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Abstract

Four-layered plasmonic structures of glass/Au/TiO,/NaYF,:Yb, Er, Gd nanorods were
fabricated and tremendous improvement in upconversion luminescence (UCL) was observed
under infrared 980 nm excitation. The TiO, film was used as an oxide spacer. The emission
intensity of the upconversion (UC) nanorods was strongly modulated by the thickness of the
TiO, layer. The extent of modulation depended on the separation distance between the Au layer
and UC nanorods. A maximum UCL enhancement of 192-fold was observed for one green
emission (540 nm) when a 10 nm-thick TiO, film was used; 150-fold was observed for the other
green emission (521 nm) at the same thickness of TiO,; and 105-fold was observed for the red
emission (654 nm) when a 7.5 nm-thick TiO, film was used. Alteration of the radiative decay
rate was demonstrated for the first time in measurements of the decay times of UC nanorods
positioned at various distances from the Au layer. The light interaction and coupling between
metal Au and UC nanorods is numerically studied. The UCL mechanisms of multilayer
plasmonic structures are discussed. Experimental results are explained and correspond well with
those of theoretical calculations.

Keywords: plasmon enhancement, upconversion, lanthanide-doped nanomateria, fluorophor-
e—-metal interaction, thin film silicon solar cell

(Some figures may appear in colour only in the online journal)

1. Introduction Various kinds of UC materials have been developed for dif-

ferent applications such as three dimensional displays [3],
Upconversion (UC) emission nano-materials can convert low  gpeciral converters for solar cells [4, 5] and biolabels [6].

frequency excitation photons into high frequency emission Recently, new, simple and quick synthesis routines have been

photons through two-photon or multi-photon processes [1, 2].  reported to form lanthanide-doped nanometer-sized crystals in
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order to share the high efficiencies of their bulk equivalents
[5, 7, 8]. As aresult, lanthanide-doped UC nanoparticles have
attracted much attention [9]. However, UC nanoparticles
generally have smaller photoluminescence (PL) efficiency
than their bulk counterparts due to the small absorption cross
sections arising from formally forbidden f-level atomic tran-
sitions of the dopants and the existence of a variety of
quenchers in their large surface area [10], prompting a need
for methods of enhancing their luminescence.

The use of plasmonic nanostructures based on rare earth ion
doped UC nanocrystals and noble metals such as Au or Ag
nanoparticles (NPs) is currently a very active research field for
fluorescence signal amplification. Schietinger et al observed a
UC emission enhancement from a single NaYF,:Yb**/Er’*
nanocrystal coupled with gold spheres by use of a combined
confocal atomic force microscope [8]. An overall enhancement
factor of 3.8 was achieved by this system. Zhang et al showed
that an enhancement factor of approximately 2.6 can be
achieved by attaching NaYF,:Yb”*/Tm** nanocrystals to gold
NPs [11]. We also studied the UC luminescence (UCL) prop-
erties of NaYF,:Yb**/-Er’*/-Gd*® nanocrystals coupled with Au
NP or nanoshells in our previous work [5]. Beyond direct
coating with an Au or Ag nanoshell or sphere, indirect coating
with an inert SiO, shell and then the Au or Ag nanoshell
[11-13], Au island films [14] and patterned Au surfaces [15]
have also demonstrated the feasibility of enhancement of UC
emissions through plasmon interactions. In a core—shell structure
of NaYF,: Yb,Er@SiO,@Ag reported by Yuan et al [13], the
separation distance between Ag and the UC NPs was demon-
strated to be of vital importance for the extent of the enhance-
ment effect, and the maximum enhancement factor was 14.4.
Very recently, Saboktakin et al [16] reported a configuration in
which close-packed monolayers of UC NPs are separated from a
layer of nanoimprint patterned metal NPs (Au or Ag) by a
nanometer-scale noble metal-oxide (Al,O3;) grown by atomic
layer deposition. Luminescence enhancements were found to be
dependent on the thickness of the oxide spacer layer and the type
of metal NP with enhancements of up to 5.2-fold proximal to Au
NPs and of up to 45-fold proximal to Ag NPs.

