 nm, which indicates ab-
sorption enhancement made a strong contribution to the
overall UCL enhancement. Using this structure, a multi-
color UCL display was demonstrated by nanoprinting onto
a flexible substrate for infrared anti-counterfeiting.

Non-metal plasmonic materials have also been used to
enhance UCL. As shown in Figure 3E, Zhang et al. observed
an enhancement of UCL from a heterostructure film of
tungsten oxide NWs [48]. The heterostructure film was
fabricated via self-assembly of NaYF4:Yb

3+,Er3+NPs onto the
nonmetallic plasmonic layer of W18O49 NWs grown on a
fluorine doped tin oxide (FTO) glass substrate. The broad
LSPR absorption band of W18O49 NWs arising from the
oxygen vacancies on their surfaces overlapped with both
the excitation and emission bands of NaYF4:Yb

3+,Er3+ NPs.
The structure exhibited a 112x enhancement of green
emission, allowing a catalytic activity for H2 evolution from
BH3NH3 over the heterostructure of NaYF4:Yb

3+,Er3+

NPs@W18O49 NWs under low-energy 980 nm excitation.
The amount of H2 evolution of the heterostructure was 35x

higher than that of standard BH3NH3 hydrolysis after irra-
diation with 980 nm for 1 h.

Significant upconversion enhancement has also been
demonstrated by Zhou et al. using Cu2−xS NPs (Figure 3F)
[50]. These heavily doped semiconductors have a LSPR
absorption band at NIR wavelengths (800 –1600 nm). As
the excitation power was increased, the authors observed a
shift in the upconversion emission from the standard nar-
row line, multi-peak emission to a bright white broadband
emission centered at 650 nm which they attribute to a
photon or thermal avalanche [1]. This broadband emission
showed an extremely high nonlinear power dependence
(slope of 10), resulting in an upconversion enhancement of
1100x. These nanocomposites were used to achieve a 10%
increase in power conversion efficiency in perovskite solar
cells. It is noted that the high nonlinearity (10th order)
leads to a very large enhancement factor even with modest
local field enhancement.

3.2 Dispersible plasmonic enhancement

Given the relevance of UCNPs in biomedical applications, it
is critical that the plasmonic configuration used to enhance

upconversion be both small in size and dispersible into

water. Moreover, the irradiation damage threshold of the

infrared light near 980 nm is very low, less than

726 mW cm−2 for in vivo application [12, 13]. Given the low

absorption cross-section of the UCNPs, it is important to

enhance the luminescence intensity/efficiency of UCNPs at

low excitation intensities.
Almost all the reported dispersible enhancement

mechanisms target visible wavelengths and rely on core–
shell structures [64, 65, 67–71]. These structures use the

LSPR of the plasmonic material to enhance the local elec-

tric field. The resonance is dependent on material proper-

ties and shape, not on arrangement or periodicity, making

it ideal for biological applications. The core–shell struc-
tures can be made using gold or silver which are both

commonly available, non-toxic and have LSPRs at visible

wavelengths. Silver is the predominantmetal of choice due

to its lower damping constant compared to gold.
Enhancement factors reported for dispersible struc-

tures with resonances in the visible wavelength are typi-

cally low, on the order of 10x or lower. The reason for this is

twofold. As mentioned previously, these structures use the

Purcell effect to enhance emission which is not as effective

as enhancing the field at the absorption wavelength.

Additionally, it is hard to achieve a uniform coating of

metal nanoparticles around the core upconversion particle
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which affects the overall measured enhancement of the
particles on average.

Of the structures targeting emission wavelengths,
Yamamoto et al. were able to achieve the highest
enhancement, enhancing the UCNP green emission by a
factor of 23x and the red emission by a factor of 43x using
UCNPs with Ag nanocaps (Figure 4A) [64]. The structures
were made by dispersing UCNPs onto a quartz substrate
and evaporating Ag, covering the top half of all the parti-
cles. The particles were then removed from the substrate
via polymer stamping and dispersed into solution.
Compared to other metal seed growth-based coating
methods [67, 68, 71], this process resulted in a more uni-
form coating and thus likely a higher enhancement.

