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A B S T R A C T

Downshifting (DS) and downconversion (DC) are processes in which a high-energy photon
is converted into one or several lower-energy photons, respectively. These processes have
potential applications in imaging, solar energy harvesting, color conversion, and other fields.
The quantum efficiency of DS and DC can be high, even surpassing 100%. However, efficient
photon management is crucial for most applications, and improving the yield of DS and DC
is highly desirable. One promising and relatively easy way to boost the yield of DS and DC
is to utilize plasmonic nanoparticles. The resonant electric field enhancement near plasmonic
nanoparticles leads to an increased excitation rate of DS and DC. However, the presence of
metallic nanoparticles quenches the emission at both micro and macro scales due to Ohmic
losses. Properly balancing enhancement and quenching by choosing the optimal shape, material,
size, and concentration of plasmonic nanoparticles has been shown to boost DS and DC by a
factor as large as 50×. In this review, we discuss the basics of plasmon-enhanced DS and DC
and highlight recent progress in this field, covering experimental demonstrations of this concept
and its implications for photovoltaics.
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. Introduction

The concept of splitting an ultraviolet (UV) photon into two visible photons, a process that effectively harnesses the energy of
igh-frequency photons to generate a pair of lower-frequency photons, was first proposed by Dexter in 1957 [1]. This groundbreaking
dea laid the foundation for what would later be known as downconversion (DC), sometimes referred as to ‘‘quantum cutting’’, a
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Fig. 1. Simplified energy diagrams of downconversion (DC) and downshifting (DS).
Source: Reproduced from Ref. [14].

phenomenon that is the opposite of the upconversion process, or ‘‘Addition de Photons par Transfert d’Energie’’, discovered by
Auzel in 1966 [2]. The first experimental observations of downconversion were reported independently by two research groups in
1974, using YF33+ as the material system [3–5]. Subsequent advancements in the field led to significant milestones, such as the
demonstration of nearly 200% quantum yield in Eu3+-doped LiGdF4 through partial energy transfer between ions [6–8], which
immediately promoted the practical importance of DC.

Similarly, downshifting (DS) involves the absorption of higher-energy photons (such as ultraviolet or blue light) by a luminescent
material, followed by the emission of photons at longer wavelengths (lower energy), typically in the visible spectrum. The key
difference between DS and DC lies in the fact that DS results in the emission of only one photon, whereas DC results in the emission
of many, as illustrated in Fig. 1. Both DS and DC have found extensive applications in various fields, including bioimaging [9],
optoelectronics [10], and solar energy harvesting [11–13]. Despite the relatively high efficiencies already achieved in DS and DC
processes, there is a consistent challenge and ongoing effort to further improve their performance. Even incremental enhancements
in DS and DC efficiencies can have far-reaching consequences. For instance, in solar modules, slightly higher DS and DC efficiencies
of utilized luminescent materials may lead to substantially larger energy yield at large industrial scale.

Numerous strategies have been explored to enhance DS and DC processes. These include integrating metal–organic frame-
works [15] or nonlinear crystals [16] into DS/DC systems. Another approach is dye-sensitization, where dye molecules are used
to absorb light and transfer energy to the luminescent material, thereby enhancing the DC process [17]. Additionally, introducing
defects into the crystal structure of DS/DC materials has been shown to improve their performance by distorting crystal field [18].
Among these approaches, the use of plasmonic nanoparticles (NPs) has emerged as a particularly promising and extensively studied
avenue for enhancing DS and DC processes. The emergence of localized surface plasmon resonance (LSPR) in plasmonic NPs can
significantly enhance the electromagnetic field around the particles, leading to increased light absorption and emission by nearby
luminescent material. Plasmonic NPs are commercially available, relatively easy to handle, and exhibit strong resonances in the
UV–Vis wavelength range, which makes them especially attractive to use in DC and DS processes.

This review aims to provide a comprehensive overview of the current state of the art in plasmon-enhanced DS and DC, focusing on
fundamental principles, experimental demonstrations, and photovoltaic applications. In Section 2, we explore theoretical frameworks
that describe the interaction of plasmonic NPs with light and luminescent materials, including LSPR and luminescence decay rates.
In Section 3, we present experimental demonstrations highlighting the potential of plasmon-enhanced DS and DC, covering various
types of plasmonic NPs and their integration with luminescent materials. We discuss the impact of NP size, shape, and composition
on DS/DC enhancement. Finally, in Section 4, we overview the most representative examples of plasmon-enhanced DS and DC in
photovoltaics, examining how these processes can convert high-energy photons into usable energy, benefiting various solar cell
technologies. By assessing the current state of the art, we conclude with insights into future research directions and the potential
for optimizing DS and DC processes through plasmonic enhancement.