Since rare-earth doped NPs have variations in size,
shape, defect density, doping concentration, luminescence
quantum efficiency, etc, and metal nanostructures also have
variations in size and shape, their inhomogeneity makes
detailed discussion of the mechanism of UCL enhancement
very difficult. Although the potential of metallic nanos-
tructures for amplification of UC emission efficiency in UC
nanomaterials has been demonstrated, the process of their
fabrication remains difficult. It is also hard to obtain con-
sistent enhancements. The reported results widely differ in the
factors of fluorescence enhancement, from fractional
(quenching) to large amplification of more than 100-fold [17].
This is largely due to small changes in the particles’ plas-
monic features that result from minute variations in the size,
shape, composition, environment, and geometry of the com-
posites used in the study. Therefore, fabrication of metallic
nanostructures or a robust nanofabrication procedure with
reproducible plasmonic properties is one of the important
aspects of metal-enhanced fluorescence.

In this paper, we describe a simple method for the fab-
rication of a four-layered plasmonic structure of glass-noble
metal-transition metal-oxide (TiO,)-UC nanorods that dis-
plays up to 192-fold fluorescence enhancement. The reported
method mainly employs a simple vacuum deposition process.
First, we synthesized pure hexagonal-phase Yb**-Er’*-Gd**
codoped sodium yttrium fluoride (NaYF,:Yb/Er/Gd) nanor-
ods by a liquid—solid—solution process. Second, we deposited
50 nm-thick Au layers on glass substrates by direct current
(DC) sputtering. Third, we deposited TiO, layers on the
sputtered Au films by radio frequency (RF) sputtering, tuned
the deposition thickness of TiO,, and fabricated multilayered
plasmonic structures using the grown NaYF,:Yb/Er/Gd
nanorods. The performances of the formed plasmonic struc-
tures were evaluated over a broad spectral range from UV to
NIR wavelength range. We show that the UC fluorescence
can be modulated through adjusting the thickness of the TiO,
layer. The light interaction and coupling between the metal
Au nanofilm and UC nanorods was numerically studied.
From the correlation between the UCL enhancement factors
and local field intensities at UC emissions as well as the UCL
enhancement and the change of the fluorescence lifetime, we
discuss the mechanism of the PL. enhancement.

2. Experimental details

NaYF,: Yb, Er, Gd nanorods were synthesized according to
the procedures described in Refs. [5, 7]. Briefly, a deionized
water solution (7.5 ml) of 1.5 g NaOH was mixed with 25 ml
of ethanol and 25 ml of oleic acid under stirring. 10 ml of
RECIL; (0.2M, RE=Y, Yb, Er, and Gd, YCI;:YbCl5:ErCl;:
GdCl3=50:18:2:30 mol%) solution and 5 ml of NH4F (2 M)
was added to the resulting mixture. Then the solution was
transferred into a 100 mL Teflon-lined autoclave and heated
to 200 °C for 2 h to obtain the nanorods. The nanorods were
washed with ethanol and water several times and collected by
centrifugation. Finally, the nanorods were re-dispersed into
ethanol to form an aqueous dispersion and ready for use.

Gold films with a thickness of 50 nm were deposited on
cleaned glass substrates using DC sputtering at a rate of 2.6
As™'. TiO, layers with various thicknesses from 0 to 25 nm
were deposited onto the prepared Au films by RF sputtering
from a titanium dioxide ceramic target at a rate of 0.25 As™.
Then, the as-deposited UC nanorods were spin-coated onto the
sputtered TiO, films to form multilayered plasmonic samples for
the following characterization and analysis.

Multilayered plasmonic Au/TiO,/NaYF,:Yb, Er, Gd
samples were examined and characterized. The morphology
was examined by field emission scanning electron micro-
scopy (SEM). Fluorescence spectra were recorded on a
HORIBA Jobin Yvon fluoromax-4 fluorescence spectro-
photometer equipped with a commercial near-infrared laser
(CW 980 nm). The excitation laser is incident on the front
layer of multilayered plasmonic samples at an angle of about
45° from the normal line. The emission light is collected at
the same side of the sample. The 45° excitation was per-
formed because the near-infrared laser light was more
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Figure 1. SEM image of spin-coated NaYF,: Yb, Er, Gd
nanorod film.