There are much fewer water-dispersible plasmonic
structures that target the infrared wavelengths. This is
because it is difficult to engineer resonances at these
wavelengths while also restricting the size of the nano-
structures and requiring that they be dispersed into solu-
tion. The nanostructures mentioned in the section 3.1
typically have feature sizes on the order of the resonance
wavelength which is too large for biological applications
and also sometimes rely on the periodicity of the overall
structure [45, 47, 54, 58, 59, 63]. However, with careful
design consideration, it is still possible to make water-
dispersible plasmonic nanostructures with resonances at
the infrared wavelengths.

Chen et al. designed a dispersible Ag-Au nanocage
structure with a resonance in the NIR region (Figure 4B)
[65]. The structure consists of an Ag nanocube with an
intermediate spacer layer of NaYF4 grown around it to
reduce plasmonic quenching. Another layer of lumines-
cent NaYF4:Yb

3+,Er3+ is grown around the inert NaYF4 and
the whole structure is then covered with a layer of Au via a
galvanic replacement reaction between the Ag nanocubes
and HAuCl4 solution. Without the Au outer coating, the
nanostructure has a SPR at 430 nm and shows an

enhancement of 7x. With the additional Au coating, the
resonance redshifts to 950 nm and the maximum
enhancement of 25x is achieved.

Another dispersible nanostructure targeting the NIR
region was a metal-insulator-metal (MIM) nanostructure
designed and fabricated by our group (Figure 4C) [66]. The
structure is comprised of a UCNP disk sandwiched between
two Au disks and uses a gap plasmon resonance to greatly
enhance the electric field within the UCNP layer of the
structure. The structures were lithographically fabricated
and thus highly uniform. The MIM nanostructure is unique
in that its resonance relies on geometric parameters, spe-
cifically the diameter and thickness of the I layer, and thus
the resonance can be easily tuned to any desired wave-
length simply by changing the size of the structure. The
plasmon resonance supported by the MIM nanostructure
does not depend on the period of the structure so, even
when dispersed into solution, a strong localized electric
field canbe achieved.Using anMIMnanostructure tuned to
980 nm,wemeasured a 1200x enhancement from theMIMs
while still attached to the Si substrate. The MIMs were then
dispersed into water, incubated into cancer cells and
imaged using a confocal microscope set up. Due to their
enhanced upconversion, we observed similar UCL in-
tensities compared to a reference cell culture incubated
with UCNPs using a 1000 times lower concentration of
MIMs.

3.3 Dielectric nanostructures

Surface plasmons are highly effective in localizing light and
creating a strong local electric field, which can be used to
enhance upconversion. However, the mode volume where
electric field is enhanced tends to be small and thus
enhancement over large areas is generally difficult to ach-
ieve. Also, metals inevitably quench luminescence by

Figure 4: Water dispersible plasmonically
enhanced nanostructures. a) UCNP covered
with Ag nanocap. A thin layer of Ag was
evaporated onto UCNPs on a quartz
substrate. The UCNPs were removed via
polymer stamping and dispersed into
water. b) Ag-Au nanocagewith intermediate
UCNP layer. A UCNP layerwas grownover an
Ag nanocube and the whole structure was

then coveredwith a layer of Au. c) Metal-insulator-metal nanostructure. TheMIMswere fabricated lithographically bymultilayer deposition on
a resist hole array. Reproduced from Ref. [64] for (A) with permission from Yamamoto et al., J. Phys. Chem. C vol. 119, pp. 1175-1179, 2015, ©
2015 by the American Chemical Society, from Ref. [65] for (B) with permission from Chen et al., Sci. Rep. vol. 7, p. 41079, 2017, licensed
under Creative Commons Attribution 4.0 International License, and from Ref. [66] for (C) with permission from Das et al., Nat. Commun. vol. 9,
p. 4828, 2018, licensed under Creative Commons Attribution 4.0 International License.
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providing additional non-radiative recombination path-
ways. When the UCNPs are close to themetallic surface, the
quantum efficiency drops rapidly due to this quenching ef-
fect. The development of high permittivity dielectric nano-
structures gives an alternative approach to enhance the
fluorescence signals [72–76]. Electric and magnetic reso-
nances in dielectric nanostructures create strong localized
optical fields which, although generally weaker than in
plasmonic nanostructures, benefit from less quenching.