2. Plasmon-enhanced downshifting and downconversion

LSPRs are collective oscillations of free electrons in metal NPs of the size smaller or comparable with the free electron path.
LSPRs originate if the electric field penetrates the metal and causes displacement of electrons with respect to the lattice resulting
in the opposite charges appearing at the opposing surfaces. The attraction of these charges causes a restoring force that along
with the (effective) mass of the electrons defines an electromechanical oscillator called a surface plasmon. When the frequency of
surface plasmon is close to the frequency of the excitation light wave, LSPR occurs which leads to the enhanced local field at the
surface. For spherical particle, within quasistatic approximation, the wavelength of the resonance can be identified at ℜ(𝜀) = −2𝜀ℎ,
where 𝜀 and 𝜀ℎ are permittivities of NP and the host, respectively. LSPRs have been heavily studied in conjunction with a large
amount of applications. Interested reader is referred to seminal reviews and tutorials [22–27] including applications in photovoltaic
devices [28], nonlinear optics [29], nanolasers [30] and recent trends in understanding peculiar features of ultra-fine plasmonic
NPs [31]

Fig. 2 summarizes optical properties of three plasmonic materials most commonly used in DS and DC: Al, Ag and Au. Within
the quasistatic approximation, an anticipated wavelength of LSPR of NPs embedded in the glass host with 𝜀ℎ = 2.25 broadly varies
from UV for Al to visible for Au, see Fig. 2(a)–(c). These trends can be further confirmed by solving rigorously the electromagnetic
problem of planewave incident on a sphere [32]. The most straightforward way to assess the resonant behavior of NP is through
its extinction spectra which characterizes how effectively NP removes light from an incident beam through both scattering and
absorption processes. Explicit expressions for the extinction efficiency, 𝑄ext , can be found elsewhere [33]. Rigorous calculations of
𝑄 presented in Fig. 2(d)–(f) show that indeed, extinction efficiency of NPs acquires maximum values from UV for Al to visible
ext
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Fig. 2. Real and imaginary dielectric functions of (a) Al [19], (b) Ag [20], (c) Au [20]. Horizontal dashed lines in (a)–(c) correspond to −2𝜀ℎ, where in our
case 𝜀ℎ = 2.25 (typical glass). Extinction efficiency for (d) Al, (e) Ag, and (f) Au spheres of different radius as a function of vacuum wavelength of incident light.
Arrows in (d)–(f) point to maximum achievable 𝑄ext within a given range of parameters. (g)–(i) Normalized electric field intensity, 𝐼∕𝐼0, inside and near NPs
for sizes and at wavelength highlighted in plots (d)–(f) and corresponding to maximum 𝑄ext indicated with arrows. Simulations presented in panels (d)–(i) are
performed via the open-source MATLAB code STRATIFY [21] utilizing dielectric functions for Al, Ag and Au as presented in panels (a)–(c).

Fig. 3. Simplified schematic representation of plasmon-enhanced DC in a presence of plasmonic NP. Excitation process represents plane wave incident into the
NP-emitter system, consequent strong local field enhancement in the vicinity of NP in case of wavelength of incident illumination coinciding with the LSPR
wavelength of NP and increased excitation rate of the emitter (according to Eq. (1)) located in the spot with large electric field intensity. In the emission process,
emitter can be considered as an electric dipole oscillating in a presence of a metallic sphere. Notice the absence of external plane wave illumination in this case.
Plasmonic NP simultaneously modifies radiative decay rates at wavelength corresponding to LSPR and increases nonradiative decay rates of the emitter due to
Ohmic losses.

for Au NPs of typical radius from 5 nm to 50 nm, which is associated with the emergence of LSPR. Fig. 2(g)–(i) further elaborates
on properties of LSPRs: electric field confinement appears to be exceptionally strong near the surface of nanospheres. The latter
property allows to manipulate excitation and emission of the emitter located near plasmonic NP. According to Fermi’s golden rule,
the transition rate 𝛾exc of photons corresponding to the excitation of DS/DC emitter from |𝑖⟩ to |𝑓 ⟩ state is proportional to the
intensity of the electric field at the location of the emitter (see Fig. 3):

2𝜋 2
𝛾exc = ℏ
|⟨𝑓 |𝐄 ⋅ 𝐩| 𝑖⟩| 𝜌𝑓 , (1)

3 
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where ℏ is the reduced Plank’s constant, 𝐄 is the electric field at the emitter location, 𝐩 is the transition dipole moment, and 𝜌𝑓 is
the density of final states.

At the same time, radiative, 𝛤r ad, and, more importantly, nonradiative, 𝛤nr ad, decay rates of transitions associated with the
emission of the emitter are modified in the presence of plasmonic NP. In this case, quantum yield of emitter–NP system reads
as:

𝑞 =
𝛤r ad

𝛤r ad + 𝛤nr ad + (1 − 𝑞0)∕𝑞0
. (2)

Here 𝑞0 is quantum yield of the emitter for a single-photon transition in the absence of NP, the term (1 −𝑞0)∕𝑞0 describes the intrinsic
decay rates associated with internal non-radiative channels, which is typically assumed to be unaffected by plasmonic NP. Tilde over
decay rates 𝛤r ad(nr ad) denotes normalization of decay rates to that of in free space, i.e. in the absence of plasmonic NP. Noteworthy,
decay rates of the emitter are dependent on the orientation of the dipole moment 𝐩 with respect to NP. In rare occasions, well-defined
orientation of 𝐩 can be realized, while in most of the cases, orientation-averaging has to be implemented. For example, in the case of
emitter located near spherical NP, orientation-averaged decay rates are: 𝛤r ad(nr ad) =

(

𝛤⟂
r ad(nr ad) + 2𝛤 ∥

r ad(nr ad)
)

∕3, where ⟂ and ∥ denote
the dipole oriented perpendicular and parallel to the surface of a sphere.