conveniently introduced at oblique incidence during UC
emission measurement. Time-resolved spectra and UC PL
lifetime measurements were performed on a SBP500 mono-
chromator (Zolix Instruments, Beijing, China) coupled to a
Hamamatsu R928 photomultiplier (Hamamatsu, Japan) with
Tektronix TDS5052 oscilloscope (Tektronix Inc., Beaverton,
OR) and a nanosecond pulsed 980-nm laser as the excitation
source [18]. This excitation laser is also incident on the
plasmonic sample at an angle of about 45°. All the mea-
surements were carried out at room temperature. UV-vis
spectra were taken by a Hitachi U-3900 UV-Vis
spectrophotometer.

3. Result and discussion

In the prepared plasmonic Au/TiO,/NaYF,4:Yb, Er, Gd sam-
ples, both the deposited Au and TiO, films are very smooth
and featureless. The smooth TiO, layer was employed to
control the spacing distance between the Au and NaYF,: Yb,
Er, Gd nanorod films. Figure 1 shows a SEM image of a spin-
coated NaYF,: Yb, Er, Gd nanorod layer. The image exhibits
a random and tenuous appearance characteristically observed
for colloidal aggregates or fractals. In the nanorod aggregated
areas, one or two/three layers of UC nanorods were formed
with partial ordering, as demonstrated in the inset of figure 1.
At the region near the aggregated areas, some sparse nanorods
presented. The as-prepared UC nanorods have a hexagonal
structure with a uniform size of 70-80 nm in diameter and
approximately 300-500 nm in length [5].

The UC emission properties of the formed plasmonic
structures are TiO, layer thickness-dependent. Figure 2(a)
shows UC emission spectra of the samples with TiO, layers
of different thicknesses. The thickness of the TiO, spacer
increased from Onm to 25nm by a step of 2.5nm, and a
sample with UC nanorods on glass without Au/TiO, was used
as a reference. The emission spectra were collected under CW
980 nm laser excitation. The excitation laser is incident on the
front side of the sample at an angle of 45° and with a power of
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Figure 2. (a) UC emission spectra of plasmonic samples with TiO,
layers of different thicknesses, (b) UCL enhancement factor as a
function of TiO, layer thickness.

300 mW as demonstrated in the inset of figure 2(a). The
measured UC spectrum exhibits two strong emission bands at
540 and 654 nm, and a weak emission peak at 521 nm, cor-
responding to 453/2 - 4115/2, 41:9/2 - 4115/2 and 2Hll/z - 4115/2
transitions of Er**, respectively [19-21]. We plot the inten-
sities of these three groups of bands (which are defined as the
integral over the band spectral region) as functions of the
TiO, spacer layer thickness, and find that the enhancement
factor of the UC signal is strongly related to the TiO, thick-
ness, as depicted in figure 2(b). Compared with the case of the
bare NaYF,:Yb/Er/Gd nanorods on glass, the enhancement
factors of the two green peaks at 520-550 nm and the red
band at 654 nm are 37, 42 and 18, respectively, for the sample
with the bare Au film, i.e., without a spacer (0 nm-thick TiO,
layer). Both green bands (521 and 540 nm) increase syn-
chronously and continuously in emission intensity with the
thickness of the TiO, layer increasing from 0 nm to 10 nm,
reach maximal enhancement factors of 150 and 192 at 10 nm-
thick TiO,, respectively, and then exhibit a quicker decrease
when the thickness of the TiO, layer increases further. The
luminescence intensity of the red (654 nm) band shows a
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Figure 3. Luminescence decay curves of Er’* in plasmonic samples
with TiO, layers of different thicknesses. (a) Decay time at 540 nm,
(b) decay time at 654 nm.

quite similar trend with the increase of the titanium dioxide
thickness, but its maximum UCL enhancement value of 105 is
reached at 7 nm-thick TiO,, as shown in figure 2(b). More-
over, a preferential enhancement of the green emission band
across the range of TiO, spacers was demonstrated.

