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Abstract: Photon upconversion (UC) is the sequential absorption of two or more low frequency
photons and subsequent emission of light at a higher frequency. Because of a large number of
potential applications of this anti-Stokes process, extensive studies of UC have taken place in the
last decades. The most crucial challenge in this field is the development of an efficient strategy to
enhance the inherently low efficacy of the UC process. Among the various intensively developed
approaches, local tailoring of the electromagnetic field with metal nanoparticles (MNPs) to the
position of the UC material has been considered as the most promising one. However, distinctive
features of photon UC imply the emergence of fluorescence quenching near the MNP. Along
with different near-and far-field MNP responses and non-trivial competition of enhancement and
quenching of the UC signal in suspension of MNPs on the macroscale, the search of optimal
MNP configuration for UC enhancement becomes quite the challenging task to solve. In this
paper, we thoroughly analyze these effects with a rigorous and comprehensive theoretical model
based on the extended Mie theory for multilayered spheres and the effective medium approach.
We provide general guidelines for highly efficient UC enhancement by Ag and Au spherical
MNPs.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The absorption of low-energy photons and their re-emission at higher frequencies through the
upconversion (UC) process has attracted significant attention for a long time [1] due to the
endless number of potential applications [2] with particular interest in biology [3—7], imaging [8],
solar energy harvesting [9—12], and nanoscopy [13, 14]. However, strictly limited wide-spread
practical implementation of inherently low-efficacy UC process has stimulated the emergence of
various strategies for its enhancement in a last decade [15]. These strategies include broadband
absorption [16], triplet-triplet annihilation [17, 18], high excitation irradiance [19], enrichment
of molecular antenna triplets [20], phonon mediated enhancement [21]. Apart from these
strategies, nanoscale tailoring of the electromagnetic field to the position of the UC material via
metal nanoparticles (MNPs) has been considered as the most promising way to enhance UC
process [22—24]. Termed plasmon-enhanced UC, such straightforward yet non-trivial approach
is enabled by the unique property of MNPs to support collective electron oscillations — localized
surface plasmon resonances (LSPRs) [25]. These optical excitations can be confined well below
the diffraction limit of light with high degree of the local electric field enhancement, which paves
a way for efficient UC enhancement. While numerous works in the field of plasmon-enhanced UC
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report quite promising UC enhancement factors (up to several thousands [26]), there is a crucial
lack of fundamental studies of this process both in terms of local near-field interactions between
UC material and MNP, and macroscale UC enhancement in a suspension of plasmonically
enhanced UC material. As a result, most of theoretical and experimental studies usually disregard
a number of important features, and report only the possibility to enhance UC with MNP without
further optimization which may yield in considerably higher UC enhancement factors.

First important feature is related to strong fluorescence quenching [27] near the metal surface
due to the presence of a real intermediate state, which is populated before the final emitting
state during the UC process. This leads to a competition between high local field enhancement
and strong fluorescence quenching near the MNP, which is usually controlled by a dielectric
spacer layer introduced between MNP and UC material [28,29] to suppress quenching. However,
the pattern of the local field distribution [30] and fluorescence of the dipole emitter [31] near
the dielectric-covered MNP is completely different compared with bare MNP. Nonetheless,
the necessity of simultaneous estimating of both electric field enhancement and decay rates
using time-consuming full-field simulations usually implies the ignoring of dielectric spacer
presence [32] due to high complexity of calculations.

Next, the presence of the spectral shift between near and far-field MNP response [33] is
usually underestimated [34-38], and ‘optimal’ MNP is chosen by tailoring its LSPR to excitation
or emission frequency of the UC process. However, the interaction between the UC material
and the MNP takes place in a near-field, while commonly utilized extinction cross-section is a
quantity measured in the far-field. Taking into account large spectral shift between UC excitation
and emission frequencies, the importance of off-resonance plasmon-enhanced UC is usually
overlooked.

Finally, local UC enhancement in a single UC particle attached to MNP, might be not
the appropriate parameter which has to be chosen to characterize the UC enhancement in
MNPs suspensions or arrays [39-46]. It was recently shown, that the competition between
the enhancement and extinction of pump and signal propagating through the slab of MNPs
on a macroscopic scale requires the development of more sophisticated theoretical approach
to predict the actual recorded signal, for example, in surface-enhanced Raman spectroscopy
(SERS) [47,48] or in surface-enhanced femtosecond stimulated Raman spectroscopy (SE-
FSRS) [49,50]. Although the UC process differs [22] from SERS and SE-FSRS, one could
expect the emergence of similar competition effects in the suspension of plasmonically enhanced
UC particles.