Ultimately, the DS or DC enhancement factor is defined as a product of excitation enhancement and quantum yield modification:

𝐹 =
𝛾exc
𝛾exc;0

×
(

𝑞
𝑞0

)𝑝
, (3)

where 𝛾exc;0 is the transition rate of photons corresponding to the excitation of DS/DC emitter in the absence of NP, and 𝑝 is the
number of photons emitted: 𝑝 = 1 for DS and 𝑝 > 1 for DC.

Generally speaking, the validity of Eqs. (1)–(3) has been demonstrated for metal-enhanced fluorescence (𝑝 = 1 in this case) in
seminal experiments [34,35] for Nile Blue dye in a presence of Au NP. DS, being in fact the same as fluorescence, can be described
y similar approach, while DC, involving several emitted photons, requires 𝑝 > 1 for the second term in Eq. (3).

Several important features of plasmon-enhanced DS/DC worth separate discussion:

• There are no new photons generated during plasmon-enhanced excitation process, it is a transition rate increased according
to Eq. (1).

• Enhancement factors 𝐹 calculated via Eq. (3) strongly depend on 𝑞0. The worse emitter is used (i.e. with low 𝑞0), the larger 𝐹
can be achieved upon using the same plasmonic NP, given that excitation and emission spectra do not change, see for example
a detailed discussion on the example of plasmon-enhanced fluorescence [36].

• For a suspension of plasmonic NPs, attenuation of electromagnetic wave at the macro-scale occurs due to Ohmic losses in metal.
This effect is not captured by Eq. (3) which is valid for the case of a single NP. Competition between locally enhanced DS/DC and
its attenuation at macro-scale requires careful optimization of concentration of NPs, which has been demonstrated in several
works [37–40], but without proper theoretical background. Similar competition between plasmon enhancement at nano-scale
and attenuation at macro-scale has been demonstrated for plasmon-enhanced surface enhanced Raman spectroscopy [41],
stimulated Raman [42,43], and upconversion [44]. This effect should not be confused with so-called concentration quenching,
where ‘‘concentration’’ is referred to the concentration of emitters [45].

• Rare-earth ions, widely used for DS and DC, emit light at multiple wavelengths with different intensities [46–49]. Apart from
sole enhancing DS/DC, it might be important to control branching ratio of different emission channels [50].

• It may not be obvious immediately, but the very nature of the electric field enhancement is not important at all for boosting
excitation rate 𝛾exc in Eq. (1). Any other approach for enhancing local electric field other than using plasmonic NPs will do the
trick. For instance, work [18] demonstrates 10.64x four-photon near-infrared DC enhancement in NaBaPO4:Er3+ phosphors
due to the distortion of local crystal field by co-doping Bi3+ into NaBaPO4:Er3+.

Interestingly, specific to DS and DC, the very effect of modification of decay rates, and, as a consequence, quantum yield and
urcell factor by plasmonic NP, has been addressed numerically only in one recent work [51]. Moreover, only a small fraction

of works on plasmon-enhanced DS and DC present near-field calculations for plasmonic NPs under consideration [40,51–57]. That
aid, we can allude that theoretical understanding of plasmon-enhanced DS and DC processes, even being similar to well-established
lasmon-enhanced fluorescence [58,59] or upconversion [60–63], appears to be immature.

3. Experimental demonstrations of plasmon-enhanced downshifting and downconversion

There are multiple strategies for combining together plasmonic NPs and DS/DC materials for plasmon-enhanced DS/DC as
demonstrated in Fig. 4 with more detailed information available in Table 1. Pioneering works demonstrated the effect of plasmonic
enhancement by embedding both DS emitters and plasmonic NP in glass-like host [64,67,68,72] or solution [73,75]. Alternatively,
plasmonic NPs can be mixed with phosphors [39,53,69,76,77] or located on their surfaces [40,82]. Another sophisticated approaches
ensuring effectiveness of plasmonic enhancement include targeted positioning of DS/DC emitters/NPs directly on the surface of
plasmonic NPs [37,52,80] or vice versa, DS NPs can be decorated with plasmonic NPs [70,74,79,81]. More complex arrangements of
lasmonic NPs and DS/DC emitters are: films with composite plasmonic/DS NPs [38], SiO2 microspheres decorated with plasmonic