Surface plasmons (SPs) are in general described as
oscillating electronic excitations near a metal surface and can
be well determined by classical electrodynamics [22-25].
Additionally, the excited fluorophore induces a charge dis-
tribution on the metal surface. If this plasmon can radiate then
the fluorophore emission is observed as plasmon-coupled
emission. If the induced plasmon cannot radiate then the
fluorophore appears to be quenched. The fluorophore-metal
interactions are still described by classical electrodynamics.
The origin of the plasmonic UC enhancement effect on rare-
earth doped nanocrystals from noble metal nanostructures or
surfaces is attributed to two possible reasons in previous
papers: (1) an increase in the effective excitation induced by
local field enhancement; or (2) the increase in both non-
radiative and radiative decay rates of fluorophores and the

Table 1. Decay times 7gecay Of green (540 nm) and red (654 nm) UC
emission from plasmonic samples with TiO, layers of different
thicknesses.

Sample Tdecay (540 nm) Tgecay (654 nm)
Ref. 293 us 519 us
0 nm-thick TiO, 276 us 425 us
5 nm-thick TiO, 313 us 531 us
10 nm-thick TiO, 328 us 577 us
25 nm-thick TiO, 311 ps 522 us

consequent degeneration of fluorescence decays and decrease
in fluorescence lifetimes due to the optical frequency of the
UC emission in near resonance with the surface plasmon
frequency of noble metals known as surface plasmon coupled
emission (SPCE) [8, 11, 22, 26]. Based on experimental
phenomena, other explanations have also been proposed. For
example, Feng et al ascribed the effective luminescence
enhancement from Ag islands and sub-micron Ag nanowires
attached NaYF,4: Yb, Er NCs to the size induced different
scattering efficiency [27]. Zhang et al considered the local
crystal field changes as a possible route to enhancing UC in
cubic NaYF, NPs covered with Au shells [11].

To verify how Au NPs enhance the UC of nanorods
further, we measured time-resolved spectra and UC PL life-
times for four-layered plasmonic samples under a pulse at
980 nm. Figure 3 shows the luminescence decay curves of
Er’* in the plasmonic samples with different TiO, thick-
nesses. The time-resolved spectrum from the sample with the
bare Au film without oxide spacer is significantly different to
that from glass. The decay times of the green and red UC
emission from the samples with TiO, layers of different
thicknesses are shown in table 1. As shown in table 1, the
decay times Tgecay Of green (540 nm) and red (654 nm) UC
emission from the reference are 293 us and 519 us, respec-
tively. UC nanorods directly assembled on the Au nanofilm
surface exhibit obviously shorter decay times (276 us at
540 nm and 425 pus at 654 nm) compared with the corre-
sponding reference sample. In contrast, compared to the
reference sample, the decay times of Er’** UC emission levels
of plasmonic samples with TiO, layers were all prolonged, as
shown in figures 3(a) and (b). With the increase of TiO,
thickness from zero, the 74ecay values of the green and the red
emissions increased, reached maximum 328 us and 557 us,
respectively, when the TiO, thickness was 10 nm, and then
decreased when the TiO, thickness further increased from
10 nm to 25 nm. The prolonged decay time is evidently not in
agreement with the character of the previous reported reso-
nance fluorescence enhancement or SCPE for UC nanocrys-
tals, in which the coupling of UC emissions with surface
plasmon resonance in metal nanostructures will lead to
increased radiative decay rates, that is, shortening lifetimes
[5, 8, 11, 22, 26]. However, our results are in good agreement
with the early and classic reports about the effects of metallic
surfaces on fluorescence from molecular systems [28-30]. In
these reports, altering the radiative decay rate was observed in
measurements of the decay times of europium (Eu*")
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Figure 4. Calculated reflection spectra of glass/50 nm-thick Au/
0-25 nm thick TiO, structures. The wave is incident at a 45° angle
from the normal on the front layer of the sample. (a) Reflection
spectra in 380 nm—1200 nm, (b) reflection spectra in 800-1200 nm.

positioned at various distances from a planar metal mirror
using Langmuir-Blodgett films. The data also showed a dra-
matic decrease in lifetime when the europium complex is
within 10 nm of the metal surface. This decrease is interpreted
as being due to lossy surface waves (LSWs) which quench the
fluorophore at short distances. The lifetimes oscillate with
distance from the mirror. The oscillations in lifetime can be
quantitatively explained by the reflected far-field radiation
from the fluorophore back on itself, which is called the
reflective model [31].