Therefore, balancing between the enhancement and suppression of the UC process by a single
MNP at nano scale, distinguishing near- and far-field response of MNPs, and competition
between enhancement and extinction of both pump and upconverted signals in solution of
plasmonically enhanced UC particles at macro scale are of particular interest for the field of
plasmon-enhanced UC. In this paper, we derive the self-consistent theory to describe these
phenomena. Taking into account uncountable possibilities for plasmon-enhanced strategies due
to large variety of plasmonic materials and geometries of MNPs, we limit the discussion with
spherical MNPs and classic plasmonic materials: Au and Ag. Rigorous Mie theory extended to
multilayered spherical MNPs has been used to get the classic dipole decay rate of the emitter
and local field enhancement in the vicinity of the multilayered MNP, while effective medium
approach has been used to describe enhancement and extinction phenomena in a slab of MNPs
with attached UC particles.

2. Theory
2.1.  UC enhancement by a single MNP

The UC is a two-step process which is represented by (i) excitation (absorption) at frequency
wex and (ii) emission at frequency wep. The simplified diagram of transitions in the commonly
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used UC crystal [51,52] is depicted in Fig. 1(a). Either of these processes can be enhanced by
electromagnetic field localized near a MNP, depending on the LSPR frequency wyspr of MNP.
Though various shapes of MNPs for UC enhancement have been proposed so far [26,32,53], we
limit our discussion to MNPs with spherical shape.

(@) (b)
eV
b e spacer _metal shell
2.4 >_V_,_ Sz 9 . .
1.9 H -L4F9/2 A
o
1.31 Farg A: A 4,231 (€)
spacer uc
el € 1S
[ [ c
O o ©
~[ < | [=
» Tp] (o))
0 4 Fravyp ‘I'Er;+"‘|15,2}o
(d) _ h R

UC emission, w,,

NV, NV

pump, o.| extinction extinction extinction
N\, <—><—>

decay, o,,

Fig. 1. Plasmon-enhanced UC process. (a) Simplified energy diagram for energy-transfer
UC between Yb>* and Er3*. Solid arrows denote absorption and emission, dotted red arrows
denote interspecies energy transfer, and dotted blue arrows denote nonradiative relaxation;
(b) Excitation enhancement of UC process for UC material embedded in the metal shell;
(c) Emission enhancement of UC process for UC material attached to MNP. Dielectric spacer
layer introduced in both cases to suppress quenching of UC; (d) Schematic representation of
signal propagation through the slab of plasmonically enhanced UC material.

Commonly, UC materials absorb light at near-IR wavelengths, thus, the utilization of homoge-
neous spherical MNPs with LSPR frequency wy spr lying within the visible wavelength range
(which is common property of classic plasmonic Ag and Au homogeneous MNPs) does not
have prospects in this case. However, LSPR peak of multilayered spherical nanoparticles with
dielectric core and metal shell, lies within the near-IR range. MNPs with this configuration are
widely used in biomedicine [54] due to the ability to tailor wyspr to biological transparency
window. It should be noticed, however, that the UC process implies the presence of additional
intermediate spacer layer between the UC material and metal shell, thus, the most suitable
geometry for spherical multilayered particle for enhancing the UC excitation is: UC core /
dielectric spacer / metal shell [55-58], as shown in Fig. 1(b).

Let us assume that the UC material is illuminated by the incident field E at frequency wex
which corresponds to transition from state |0) to state |1). According to Fermi’s golden rule, the
corresponding transition rate y(; of electrons is then described as:
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where 7 is the reduced Planck’s constant, p is the transition dipole moment, and p; is the density
of final states. The emission of the upconverted signal occurs after the absorption of two photons
with transition from ground state |0) to state |2) through real intermediate state |1). Thus, the
gain to the intensity I of the emitted light through such an excitation is proportional to [E[*.

Multilayered MNPs are recognized as a powerful tool for manipulation and enhancement of
local electric field [59,60] up to |E’|*/|E|* ~ 10'° or even higher, where E’ is a local electric field
in the presence of a MNP. However, the real intermediate state |1) which should be proceeded
before populating the final emitting state |2) implies the existence of decay pathways from state
|1), which have to be taken into account when calculating the overall UC enhancement. MNP
can also significantly alter corresponding total decay rate 7yt from the state |1) due to quenching
of fluorescence [27]. Combining these two competing factors (simultaneous enhancement of
local field and total decay rate), the overall excitation enhancement can be found as [34]:

’ 4
_IE p|4 Yo )

[E-pl” Yot
where prime denotes the values modified in the presence of a MNP. Both local field E” and v/,
rapidly increase near the surface of MNP, which results in non-trivial competition between these
two factors and gives rise to complicated behavior of the overall enhancement factor fu [32].

The local field enhancement [E’|*/|E|* in the vicinity of homogeneous or multilayered MNP
can be found within the framework of rigorous Mie theory via well-established procedures [59,60].
Though, the calculation of y;,, /¥t for dipole emitter located inside the multilayered sphere is a
complicated task which is usually solved with time-consuming full field simulations. However,
in this work we use purely theoretical self-consistent solution based on rigorous Mie theory [61],
which is usually overlooked in the literature. Corresponding equations for |E’|*/|E[* and Yeor/ Viot
are given in the Appendix.