Dielectric photonic crystal (PhC) structures with
UCNPs provide an excellent alternative to plasmonic de-
signs. By using band edge states, it is possible to excite
optical resonances extended over the entire photonic
structure, thereby achieving field enhancement over a
large area [75, 76]. Moreover, PhC structures are suitable
for applications like lighting, displays, and sensors that
may require a large active area. Transparent dielectric
microbead lens have also been used to focus an incident
light beam into a sub-wavelength photonic hotspot,
enabling efficient photon upconversion under low illumi-
nation.

Gong et al. introduced a dual-resonance all-dielectric
metasurface with periodic silicon pillar arrays to enhance
the signals emitted by NaYF4:Yb

3+,Tm3+ nanoparticles
(Figure 5A) [72]. The electric and magnetic dipole reso-
nances of the metasurface were designed to enhance the
localfield near the silicon pillars. Themagnetic and electric
dipole resonances were tuned to match the luminescence
peak at 800 nm and the wavelength of the excitation laser
(965 nm), respectively. The two resonances can be tuned
separately because the resonance wavelength of the mag-
netic dipole mode was mainly dependent on radius of
pillars, while the electric dipole mode was dependent on

both the radius and thickness of the cylinders. Further-
more, the collection efficiency was enhanced due to the
directional emission of the nanostructure. A total upcon-
version signal enhancement of 400x was achieved.

Our group incorporated UCNPs in a two-dimensional
planar PhC structure for upconversion enhancement
(Figure 5B) [73]. UNCPs were filled inside the nanoholes of
the Si3N4 PhC structure with a self-assembly method. The
local field enhancement experienced by the UCNPs in the
nanoholes resulted in overall enhancement factors of 130x
for green and 350x for red luminescence. The local field
enhancement in the dielectric PhC structure was not as
high as plasmonic nanostructures but this lower field
enhancement was compensated by the fact that the purely
dielectric PhC structure causes much less quenching than
the plasmonic structures made of metal and was achieved
over a large area.

Finally, Liang et al. used a dielectric microbead lens to
achieve largeUCL enhancement as shown in Figure 5C [74].
In this scheme, the intensity of the UCL could be enhanced
by focusing both excitation and emission fields using
dielectric microbeads. NaYF4:Yb

3+,Er3+@NaYF4 and NaGd-
F4:Yb

3+/Tm3+@NaGdF4:Eu
3+ were investigated and the

enhancement factor was 103,000x for Eu3+ at 614 nm and
100x for Er3+ at 540 nm, respectively. The extremely high
enhancement of Eu3+ at 614 nmwas due to the involvement
of four photons for the upconversion. As discussed in
section 2, the overall upconversion is improvedmuchmore
in the higher order upconversion system. The authors
additionally provided experimental results for enabling
two- or multiphoton pumped upconversion for document
security and optogenetic applications. For document se-
curity, an encrypted code was printed on a piece of paper

Figure 5: Dielectric nanostructures with
UCNPs. (A) Schematic of the dual resonance
all-dielectric metasurface. Each unit cell of
the metasurface is a square consisting of
four silicon cylinders. These cylinders have
the same radius and the distance in each
unit cell. UCNPs are dispersed uniformly on
the metasurface. A magnified top view of a
unit cell is shown in the inset. (B) Top:
Schematic of dielectric photonic crystal
structure with SiO2 coated NaYF4:Yb

3+,Er3+

UCNPs. The middle and bottom images are
the top-down and cross-sectional SEM
images of UCNP-filled photonic crystal. (C)
Illustration of a microbead lensing effect in

theNaYF4:Yb
3+Er3+-embeddedpolydimethylsiloxane (PDMS)film. TheUCNP-embeddedPDMSsubstrate is placedunderneatha 20 μmdielectric

microbead. Reproduced fromRef. [72] for (A) with permission from The Royal Society of Chemistry, Ref. [73] for (B) with permission fromMao et
al., ACS Photon. vol. 6, pp. 1882-1888, 2019, © 2019 by the American Chemical Society, and Ref. [74] for (C) with permission from Liang et al.,
Nat. Commun. vol. 10, p. 1391, 2019, licensed under Creative Commons Attribution 4.0 International License.
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using NaYF4:Yb
3+,Er3+@NaYF4 nanoparticle inks and a

PDMS sheet and then decodedwith a tungsten lamp at sub-
solar irradiance. For optogenetic application, a flexible
PDMS chip with microbeads and NaYF4:Yb

3+,Tm3+@NaYF4
nanoparticles were placed underneath a brain section and
then the electrophysiological response of neurons con-
taining melanin-concentrating hormone was recorded.