In order to deeply explain the TiO, thickness-dependent
luminescence enhancement shown in figure 2, we carried out
a simulation considering a broadband plane wave as the
illumination source for the sample with different TiO,
thicknesses (L). The wavelength-dependent dielectric con-
stant used in the calculations, (1) = &'(4) + ie”(4), was
directly taken from the bulk experimental data in Palik’s book
[32]. A commercial FIT (finite integral technique) software
package (CST Microwave Studio 2011) was used with a
Cartesian grids system (FDTD (finite difference time domain)
module) [33]. The wave is incident at a 45° angle from air on

v/im
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Figure 5. 3D electric field amplitude |E| enhancement distribution for
a transverse electromagnetic wave at 654 nm wavelength with 45°

angle incident on a four-layered plasmonic structure with a 10 nm-
thick TiO,.

TiO; layer
‘a

Au layer

the front layer of the sample as demonstrated in the inset of
figure 4(a). The calculated reflection spectra of three layer,
glass /Au/0-25 nm thick TiO, structures are shown in fig-
ure 4. While the dips in the reflection spectra can be expected
to correspond to the resonances [34, 35], their position is
observed to shift towards longer wavelengths in the
490-530 nm range as shown in figure 4(a). The dip position is
red-shifted from 490 nm (with 2.5 nm TiO, layer) to 521 nm
(with 25 nm TiO, layer). Therefore, deep dips, which clearly
move in accordance with L, were regarded as signs of reso-
nance. The plasmon red-shift occurs due to the presence of
the TiO, layer because of the higher refractive index of TiO,
relative to vacuum. The thicker TiO, layer covering the Au
film may also screen the electron oscillation in the metal,
decreasing the plasmon energy [36]. Moreover, the glass /Au/
TiO, structure with thin TiO, layer shows a high reflection in
the 600-1050 nm spectral range. In particular, when L is
0-10 nm, the structure has a reflectance of over 97.5% at the
pumping laser (980 nm), but when L increases from 10 nm, its
reflection at 980 nm presents a continuous decrease from
about 97.5% to 96.5%. The reflection property shows a very
similar TiO, thickness dependence, especially in the L range
of 10nm to 25nm, as does the UCL shown in figure 3.
Except when the UC nanorods are close to the metal, the
significant UC PL enhancement at 7.5-10nm thick TiO,
coincides nicely with the high reflection property in
520-980 nm range shown in figures 4(a) and (b).

The light scattering and coupling in the actual experi-
mental samples, four layer, glass-Au-TiO,-UC nanorod
plasmonic systems, was also numerically studied based on a
three-dimensional (3D) model. The dielectric constant of UC
nanorods is taken as 1.55% The electric field distribution was
also solved with CST Microwave Studio 2011, with periodic
boundary conditions in the lateral directions, perfect match
layers in the normal direction, and a plane wave incident on
the front layer of the sample at an angle of 45° as the exci-
tation source, as shown in figure 5. The incident wave is
linearly polarized. The electric vector makes an angle of 45°
with the x-coordinate (the UC nanorod). We investigated the
local electric field enhancement created by the four-layered
plasmonic samples. Figure 5 shows the calculated local
amplitude enhancement distribution of the electric field, |El,
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for an incident wave with a wavelength of 654 nm for the
sample with a 10nm-thick TiO,. The electric fields are
strongly localized and enhanced in the Au layer-UC nanorod
gaps due to the multi-scattering, constructive interference and
strong coupling between them. The maximal electric field |El
enhancement at 645nm is over 6 for this sample with a
10 nm-thick TiO,. We plot the maximal local electric field
intensity |EI* enhancement within the four UC nanorods as the
function of wavelength in figure 6. It clearly shows that the
field intensity |EI* enhancement is very low for the reference
sample without Au layer, while with the application of Au
layer, the |EI* enhancement values obviously increase over the
521-980 nm wavelength range. The field intensity enhance-
ment at both UC green emission peaks (521 nm and 540 nm)
decreases with the increase of TiO, thickness from 0 nm to
25 nm as expected, however, the |EI?> enhancement reaches its
maximum of 39-fold at 654 nm for 7.5 nm-thick TiO, and
then, 49-fold at 750 nm for 25 nm-thick TiO,. The maximal
|EI* enhancement at 654 nm for the 7.5 nm-thick TiO, sample
can explain its highest UCL enhancement of the red emission
shown in figure 2. Moreover, following the smoothing spline
fit shown in figure 6, the field intensity |EI* enhancement peak
is red-shifted from 616 nm (with O nm TiO, layer) to 759 nm
(with 25 nm TiO, layer). The result can be associated with the
red-shift of plasmon resonance shown in figure 4. When TiO,
L is 7.5 nm, the IEI* enhancement peak is at 660 nm, close to
the frequency of the red emission (654 nm). Therefore, the
maximal UCL enhancement for the red emission shown in
figure 2(b) is attributed to the frequency matching between
the plasmon resonance of the multilayer plasmonic sample
and the red emission of UC nanorods.