It should be noticed, that in principle, the maximum reachable local UC excitation enhancement
is only limited with the appropriate choice of MNP geometry which provides desirable interplay
of the local field enhancement and fluorescence quenching. In this case, suppressed quenching
in plasmonic nanocavities [62] and nanogaps [63], enhanced emission of visible light in
nanomatryoshkas [64] or tailoring the electric field away from metal surface in regular 2D arrays
of MNPs embedded in multilayered environment [65] may play a crucial role for reaching high
values of fi.

UC materials emit light at frequencies within the visible range, which makes homogeneous
spherical MNPs perfect candidates for enhancing this process. Taking into account fluorescence
quenching, the optimal geometry for enhancing UC emission is: MNP / dielectric spacer / UC
material, as shown in Fig. 1(c).

Let us assume that UC particle in free space can be described as a dipole emitter with initial

quantum yield no = y° /()/21 o d), where 0, and y°

decay rates, correspondingly. In the presence of a MNP, this quantum yield is modified to

Jex

are radiative and nonradiative

=54l (yr'a a7V d). Thus, the emission enhancement can be explicitly defined as:

Jem = 77_. 3)
1o

Classical theory for dipole decay rates of molecules in the presence of a spherical MNP assumes

that intrinsic losses are absent in the dipole emitter [66], i.e. ygra 4 = 0. However, for UC material

this is not the case: dotted blue lines in Fig. 1(a) denote nonradiative relaxation. Therefore, it is
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convenient to rewrite Eq. (3) in terms of the Purcell factor F =y, ,/ y?a 4 and so-called antenna
efficiency [32] na = ¥,,4/Yio» Where v, is the plasmon-modified total decay rate for a dipole

emitter without intrinsic losses. Thus, Eq. (3) can be written as follows [67]:

1

(1 =m0) /F +m0/na”
It can be seen that classical theory for dipole emitter decay rates without intrinsic losses can be
applied for estimation of f.r, by setting up appropriate values of g for each particular case of
UC material. Expressions for y; ; and yy, are given in the Appendix.

It is worth to mention here, that quantum yield of the dipole emitter has a maximum value of
0.5 for a two-photon process. Therefore, unlike excitation enhancement, the values of emission
enhancement are strictly limited to fo, < 0.5/n0. In this case, one should be careful when
comparing f.r, for various scenarios, because what really matters here is the plasmon-enhanced
quantum yield " of the UC material.

Jem “

2.2. Extinction in a slab of MNPs

Let us now consider light propagation in a slab of MNPs with attached UC particles embedded in a
non-absorbing medium with real refractive index my,. In this case, both pump and locally enhanced
upconverted signals intensities I decay during propagation through the slab in accordance with
the Beer’s law:

1(h) = 1(0)exp (-ah), (5)

where £ is the propagation distance, and @ = 2kIms is the absorption coefficient in a medium
with complex refractive index 7 [68]:

m=myp

2
1+ i%S(O)] , ©)

where k is the wave vector in the medium, S(0) is the scattering matrix in the forward direction, and
p is the number density of MNPs in a suspension. Taking into account the optical theorem [68] for
extinction cross section Cex; = (471/k?)Re [S(0)], one could write the Beer’s law in the following
form:

I(h) = I(O)eXP (_mbphcext) . @)
Finally, the extinction cross section of a spherical nanoparticle is [68]:
2 —
Cext = 5 (2l + 1)Re(a; + by), 3
=1

where a; and b; are Mie coefficients which are defined in the Appendix.

2.3. Combined model

We are now ready to consider the nano-scale enhancement and macro-scale extinction within the
one combined model. Let us consider the slab with thickness 4 of MNPs with concentration p(z),
which generally depends on the position z of the MNP. The schematic representation of such a
system is depicted in Fig. 1(d). Let us assume that the initial pump signal is Sy and the average
number of UC particles attached to MNP is (N). The local UC signal at location z is then:

Sioc(z) = (N)SoA fiocp(z) €Xp [_/0 dz’ p(2)mp Cexi (Wex) | 5 9)
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where fioc is the local UC enhancement factor defined by Eqs (2) or (4) depending on UC
enhancement strategy (excitation or emission enhancement). The first term in Eq. (9) before the
exponent describes the local enhancement, while the exponent describes extinction of pump
signal at location z. The emitted upconverted signal with frequency wen, attenuates during its
propagation through the rest of the slab:

h
Suc < €Xp [_/ dz,p(z)mbcext (wem)] . (10)