Ag NPs surrounded by silica with CdZnSeS QDs [66], inverse opals [78], periodic [54,56,57] and disordered [55,65,71] arrays of
lasmonic NPs with DS/DC emitters attached to them.
4 
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Fig. 4. Experimentally measured DS and DC enhancements (in logarithmic scale) due to plasmonic effects of various nanostructures with respective schematic
sketches of their arrangements for different types of emitters and number of emitted photons, 𝑝 (see Table 1 for more details): (1) Zinc-boro-tellurite glass:Er3+
containing Ag NPs [64], (2) Ag nanopillar array with spin coated 𝛽-NaYF4:Pr3+ NPs [54], (3) Ag@SiO2 nanospheres with attached ligand-free 𝛽-NaYF4:Tb3+ NPs,
in water solution [37], (4) YAG substrate, YAG:Ce3+,Yb3+ phosphor layer covered with SiO2 spacer, Ag NPs, and SiO2 passivation layer [55], (5) GdVO4:Eu3+,
PVA and Ag nanoprism layers on Si cell surface [65], (6) SiO2 microspheres decorated with plasmonic Ag NPs surrounded by silica with CdZnSeS QDs [66], (7)
Tb3+ and Ag co-doped glass nanocomposites synthesized in Li2O-LaF3-Al2O3-SiO2 glass matrix [67], (8) Er3+-doped Ga10Ge25S65 glass containing Ag NPs [68],
(9) Ag co-doped Y2O3:Tb3+ [69], (10) YVO4:Eu3+,Bi3+ NPs decorated with Ag NPs [70], (11) Eu3+/Au nanorods/PMMA spacer layer/Ag NPs/ glass [71],
(12) Au@Ag@SiO2 NPs and InP@ZnS QDs in PLMA [38], (13) NaGdF4:Yb3+,Er3+,Ce3+@NaGdF4:Yb3+,Nd@NaGdF4 core–shell–shell downconversion NPs and
Au hole-cap nanoarray on PS self-assembled film [57], (14) Ag/La0.95Eu0.05PO4 nanostructures [39], (15) Sm3+-doped sodium tellurite glass embedded with Au
NPs [72], (16) CdSe@ZnS QDs and Au NPs dispersed in epoxy resin [73], (17) Au-YAG:Ce3+ composite [74], (18) Al nanocylinder arrays structured on SiO2 glass
substrate with CaF2:Yb3+,Er3+ NPs layer placed onto the array [56], (19) Al NPs dispersed in DPA [75], (20) 𝛽-NaYF4:Tb3+,Yb3+ NPs doped with Ag NPs [52],
(21) NaBaPO4:Eu2+,Yb3+ decorated with Ag NPs [76], (22) KYF4:Tb3+, Yb3+ doped Ag NPs [77], (23) Ag co-doped Y2O3:Yb3+ [69], (24) NaYF4:Tb3+,Yb3+ NPs
decorated with triangular Ag NPs [78], (25) 𝛽-NaYF4:Er3+ NPs decorated with the Ag nanocubes and Au nanorods [79], (26) Au@SiO2 nanorods combined with
NaYF4:Tb3+,Yb3+ NPs in water solution [80], (27) 𝛽-NaYF4:Tb3+,Yb3+ NPs decorated with Au nanorods [53], (28) NaBaPO4:Eu2+,Er3+ decorated with Ag NPs [81],
(29) and (30) NaBaPO4:Er3+ decorated with Ag NPs [82], (31) NaBaPO4:Er3+,Li+ decorated with Ag NPs [40]. (32) NaYF4:Yb3+,Er3+,Ce3+ downconversion NPs
and Ag hole-cap nanoarray on PS self-assembled film [51].

So far, only three metals have been extensively used for plasmon-enhanced DS/DC: Al, Ag and Au. Several works also considered
simultaneously Au and Ag NPs [71,79] and composite Au@Ag core–shell NPs [38]. Only two experimental works [38,71], which
in fact use a combination of Ag and Au NPs, report enhancement factor surpassing 10×. Interestingly, Al NPs, being well known for
extraordinary plasmonic properties in UV–visible range [85–87], are only suggested in two works for plasmon-enhanced DS [56,75]
to date. Alloy and multimetallic NPs [88–94] along with recently emerged and promising plasmonic Mg NPs [95,96] are yet to be
considered for DS/DC enhancement.

Fig. 5 demonstrates the most representative example of plasmon-enhanced DS reported in Ref. [71]. Several features are worth
discussion here:

• Both excitation and emission spectra of the emitter are boosted in a presence of NPs as seen in Fig. 5(a),(b). The excitation is
increased due to the increased absorption in a presence of NPs, while the emission is increased due to lager amount of photons
emitted by the emitter.

• The ratio between photons emitted with and without presence of NPs then ultimately yields the enhancement factor plotted
in Fig. 5(c).