The UC emission mechanism of Er’* has already been
well documented in the literature [19-21, 37]. Its visible
emissions are produced through multiple processes including
ground-state absorption (GSA), excited-state absorption
(ESA) and energy transfer (ET). In our Yb>*/Er’* codoped
NaYF, samples, for the green emission, a Yb>* ion is excited
by a 980 nm photon from the ground state (*Fy) to the

excited state (2F5/2) through the GSA process, and then
transfers the energy to an Er** jon and promotes it from Tisp
to 411 1/2- At the same time, the populated 411 12 level is excited
to the “F5,, state by ESA of a second photon. The populated
“F,,» then relaxes rapidly and nonradiatively to the next lower
H,,/, and *S;, levels due to the small energy gap between
them. The radiative transition from the 2H11 25 4S3/2 to the
4115,2 level process emits green at 521 nm and 540 nm,
respectively. The red emission in the Yb>*/Er’* codoped
NaYF, system is a bit more complex since the ESA, ET and
cross-relaxation (CR) processes are all involved. When the
11, level is excited by ET from Yb>*, part of the *I,;, level
relaxes nonradiatively to the 1,35 level. Three transition
processes as follows: ET: 4113,2 (Er)+2F5,2 (Yb) —>4F9/2
(Er)+ %F5,, (YD), ESA: *1,3, (Er)+hv — *Fo), (Er), and CR:
sz ED+"Tne (Br)—"Fop (En+"lisp (Er), contribute
greatly to populating the *Fo,, level. The energy transfer
process is particularly dominant stemming from the high
concentration of Yb>* ions and the large absorption cross
section of the *F5,, — °Fs), transition of Yb>* compared to that
of the *I;5/2 — *1;1,» transition of Er’". The radiative transition
from the *Fo), to the *I;5/, level process emits red light at
654 nm.

In addition to the plasmonic UC enhancement mechan-
isms (LEF and SPCE) described in the previous section, there
are other mechanisms influencing the absorption and emission
of different types of fluorophores. In particular, these are the
photoinduced electron transfer and Forster Resonance Energy
Transfer (FRET) that are favored by short distances between
the metal nanostructures and fluorescence emitters. Both
effects can lead to efficient fluorescence quenching. In
essence, wave-vector matching [38] for each explicit plas-
mon-fluorophore event determines whether a photon will be
emitted to far-field or be quenched [26]. Normally, at a few-
nanometer distance, the metal is prone to quench the fluor-
escence, while at intermediate distances (approximately
5-50 nm) fluorophore emission is dominating, with an opti-
mum typically in the 10-20 nm range; exact distances are
physically dependent on the specific materials, geometry, and
nanoscale systems [8, 11-13, 22, 26, 38]. For planar metal
surfaces, fluorophore-to-metal distances of about 10—100 nm
enhance the fluorescence by SPCE. Fluorescence quenching
by LSWs becomes completely dominating below about
10 nm [22]. A cubed quenching distance (¢°) dependence by
LSWs has been shown [39]. In our planar plasmonic struc-
tures, the distance-dependent UCL enhancement or quench-
ing results shown in figure 2 consist well with previous
reports [11-13, 22, 26, 38, 39].