Combining these two equations, one could get the expression for the overall registered signal:

h z h
Suc(2) = (N)YSoA fie /0 dzp(z) exp [— /0 dz’p(z')mbcext(wex)] exp [— / 42’ (2" Yy Cexc (wem) |

z
an
where A is the integral over the transverse beam profile normalized to the peak value, the effective
transverse area of the beam [47]. Integration of equation (11) over the whole slab 5 leads to:

exXp [_mb Cext(wex)ph] — &Xp [_mb Cext(wem)ph]

Mp Cext(Wem) — Mp Cext(Wex) .
It can be seen that generally, Eq. (12) is similar to ones obtained for SERS [47] or SE-FSRS [49].
The appropriate value of fi,., however, has to be chosen depending on the actual geometry
of the MNP and the regime of UC enhancement by MNP: excitation or emission. Moreover,
the large spectral difference between wex and wep, implies the predominance of Cex¢(wex) OF
Cext(wem), depending on the UC enhancement regime. Thus, only pump or upconverted signal
will experience pronounced extinction while the other one will likely propagate through the slab
with negligible attenuation.

Suc = <N>S0Afloc

12)

2.4. Quantum finite-size effects

Finally, the multilayered MNP geometry represented in Fig. 1(b) implies the use of sufficiently
thin metal layer. In this case, its bulk frequency-dependent dielectric permittivity (w) has to
be modified in accordance with quantum finite-size effects [69] which play important role and
completely change the optical response of multilayered MNPs with metal thin layers [70,71]. The
frequency-dependent tabulated data for bulk £(w) has to be corrected in the following manner:

2 wZ

e(w) — g(w) + “r - L (13)
w? + iIpukw w? + il"ﬁnw’

where w),, is the plasma frequency, I'nyik is the relaxation constant for bulk material, and gy, is:

1)
Ttin = Toui + AL L—F, (14)
eff

where vr is the Fermi velocity, Leg is the mean free path of conduction electrons and Ay, is
the dimensionless parameter which is assumed to be unity in most of the cases [68]. There are
several ways to define L for nanoshells [72], however, setting L.g to be equal to the thickness
of a metal shell provides reliable and consistent results [73].

3. Discussion

3.1.  UC enhancement by single MNP

We start with local UC enhanced by single MNP and limit the discussion with commonly
utilized plasmonic materials: Au and Ag. In what follows, we assume that MNPs are embedded
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in water with mp = 1.33. We chose SiO; as a spacer layer with constant refractive index
1.54. The refractive index of UC material is assumed to be 1.48. Dielectric constants for Au
and Ag are taken from ref [74]. Quantum finite-size effects are introduced via Eq. (13) with
the following parameters for Au [75]: T'huk/wp = 0.00253, vr/c = 0.0046, and for Ag [75]:
Thuik/wp = 0.0019 and v /c = 0.0046, where c is the speed of light in the vacuum.

Although UC core / dielectric spacer / metal shell structures have been already considered
as a platform for plasmon-enhanced UC [29, 55-57], there is a lack of information in terms of
optimization of the gain in the recorded upconverted signal due to complexity of experiments and
high computational costs of exact numerical simulations. However, developed in this paper theory
makes it possible to consider wide variety of geometries at almost negligible computational cost.
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Fig. 2. Extinction efficiency Qex, electric field enhancement |E’|*/|E[4, total decay rate
enhancement y;, /¥tot, and excitation enhancement fex for multilayered MNPs: UC core /
SiO, spacer / metal shell. Shells are chosen to be Ag (top panels) and Au (bottom panels).
The thickness of SiO, spacer layer is fixed to be 10 nm in all cases. Excitation wavelength is
Aex = 976 nm. Dotted lines in right panels correspond to fex = 1.

Figure 2 shows a comparative analysis of the local field enhancement |E’|*/|E|* and the total
decay rate vy, /¥t enhancement at Adex = 976 nm wavelength in the center of the UC core
surrounded by 10 nm thick SiO; spacer layer and Ag or Au thin (up to 10 nm) shells. We do
not consider SiO; spacer layers with different thicknesses, because smaller thickness might be
insufficient for successful suppression of UC quenching, while the use of thicker spacer shell will
only imply the use of the UC core with smaller size for reaching efficient UC enhancement. The
latter trend does not considerably change the fix values while at the same time it leads to decrease
of the volume of UC material in the core of multilayered MNP which is required to keep fex the
same. We also imply that for sufficiently thick SiO, spacer layer, electric field distribution as well
as total decay rates are almost homogeneous within the UC core, thus, we limit our discussion
with the values of |E’|*/|E[* and Ytor/ Yot calculated for dipolar emitter located in the center of
MNP, which is approximately equal to averaging of all luminescing lanthanides within the UC
core. Finally, UC core radius and metal shell thickness have been varied in a wide range of sizes.