• Enhancement factor strongly depends on concentration of plasmonic NPs with a pronounced maximum of the enhancement at
a certain concentration, Fig. 5(c). As discussed above, this observation can be well explained by the interplay between local
enhancement of the DS process via plasmonic NP and quenching of the enhanced signal due to increased absorption inevitable
for higher concentrations of plasmonic NPs. We emphasize that similar existence of the optimal concentration of plasmonic
NPs has been theoretically predicted and experimentally observed for surface enhanced Raman spectroscopy [41], stimulated
Raman [42,43], and upconversion [44].
5 
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Table 1
Summary of experimentally demonstrated plasmon-enhanced DS (𝑝 = 1) and DC (𝑝 > 1) via plasmonic NPs.

Plasmonic NPs Luminescence Enhancement Ref.

Size, nm host:emitter 𝑝 𝜆exc, nm 𝜆ems, nm

Ag

15 borate glass:Er3+/Yb3+ 1 365 470, 570 – [83]
25–35 borate glass:Eu3+ 1 365 625 – [84]
465 NaYF4:Yb3+,Er3+,Ce3+ 1 980 1525 25 [51]
4–16 zinc-boro-tellurite glass:Er3+ 1 476 536, 550, 632 3.2, 4.1, 3.8 [64]
50 × 90 𝛽-NaYF4:Pr3+ NPs 1 444 876, 1017 4 [54]
50 𝛽-NaYF4:Tb3+ NPs 1 379 543 3.9 [37]
50 YAG:Ce3+,Yb3+ films 1 455 540, 1030 3.5 [55]
22 GdVO4:Eu3+ 1 395 620 3.1 [65]
30 CdZnSeS QDs 1 450 520 3 [66]
5.6 Li20-LaF3-Al2O3-SiO2 glass:Tb3+ 1 325 542 2.8 [67]
3 Ga10Ge25S65 glass:Er3+ 1 488 550 2 [68]
– Y2O3:Tb3+ 1 300 541 1.9 [69]
20 YVO4:Eu3+,Bi3+ 1 340 619 1.2 [70]

100–150 𝛽-NaYF4:Tb3+,Yb3+ NPs 2 377 977 2.4 [52]
20–150 KYF4:Tb3+, Yb3+ 2 374&485 975 1.9 [77]
– Y2O3:Yb3+ 2 300 978 1.5 [69]
100 NaBaPO4:Eu2+,Yb3+ 2 355 1004 1.2 [76]
50 NaYF4:Tb3+,Yb3+ NPs 2 467 978 1.1 [78]

100 NaBaPO4:Eu2+,Er3+ 3 352 1534 1.4 [81]
90–100 NaBaPO4:Er3+ 3&4 485&377 1534 1.8 [82]
30–110 NaBaPO4:Er3+ d/w Li+ 4 377 1534 2 [40]

Ag&Au
103 & 41×18a Eu3+ film 1 360 582, 590, 612 19.8, 28.7, 53.5 [71]
110×142b InP@ZnS QDs 1 442 610 12.9 [38]

90 & 120×20c 𝛽-NaYF4:Er3+ NPs 2 486 977 3.5 [79]

Au

400–467 NaGdF4:Er3+,Yb3+,Nd3+,Ce3+d 1 980 1527 6 [57]
23×6 LaPO4:Eu3+ 1 393 611 3 [39]
3.4 sodium tellurite glass:Sm3+ 1 404 577, 614, 658, 718 1.9, 1.8, 2, 2.2 [72]
10 CdSe/ZnS QDs 1 560 575 1.5 [73]
10 YAG:Ce 1 375 550 1.2 [74]

100–150 NaYF4:Tb3+,Yb3+ 2 372 980 3.5 [80]
90×15 𝛽-NaYF4:Tb3+, Yb3+ NPs 2 377 977 3 [53]

Al 440(400)×180 CaF2:Er3+,Yb3+ 1 980 1540 1.9 [56]
50–70 quartz:DPA 1 260 410 1.3 [75]

a Ag NPs & Au NPs.
b Au@Ag core–shell NPs.
c Ag NPs & Au NPs.
d NaGdF4:Yb,Er,Ce@NaGdF4:Yb,Nd@NaGdF4 core–shell–shell lanthanide NPs.

Fig. 5. Manifestation of plasmon-enhanced DS (example 11 from Fig. 4) in Eu3+/Au NPs/PMMA/Ag NPs stack [71]. (a) Excitation spectra for 612 nm PL
emission, (b) PL emission spectra under 360 nm excitation, and (c) PL enhancement factor at 582 nm, 590 nm, and 612 nm, all that for varying concentration
of Au NPs at fixed concentration of Ag NPs. (d) Comparison of luminescence decay lifetime curves for emission at 612 nm for 3 different stacks: Eu3+/Au NPs,
Eu3+/Ag NPs and Eu3+/Au NPs/PMMA/Ag NPs.