4 Conclusions and outlook

The field of luminescence upconversion has experienced a
remarkable growth in the past decade. Significant progress
has been made in the development of refined synthesis
methods that yield high quality UCNPs. Aided by the
theoretical studies on the energy transfer and quenching
mechanisms, novel designs such as core–shell have been
used to improve upconversion efficiency [13–22]. Comple-
mentary to the chemistry-based approaches for improving
upconversion, nanophotonics offer pathways to a signifi-
cant boost in upconversion luminescence [45–76]. Engi-
neering photonic states, which can be done without
affecting the electronic states, can make a dramatic impact
on the light–matter interaction in general. In the context of
upconversion enhancement, nanophotonic approaches
can be used to enhance all processes involved in upcon-
version: absorption, energy transfer and emission. Quan-
tum electrodynamics provides a firm theoretical basis to
manipulate these processes while the interactions among
the various energy levels are described well by the rate
equation analysis. These strong theoretical foundations
allow rational design of nanostructures tailored to enhance
specific processes as desired.

From the fabrication standpoint, the wealth of nano-
fabrication techniques allows precise fabrication of com-
plex nanostructures. Nanolithography techniques such as
electron-beam lithography are highly effective in produc-
ing nanoscale features. However, they are generally
limited to small areas and planar geometries and thus may
not be suitable for applications requiring low-cost fabri-
cation over large areas, such as biosensing. On the other
hand, bottom-up approaches such as colloidal self-as-
sembly can produce large area and often three-dimen-
sional structures. These techniques however tend to
produce a larger degree of disorder and it is generally
difficult to achieve precise control over the nanoscale ge-
ometry towhich nanophotonic enhancement is sensitive. It
is therefore desirable to develop a hybrid approach that
exploits the strengths of multiple fabrication techniques. A
prime example is the combination of laser interference
lithography and self-assembly that has been used to

fabricate MIM structures and achieved 3 orders of magni-
tude enhancement. Further development of novel fabri-
cation techniques will be critical to the continued progress
in nanophotonically enhanced upconversion materials.

Through a combinationof a robust understandingof the
theoretical underpinnings and the sophisticated design and
fabrication of nanostructures, it is possible to greatly
enhance the upconversion process. In the last few years in
particular, we see reported enhancements that, for the first
time, exceed three orders of magnitude. This is particularly
impressive for dispersible nanostructures for biological ap-
plications where the design constraintsmake this especially
challenging. We observe a noticeable shift to absorption
enhancement that utilizes the nonlinear scaling achievable
by enhancing the absorption cross-section of the nano-
structures. In addition to the traditional gold and silver
nanostructures, new exotic materials andmore complicated
designs are starting to be utilized to enhance upconversion.
We anticipate new strides will be made in the use of
dielectric nanostructures where the lack of plasmonic
quenching may allow for greater enhancement. We also
predict further work into the enhancement of multiphoton
upconversion processes such as those involved in Tm3+ or
Eu3+. While these are less efficient than the traditional
erbium-based two photon process, the higher order power
dependence of these processes should result in a much
larger enhancement in upconversion emission.

From the application standpoint, we anticipate
continued focus on biological and medical applications.
UCNP's intrinsic advantages such as no background auto-
fluorescence, minimal background tissue damage and long
penetration depth in biological tissues will keep UCNPs on
the forefront of biological imaging and therapeutics. UCNPs
are particularly attractive for in vivo applications where the
safe level of laser power is quite small [12, 13] and thus other
nonlinear probes such as two-photon dyes are not usable.
For wide-spread use in in vivo settings, the upconversion
efficiency must be further improved. It is also important to
develop surface treatment techniques for targeted delivery.
With the current pace of developments, it is conceivable
UCNPs will soon be placed among the mainstream nanop-
robes commonly used in both laboratories and clinics.
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