It can be seen from Fig. 2 that both |E’|*/|E|* and y[,, /¥ reach the highest values for MNPs
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with almost the same sizes. However, the maximum values of fourth power of the local field
enhancement are generally 1-2 orders of magnitude larger than the maximum values of the decay
rate enhancement, which results in up to fix & 150 and fox = 20 UC enhancements for Ag
and Au MNPs, respectively. Of note, recently proposed Au nanorods provide up to ~ 160-fold
simultaneous emission-excitation enhancement [32]. Moreover, according to Eq. (12), the actual
recorded upconverted signal is proportional to the average number (N) of UC particles attached
to MNP, or, in other words, to the volume occupied by UC material. From this point of view,
multilayered MNPs with UC core seem to be quite promising, because UC process is enhanced
equally in whole UC core due to homogeneous electric field distribution inside the core, while,
for example, UC enhancement near the nanorod takes place only in spatially shrunk near-field
zone with high local field enhancement [26].

Finally, it is insightful to compare the size-dependent local field enhancement with extinction
efficiency Qext = Cext/(7R?), where R is the total radius of the multilayered MNP. It can be
seen from Fig. 2 that generally the size of multilayered MNP with highest [E’|*/|E|* is slightly
smaller than the size of multilayered MNP with highest Qcx. Thus, during the fabrication
and characterization of MNPs for plasmon-enhanced UC one should keep in mind that the
nanostructure with the highest extinction efficiency (which is usually measured in laboratory
experiments) does not imply the most efficient excitation enhancement of the UC process.

The plasmonically induced enhancement of UC emission is based on the principle that the
MNP is acting as an additional antenna which emits light at frequency wen. For this purpose,
the use of MNPs with wy spr = wem seems to be intuitively logical. However, the presence of
a dielectric spacer, which is needed for quenching suppression, may significantly change the
near- and far-field responses of multilayered MNP [30], thus, the requirement w; spr = Wem
may not be the correct one to reach the highest gain in f.,. It is worth to mention that most
of theoretical works in the field of plasmon-enhanced UC consider optical properties of MNPs
without taking into account the presence of the spacer [26,32], however, it is a well-known fact
that even thin SiO, layer can significantly change the overall pattern of near-field response of
MNPs embedded even in water suspension [30], even though it seems to be ‘safe’ to neglect the
presence of dielectric spacer layer in simulations because its refractive index is almost the same
as for surrounding medium.

Figure 3 represents the emission enhancement fen at Adepy = 540 nm and Adeyy = 650 nm
wavelengths for UC particle located on the surface of Ag core / SiO; shell multilayered MNP.
Although in real experiments the synthesis of the UC shell is the most likely event, for the sake
of simplicity we consider UC particle with 2 nm radius, which is consistent with experimental
data [26]. Such UC particle can be approximated by dipole emitter. This geometry of multilayered
MNP perfectly reproduces the actual experimental samples, where the UC material is attached
to multilayered MNPs. Moreover, large number of various UC materials utilized in the field
of plasmon-enhanced UC [22,24] may have different initial quantum yield r9. Therefore, we
have discussed a couple of different scenarios (7 = 0.1%, 1%, 10%) to show general features
and behavior of UC emission enhancement. It can be seen from Fig. 3 that highest Qe does
not necessarily imply the highest UC enhancement f;, at both Aep,. While the Q¢ reaches its
maximum for multilayered MNPs with Ag core radius larger than 50 nm for Ay, = 540 nm
and larger than 60 nm for A, = 650 nm, emission enhancement f;, can reach maximum for
multilayered MNPs with smaller Ag core at both wavelengths. This property takes place for each
value of initial quantum yield 79, which implies the usefulness of off-resonance UC emission
enhancement for all cases.

It is also worth mentioning that optimal thickness of SiO; shell which provides the highest f.n,
depends on the value of 9. Thus, for 79 = 0.1%, UC material has to be located in the 10 nm
vicinity from Ag core, while highly emitting UC material with 9 = 10% has to be moved away
at 10 — 20 nm distance from the metal core. Finally, as expected, Fig. 3 explicitly shows that
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Fig. 3. Extinction efficiency Qext, and emission enhancement f., for multilayered MNPs
with Ag core / SiO, shell geometry at two wavelengths: A4 = 540 nm (top panels) and
A = 650 nm (bottom panels), and for different initial quantum yields 77g: 0.1%, 1%, 10%.
The UC material is located directly on SiO; shell, and the distance between the surface of
SiO; shell and the center of UC particle is 2 nm. Dotted lines correspond to fom = 1.
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Fig. 4. The same as in Fig. 3, but for multilayered MNPs with Au core / SiO, shell geometry.
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the maximum reachable f.p, is limited with and strongly depends on 7p: emission enhancement
gradually decreases for UC materials with higher initial quantum yield. However, in terms
of overall plasmonically modified quantum yield r’, the configuration with low f.,, = 3 and
high 179 = 10% gives the higher quantum yield compared to high f., = 10 and low 179 = 0.1%:
n’ ~ 30% vs n’ ~ 1%. Therefore, even at local scale, the UC emission enhancement is not the
appropriate quantity which has to be chosen to characterize registered UC signal.