• Time-resolved photolumienscence (PL) measurements demonstrated in Fig. 5(d) confirm that the relaxation time is decreased
due to plasmon-enhanced decay rate of a fluorophore: from 662.25 μs for pure Eu3+ film to 310.3 μs for Eu3+/Au NPs/PMMA/Ag
NPs stack.
6 
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Fig. 6. Gain in short current density, 𝐽sc (or short current 𝐼sc) of PV modules due to plasmon-enhanced downconversion for different stack configurations and
emitters used (see Table 2 for more details): (1) Eu3+ doped TeO2–GeO2–PbO glasses with silver nanoparticles on Si solar cell [97], (2) Poly(methyl methacrylate)
polymer with lumogen yellow and Ag NPs deposited on top of CdTe mini-modules [98], (3) Si solar cell coated with ZnSe/ZnS QDs and Ag/ZnSe/ZnS QDs [99],
(4) Ba2SiO4:7% Eu2+ nanophosphors, SiO2 layer, and Ag NPs on Si solar cell [100], (5) Eu3+-doped TeO2-ZnO glass containing silver nanoparticles on Si solar
cell [101], (6) Eu3+-doped TeO2-ZnO glass containing silver nanoparticles on GaP solar cell [101], (7) Poly(methyl methacrylate) polymer with core–shell quantum
dots CdSe/ZnS and Ag NPs deposited on top of c-Si solar cell [102], (8) Poly(methyl methacrylate) polymer with core–shell quantum dots CdSe/ZnS and Ag NPs
deposited on top of Dye-sensitized solar cell (DSSC) [102], (9) Si solar cell with Ag NPs embedded in a SiO2 ARC mixed with Eu-doped phosphor particles [103],
(10) Ag NPs with an SOG layer containing Eu-doped phosphors on Si solar cell [104], Metal-enhanced fluorescence layer of Ag-NPs/SOG:Eu-doped phosphors
on Si solar cell [105], (11) Eu3+ doped tellurite glasses with Ag nanoparticles on Si-based solar cell [106].

Table 2
Summary of experimentally demonstrated plasmon-enhanced DS (𝑝 = 1 in all cases) for solar applications. Notice that for DSSC, DS layer deteriorates the
performance [102], hence large gain due to plasmonics.

host:emitter 𝜆exc, nm 𝜆ems, nm NP size Bare cell DS DS+NP NP gain Ref.

Cell 𝐼sc or 𝐽sc
SiO2:Eu3+ 400 610 20 Si 26.29 mA/cm2 – 32.85 – [103]
TeO2-ZnO glass:Eu3+ 405 & 473 613 25 GaP 0.067 mA 0.071 0.087 22.5% [101]
CdSe/ZnS QDs 300–500 500 45 DSSC 7.94 mA/cm2 7.35 8.18 11.3% [102]
TeO2-ZnO glass:Eu3+ 473 613 25 Si 0.279 mA 0.292 0.315 7.8% [106]
ZnSe/ZnS QDs 300–400 420 20 Si 26.7 mA/cm2 29.4 31.2 6% [99]
CdSe/ZnS QDs 300–500 500 45 Si 25.5 mA/cm2 25.99 27.5 5.8% [102]
lumogen yellow 380 510 45 CdTe 11.5 mA/cm2 12.2 12.8 5% [98]
TeO2-ZnO glass:Eu3+ 405 & 473 613 25 Si 1.64 mA 1.72 1.79 4% [101]
SOG:Eu3+ 370 514 18 Si 26.26 mA/cm2 32.24 32.91 2% [104,105]
Ba2SiO4:Eu2+ 396 505 10–20 Si 41.18 mA/cm2 41.51 42.04 1.3% [100]
TGP glass:Eu3+ 405 613 5 Si 8.27 mA 8.97 9.07 1% [97]

4. Plasmon-enhanced downshifting and downconversion for solar energy conversion

The motivation for applying downshifting in solar energy harvesting lies in a fact that UV part of solar irradiance (about 4%
of total energy reaching earth) is not utilized by photovoltaic (PV) modules efficiently. This amount of energy may seem to be
incremental, however even small gain in solar cell performance has significant implications for a large-scale solar power plants.
Moreover, cutting down the UV illumination which reaches PV module is by itself an important feature since UV degradation is a
critical issue in photovoltaics [107–109].

The first demonstration of using DC for improving solar energy harvesting traces back to 1979 [110], when a substantial increase
in quantum efficiency of low-cost CdS and amorphous-Si cells has been demonstrated. Later on, this concept has been heavily
elaborated theoretically. For example, Trupke et al. [111] demonstrated maximum achievable 30.9% to 39.63% improvement for
conversion efficiency of a solar cell in a presence of DC layer exposed directly to nonconcentrated radiation under the assumption
of radiative recombination only. However, a detailed numerical analysis by Richards [11] reported quite concerning conclusions
claiming that there are limited options for the successful application of rare-earth luminescent DC to silicon PV devices. Nonetheless,
in the following decades this problem has been extensively studied both from materials science and theoretical perspectives: a
comprehensive summary of DS and DC materials suitable for solar applications is given in Refs. [112–115], while more detailed
theoretical analysis of solar cells performance in the presence of DS and DC materials under different conditions (but without
plasmonic NPs) has been presented in several works [12,116–118].