The UC emission enhancement pattern in Au core / SiO, shell multilayered MNPs which is
represented in Fig. 4 is qualitative the same for Ag core / SiO; shell multilayered MNP which is
shown in Fig. 3. However, it can be seen from Fig. 4 that Au is not suitable for UC emission
enhancement at A.y, = 540 nm, while the overall f.;, at Aey, = 650 nm is qualitatively the same,
and quantitatively is slightly larger than for Ag core / SiO, shell multilayered MNP at the same
wavelength.

3.2. UC enhancement and extinction in a slab of MNPs

After the thorough discussion of competition between UC quenching and enhancement by single
MNP, it is of particular interest to consider balancing between the extinction of pump signal
and UC enhancement in a suspension of plasmonically enhanced UC particles. We start with
extinction efficiency Qe spectra for Ag and Au MNPs optimized for UC excitation enhancement
at dex = 976 nm and UC emission enhancement at dep, = 540 nm and Ae, = 650 nm in
accordance with data from Figs. 2-4. We will refer to these MNPs as MNP-1, MNP-2 and MNP-3,
respectively. Composition and sizes of each MNP are indicated in Fig. 5 caption.

T T T 1 | I L
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Fig. 5. Extinction efficiency Qcx; for MNPs with the following geometry: (a) MNP-1 -
three-layered sphere as in Fig. 1(b) with UC core radius 31 nm, SiO; spacer thickness 10 nm
and Ag shell thickness 3.82 nm, MNP-2 - two-layered sphere as depicted in Fig. 1(c) with Ag
core radius 42 nm and SiO, shell thickness 3 nm, MNP-3 - the same as MNP-2, but for Ag
core with radius 57 nm. (b) MNP-1 - three-layered sphere as in Fig. 1(b) with UC core radius
27 nm, SiO; spacer thickness 10 nm and Au shell thickness 3.01 nm, MNP-2 - two-layered
sphere as depicted in Fig. 1(c) with Au core radius 33 nm and SiO, shell thickness 3 nm,
MNP-3 - the same as MNP-2, but for Au core with radius 56 nm. Vertical dashed lines
correspond to 540 nm, 650 nm and 976 nm.

It can be seen from Fig. 5 that, as expected, the peak of Qe is slightly red-shifted with respect
to Aex for MNP-1 for both Ag and Au shells. Peaks of Qex for MNP-2 and MNP-3 with Ag core are
significantly blue-shifted with respect to Aep,, while for Au core, optimal configuration of MNP-2
for emission enhancement has the high Qcx. This behavior of multilayered MNPs optical response
provides an essential understanding of competition effects during signal propagation through the
slab of plasmonically enhanced UC particles. Instead of simultaneously strong extinction of pump
and upconverted signals, in most of the cases one should expect strong attenuation of only one of
these signals, depending on the UC enhancement regime. Thus, for UC excitation enhancement,
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pump signal at A experiences pronounced decay while upconverted signal propagates with
negligible attenuation due to almost zero Qex, and vice versa for UC emission enhancement.
Finally, despite of small decay of upconverted signal during the propagation through the slab of
MNPs, one should not expect significantly large recorded upconverted signal due to low values of
local UC emission enhancement f.,. Given the pronounced spectral shift between Aex and Aep,
the off-resonant plasmon-enhanced UC similar to MNP-2 and MNP-3 configuration for Ag, and
MNP-3 for Au, represents the most promising strategy due to low extinction at both excitation
and emission frequencies.

Aem=540nm Aem=650nm

I I 1 I I I 1 I I I 1 I I I 1 I
(@) MNP-1 (b) MNP-2 () MNP-1 (d) MNP-3
| 10mm-=—_1mm]

2

—_

signal, a.u.

s

I 1 I
(f) MNP-2
51 b 4+ -
©
©
[
K]
(2]
0
10°10"10%10°  10°10"10%103 10°10"10%10°  10°10"10%103
concentration p, nM concentration p, nM

Fig. 6. Normalized upconverted signal in a slab of different Ag (top row) and Au (bottom
row) MNPs as a function of concentration p measured in transmission mode at Ay, = 540 nm
and Adem = 650 nm for various values of path length 4 from 1 mm to 10 mm with 1 mm
increment. Calculations are performed with Eq. (12) for solutions of MNP-1, MNP-2 and
MNP-3. Initial quantum yield is assumed to be 779 = 10% in all cases.

Competition between extinction and enhancement implies the interplay between the thickness
h of a slab and concentration p of MNPs which provides optimal values of pqp for each 4 to reach
the highest possible recorded upconverted signal. Figure 6 represents the normalized recorded
upconverted signal as a function of concentration p for different values of slab thickness A. It
can be seen, that, generally, the optimal concentration p,p varies from ~ 10 nM to ~ 200 nM
for slab with thickness from 10 mm to 1 mm, respectively. Au MNPs optimized both for UC
excitation enhancement at Aex = 976 nm and UC emission enhancement at Ag;,, = 540 nm and
dem = 650 nm reveal the qualitatively the same behavior as Ag MNPs, which can be seen
from Figs. 6(e)-6(h). However, optimal concentrations pop are generally ~ 1.5 — 2 times larger
than corresponding pop for Ag MNPs, which is explained by weaker extinction of pump and
upconverted signals due to lower Qcx for Au MNPs. According to previously reported results for
SERS [47] and SE-FSRS [49], the existence of pop is justified by the balancing of extinction
in the slab by strong enhancement from MNPs. The expression for pop can be easily found by
setting the derivative of Eq. (12) to zero [49]. Finally, the decreasing of pop for thicker slabs is
explained by increased optical path, and, as a consequence, larger extinction. Thus, for fixed fioc,
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one have to decrease p to minimize extinction and balance it by enhancement effects.

4. Conclusion

To conclude, we have developed comprehensive and self-consistent theory which describes the
UC enhancement in single multilayered metallodielectric spherical nanoparticle, and in their
suspensions. Classical decay rates of dipole emitter and electric field enhancement in the presence
of multilayered spherical nanoparticle are found within the framework of extended Mie theory,
while extinction of pump and upconverted signals are defined from effective medium approach.

‘We have thoroughly analyzed the competition between the UC enhancement and quenching
both locally, near the single plasmonic nanoparticle, and macroscopically, in suspension of such
nanoparticles. This work provides general guidelines for synthesizing plasmonically enhanced
upconversion nanoparticles with the highest possible upconversion enhancement. The balancing
effects at both scales imply the existence of optimal local and macroscopic parameters to reach the
stronger recorded upconverted signal. We point out to the fact that commonly considered local
figures of merit fox and f., as defined by Eq. (2) and (4), respectively, are not the appropriate
quantities that have to be optimized to get the maximum recorded upconverted signal from
macroscopic slab of plasmonically enhanced UC particles.

We show, that the optimal geometry of multilayered MNP for local UC excitation enhancement
at Adex = 976 nm is: UC core with < 30 nm radius / = 10 nm SiO, spacer layer / thin < 5 nm
metal (either Ag or Au) shell. While for local UC emission enhancement at Ay, = 540 nm and
Aem = 650 nm, the optimal parameters are: ~ 40 — 60 metal core and 1 — 20 nm SiO, spacer
shell, which thickness strongly depends on the initial quantum yield 79 of UC material, i.e. UC
particles with higher 1 have to be located farther from metal core compared to UC particles with
lower ng. As for macroscopic propagation of the upconverted signal, the optimal concentration
of MNPs in a suspension varies from ~ 10 nM to ~ 200 nM for Ag MNPs, depending on the
thickness of the slab, and p is = 1.5 — 2 larger for Au MNPs.

Developed theoretical model considers only steady-state excitation of the UC process, which
implies the constant temperature of MNPs, and, as a consequence, the neglect of heating
effects. However, pulsed laser irradiation inevitably heats MNPs [60] and changes their optical
response [76]. Moreover, the influence of MNPs on local density of states of UC material
may also affect the UC process [35,36]. Finally, although we have limited the discussion with
MNPs from classic plasmonic materials such as Ag and Au, developed theory can be applied
for rapidly emerging field of semiconductor nanoparticles [44,77-79] or alternative plasmonic
materials [80—83]. Incorporating thermal effects and modification of local density of states into
reported theoretical treatment, as well as the use of alternative plasmonic materials are out of the
scope of this paper, however, they represent promising directions which may result in further
optimization of plasmon-enhanced upconversion.

Appendix

Let us consider a multilayered sphere which consists of N layers and is embedded in a non-
absorbing homogeneous environment with purely real refractive index mj;, = my . as depicted in
Fig. 7. For the convenience, the surrounding medium is also considered as a layer with N + 1
index. Decay rates, local field enhancement and extinction cross section of such a particle can be
evaluated within the framework of Mie theory [68] with the extension to multilayered sphere [61].

We set the permeability u; = 1 for each j-th layer including background medium. In this
case, j-th layer is coupled with (j + 1)-th layer with the following electric (E) and magnetic (M)
forward (+) and backward (—) transfer matrices [61]:
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Fig. 7.  Schematic representation of the multilayered spherical particle with N layers
embedded in a host medium with my,.