We recall that the sole purpose of DS/DC is to convert high energy photons from UV to one or more photons with lower energy
in visible or near-infrared range. In this case, external quantum efficiency (EQE) of PV module will be changed compared to PV
module in the absence of any DS/DC material. It may appear to be counter-intuitive, but in the presence of DS/DC layer, EQE will
7 
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be modified in the wavelength range corresponding to the absorption spectra of DS/DC materials, not to the emission spectra. Simple
yet insightful model describing a modification of EQE in the presence of DC/DS layers has been developed by Rothemund [116].
Considering several further elaborations of this formalism [117,118], it can be summarized as follows:

EQEDS∕DC (𝜆) =𝑇PV (𝜆) × IQE (𝜆) +

+ 𝐴DS∕DC (𝜆) ×
∫ 𝑇DS∕DC→PV

(

𝜆ems
)

× IQE (

𝜆ems
)

× QY (

𝜆, 𝜆ems
)

× PL (

𝜆, 𝜆ems
)

d𝜆ems

∫ PL
(

𝜆, 𝜆ems
)

d𝜆ems
.

(4)

The first term in Eq. (4) corresponds to EQE calculated for PV module in presence of DS/DC material, assuming no emission due to
S/DC, i.e. this term explains how DS/DC material modifies the EQE just by the fact that it absorbs light:

• 𝑇PV (𝜆) is the fraction of incident light transmitted directly to the PV layer;
• IQE (𝜆) is the internal quantum efficiency, which describes the inherent capability of the PV layer to convert absorbed light to

electricity. The critical difference between EQE and IQE is that EQE takes as an input the total amount of photons incident to
PV cell, while IQE takes as an input only photons which reach PV module, hence terms ‘‘external’’ and ‘‘internal’’. Obviously,
EQE (𝜆) ≤ IQE (𝜆) at any given wavelength 𝜆.

The second term in Eq. (4) describes a modification of EQE due to DS/DC emission:

• 𝐴DS∕DC (𝜆) is the fraction of light absorbed by DS/DC material. The largest possible absorption within UV together with the
highest transparency in visible and/or infrared wavelength range are recommended for better utilization of DS/DC process;

• 𝑇DS∕DC→PV
(

𝜆ems
)

is the fraction of light emitted from DS/DC layer which reaches PV layer. It is critical to design the stack in
such a way that the emitted light will not be trapped inside the DS/DC layer or leak into the air. Ideally, most of the light
should reach PV layer. Recent work [117] shows that the amount of emitted light reaching PV layer dramatically changes
from 10%–25% to 79%–90% by just changing the location of DS/DC layer within the stack;

• PL
(

𝜆, 𝜆ems
)

is photoluminescence spectra of the emitter;
• QY

(

𝜆, 𝜆ems
)

is the quantum yield of the emitter.

It is clear from Eq. (4) that PV modules with inherently low IQE in UV range are way much easier to boost via DC rather than
odules with relatively high IQE in UV [119]. All that comes down to numerous issues and inconsistencies for correctly estimating

oost in PV performance in the presence of luminescent layers with only recently established standards for characterization and
eporting protocols [120].

Plasmonics has been widely studied and used for PV applications, numerous comprehensive reviews [28,121–124] summarize
huge variety of possible scenarios, however, without a detailed discussion on downshifting and downconversion. The only available
summary [125] of plasmon-enhanced DS in conjunction with PV devices presents a general discussion of this concept without
roviding references to any experimental examples. Analysis presented in Ref. [126] highlights the idea that incorporation of

plasmonic NPs inevitably changes the entire optical response of the PV module, thus proper re-arrangement of the stack is required.
In other words, the stack optimized without considering presence of plasmonic NPs will likely perform differently once plasmonic

Ps are embedded in the system. Eq. (4) can be used to understand the impact of plasmonic NPs on PV performance:

• At the micro scale, considering the impact of any given single NP, the photoluminescence PL
(

𝜆, 𝜆ems
)

entering Eq. (4) will be
enhanced by the factor of 𝐹 according to Eq. (3);

• Once NPs are incorporated inside the emitting material, its refractive index becomes different from that of ‘‘pure’’ emitting
material, even for relatively low concentration of plasmonic NPs. An extensive literature summarizes various strategies for
taking this effect into account, depending on sizes, shapes and arrangements of NPs [127–129]. Once refractive index of the
emitting layer is modified, it changes the way how light propagates through the stack and the way how light is emitted from
the DS layer at the macro scale, that is 𝑇PV (𝜆), 𝐴DC (𝜆), and 𝑇DC→PV

(

𝜆ems
)

entering Eq. (4) will be different in the presence of
plasmonic NPs.