To () = fl(kjrj)wl(kj+lrj)/m_]+l =& ki (kjwary) & (kjri)é, (kjvrj)/mjey — & (kjrj)E[(kjvry)
‘//l(k]r])wl(kjnrj)/mjﬂ +wl(k]r])wl(kj+lrj) _‘//;(kjrj)fl(kjﬂrj)/mjﬂ +¢l(kjrj)§l/(kj+lrj)
(15)
b= iy & (kjri Wy (kjr) — & (kjri Wy (kjry) 1 & (kjvri)E (kjry) — & (kjvri)E (kjTy)
M My (ki Wy (kjr) + vy (ki gy (k) =y (kjarp)& (kjry) + gy (kjr)& (k)
(16)
El(] fl(kjrj)‘»[/[(kyrlrj) fl(kjrj)l/’l(kjﬂrj)/mjﬂ f;(kjrj)fl(kjﬂrj)_fl(kjrj)fl’(kjﬂrj)/mjﬂ
=Yy (kjri (kjary) +, (kjrpgy(kjeiri)/mjv —Yy(kjri)& (kjiri) + by (kjrp)&(kjpr)/mj
17
' Gy = §l(kJ+1V;)l//,(k rj) —mjn & (ki) (kjry) & kjnr)é (kjry) —mjn & (kjarj)é (kirj)
e =Yy (kjrr Wy (kjry) + Mgy (ko Wy (kjry) —Yy(kjrry)& (kjry) + gy (k)& (kjry),
(18)

where i = V-1, kj = 2mm;/A is the wavenumber in j-th layer, m; 1 = mj.1/m; is the
refractive index of the (j + 1)-th layer with respect to the j-th layer, and Ricatti-Bessel functions
Un(2) = zji(z) and &(z) = zhgl)(z) are introduced for the convenience, where j; and h;l) are the
spherical Bessel and Hankel (of the first kind) functions. The prime denotes differentiation with
respect to the argument in parentheses, and index j runs from 1 to N.

Next, it is convenient to introduce the following forward and backward matrices:

n—1 N
Thi(n) = ]‘[ Ty, M) = [ [ Ta ) (19)
Ti(n) = 1_[ ) M) = ]_[ () (20)
J =n

These matrices are transfer expansion coefficients from the sphere core (for .7 (n)) and surrounding
medium (for .# (n)) to the nth layer. Thus, Mie coeflicients @; and b; from Eq. (8) can be found
as:
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~D1ei(N + 1)/ T11.m1(N + 1), 2D
by = =Z1mi(N + 1)) Z1.mi(N + 1). (22)

The mean radiative and nonradiative decay rates of dipole emitter located near the multilayered
sphere are found by the geometrical averaging of corresponding radial and tangential components
(see Fig. 7):

1 I
Yrad,nrad Yiadnrad T 2yrad,nrad

=— ) (23)
Y0 370
where 7y is the decay rate of dipole emitter in free space.
Radial (L) and tangential (||) components of radiative and nonradiative decay rates for dipole

emitter located outside of the multilayered sphere (i.e. rg > ry):

Yied 3
= — I(I+1)R21+1 k k 24
” 2(kbrd)4z (DG D pilhr) + 2 —&i( o (24)
I
Yrad 3 D1mi PI1El
lrad _ 21+ 1 k k k k
Yo - Akpr P zl:( + 1) |Wi(kpra) + ylllel( brd) + |y ( hrd)+ fz( bTd) l
(25)
yrtad 3k3 1
—Im I+ DRI+ 1) k 26
= R m a]Z (I + DL+ Vg & kpra)l, (26)
I
ynrad 3k 1 2
—I 20+ 1) |1 k 1 k 27
ol = e Ml 2021+ )| B nora) P + 1 g Rora)) @7)
and inside the sphere core, (i.e. rg <rp):
Yiad 3. m ‘Wl(klrd) ?
—_— = — (I+DR2I+ 1) |——= 28
Yo o 2kira)t mp 4 (+ I )«///22;151(1) @8
I 2 ’ 2
Yrad _ yi(kira) Y (kira)
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1
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Here fa denotes the radial integration over the shell with a nonzero imaginary part of the refractive
index Im[m,] # 0.

Coeflicients ag; and bg;, where subscript § stands either for £ or M, are defined for dipole
located outside of the sphere (i.e. rg > ry) are defined as:

agr = AM1pi(la) + A1251(1a) Po1.,81(N + 1) T11,51(N + 1), (35)
bpr = M pi(la) + Mrpi(la) T21p1(N + 1)/ T1151(N + 1), (36)

and inside the sphere core, (i.e. rg < rp):

agr = M2p1(la), 37)
bpr = AMrpi(la), (38)

where [, is the index of the absorbing shell.
Finally, total decay rate y;, will read:

E Yrad + Ynrad
Yo Y o Yo'
and the commonly utilized criterion for upper limit /,,,x of summations in above equations is

(39)

Imax = (kirg) + 4.05(kirg)'? +2, (40)

which, however, may vary for each particular case of interest [84].
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