Recent comprehensive work [130] appears to be the only work attempting to incorporate the above optical effects into a single
model capable of predicting and optimizing performance of PV modules in the presence of plasmonic NPs. The approach involves
utilization of different techniques such as finite-difference time-domain method, Monte-Carlo simulations, ray tracing algorithms for
finding size, shape and concentration of plasmonic NPs as well as luminescent species and host material for optimal performance
f PV modules. Experimental efforts summarized in Table 2 and Fig. 6 are typically limited to a particular stack with a narrow

range of variability of stack parameters. Nonetheless, an improvement in performance of various PV modules is observed with up
to 22.5% boost in short current by just incorporating plasmonic NPs into the DS layer [101].

Fig. 7 demonstrates a detailed view on how EQE of solar modules and generated current are modified in the presence of ‘‘bare’’
S layer and DS layer with plasmonic NPs embedded in it. EQE gains boost in UV range corresponding to the absorption spectra of
S materials involved, which is in agreement with Eq. (4). Further, the current density is also increased. Indeed, according to the

definition of short current density,

𝐽sc =
𝑞
ℎ𝑐 ∫𝜆

𝐸(𝜆) × EQE(𝜆)d𝜆 , (5)

one should expect to observe larger 𝐽sc for boosted EQE. Here 𝑞 is the electron charge, ℎ is the Plank’s constant, 𝑐 is the speed of
ight in vacuum, 𝐸(𝜆) is the source spectrum (i.e. the spectral irradiance incident on the solar module).
8 
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Fig. 7. EQE (left) and current–voltage characteristics (right) experimentally measured for different combinations of solar cells and DS materials, all that enhanced
by Ag NPs (see configurations (3), (9) and (2) from Fig. 6, respectively): (a) ZnSe/ZnS QDs with Si cell [99], (b) SiO2:Eu3+ with Si cell [103], (c) lumogen
yellow with CdTe mini module [98]. Notice consistent increase of EQE in UV wavelength range (left) and improvement in current density (right) due to DS
only and due to plasmon-enhanced DS in the presence of plasmonic NPs. For further details on experiments the reader is referred to original articles.

Besides the very boost of the performance of solar cells due to the DS phenomenon, a supplementary improvement of UV stability
can be also harnessed with plasmonic NPs [70]. Nonetheless, the research on plasmon-enhanced DS with applications in solar
industry appears to be in the early stage: only about a dozen of works with solid demonstration of boosting the performance are
available, while proper optimization studies are apparently missing. Moreover, to the best of our knowledge, plasmon-enhanced DC
for solar energy conversion has not been reported yet.

5. Conclusion and outlook

In this review, we have discussed fundamentals of plasmon-enhanced downshifting and downconversion, summarized the most
representative experimental observations of this effect, and discussed implications to solar energy harvesting. To date, there is
rich experimental evidence of plasmon-enhanced downshifting and downconversion, predominantly using Ag nanoparticles, with
a few cases employing Au, and even fewer utilizing Al. The largest plasmon-enhanced downshifting reported so far is 53.5 for a
combination of Ag and Au nanoparticles [71]. Numerical modeling and proper theoretical considerations with a search of optimal
designs are clearly missing in the literature except several works reported detailed theoretical and experimental investigation
of plasmon-enhanced downshifting [51] and its implications to solar cells [130]. Plasmonic enhancement has been studied for
downconversion in white organic light emitting diodes [131] and bioimaging [51,57], but it appears that these are only few
examples of combining plasmonic nanoparticles with downshifting or downconverting emitters in applications other than solar
energy harvesting. The latter has been explored experimentally in a larger number of works summarized in Section 4.
9 
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That said, there is a plenty of room for further exploration of plasmon enhanced downshifting and downconversion, including
but not limiting to the following:

• Theoretical and numerical analysis of plasmon-enhanced downshifting and downconversion beyond calculating electric fields. As
demonstrated in Section 2 and in Ref. [51], plasmon-enhanced downshifting and downconversion processes are quite involved
and require delicate balance between enhancement due to local electric field and quenching due to non-radiative decay rates.

• Ordered arrays of plasmonic nanoparticles for enhancing downshifting and downconversion are largely unexplored except
few works [54,56,57]. We anticipate a great potential of harnessing structural resonances, such as collective lattice reso-
nances [132,133] for enhancing downshifting and downconversion processes, which is already shown to be exceptionally
efficient for fluorescence enhancement [134] and lasing [135–137].

Last but not the least, lossless all-dielectric nanoparticles [138] can serve as an attractive alternative for plasmonic nanoparticles
to enhance downshifting and downconversion. Recent progress revealed successful utilization of all-dielectric nanoparticles for
luorescence [139–143] and upconversion [144,145] enhancement.

6. List of abbreviations

DC – downconversion
DPA – 9,10-Diphenylanthracene
DS – downshifting
DSSC – dye-sensitized solar cell
EQE – external quantum efficiency
IQE - internal quantum efficiency
NP – nanoparticle
PL – photoluminescence
PLMA – poly(lauryl methacrylate)
PMMA – poly(methyl methacrylate)
PS – polystyrene
PV – photovoltaic
PVA – polyvinyl alcohol
QD – quantum dot
TGP – TeO2-GeO2-PbO
UV – ultraviolet
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