From UCL lifetime measurements in figure 3, the plas-
monic sample with the bare Au layer exhibits shorter decay
times (276 pus at 540 nm and 425 us at 654 nm) compared with
the corresponding reference sample. This decay time short-
ening for UP emissions is consistent with previous studies on
rare-earth doped nanocrystals [5, 8, 11-16], suggesting that
both green (41-fold) and red (18-fold) UC enhancements of
the bare Au sample originate from the increased emission
rates. For the plasmonic sample with the bare Au layer, and
the UC nanorods assembled at the lowest level directly in
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contact with the Au layer, quenching (electron transfer and
FRET) becomes completely dominating. However, since UC
nanorods have a diameter of 70 nm, the nanorods at top levels
are situated too far away to be quenched, and thus, 18—41-fold
UCL enhancements are obtained. For the plasmonic sample
with a TiO, layer as a spacer, application of the TiO, layer
changes the micro-environments around the UC nanorods. As
the TiO, thickness increases from Onm to 25nm, energy
transfer processes slow down more compared to those in
direct contact, and the local field intensity enhancement at
both green emissions (521 nm and 540 nm) keeps decreasing;
however, the |EI* enhancement at longer wavelengths evolves
in a different way. As the TiO, thickness increases from O to
25 nm, the |EI* enhancement for a wavelength of 654 nm first
increases, reaches a maximum (39-fold) at 7.5-nm thick TiO,,
keeps a very high value (37-fold) at 10 nm-thick TiO,, and
then decreases very quickly. The maximal |EI* enhancement
at 654 nm results in the largest PL red enhancement (105-
fold) from a 7.5 nm-thick TiO, sample due to the strong
coupling of the UC red emission with the plasmonic reso-
nance of the Au layer. Although IEI* enhancements at both
green emission peaks for 7.5 nm-thick TiO, are a little higher
than those for 10nm-thick TiO,, the maximal UC PL
enhancements at these two green bands occur at the latter,
probably due to the relatively stronger quenching effect with
the former. Moreover, the sample with a 25 nm-thick TiO,
has the largest field intensity |EI* enhancement at the pumping
laser (980 nm), as shown in figure 6, but it has the very small
green and red luminescence enhancements shown in
figures 2(a) and (b). Additionally, the significant UC green
and red luminescence enhancement at 7.5-10 nm thick TiO,
shown in figure 2 coincides nicely with the high reflection
property in the 520-980 nm range from the Au layer shown in
figure 4, and also agrees well with the high local field
intensity |EI* enhancement from constructive interference and
strong coupling between SPs of Au surface and emissions of
UC nanorods shown in figure 6. These results suggest that the
TiO, thickness dependent luminescence enhancement might
be associated with changes in the reflected field from the Au
layer with distance, the effects of the reflected field on the
fluorophores,and that the enormous green (150-fold at 521 nm
and 192-fold at 540nm) and red (107-fold) luminescence
enhancements are attributed to the strong coupling between
the Au layer and UC nanorods. Due to plasmon-emitter
decoupling between the UC nanorod emissions and metal Au
SPs in the sample with the thicker (>10 nm) TiO,, lumines-
cence enhancement decreases considerably as shown in
figures 2(a) and (b).

From the UCL lifetime measurements shown in figure 3
and table 1, with the increase of TiO, thickness from zero, the
Tgecay Values of the green and red emissions first increased,
reached maxima at 10 nm thick TiO,, and then decreased
when the TiO, thickness increased from 10 nm to 25 nm. In
the early report about a Eu®* complex in front of a silver
mirror [30], three oscillations in lifetime at various distances
of 1-100 nm, 100-300 nm and 300-500 nm were observed.
This phenomenon is quantitatively explained by considering
the radiation field from an excited molecule S, given by the

Hertz classical equation. The field arrives at the molecule,
after being reflected at the mirror (an acceptor A), with a
retardation effect [31]. Moreover, an excited state population
can decay by LSWs, transfer to surface plasmons or decay to
far-field radiation. Theoretical calculation based on electro-
dynamic theory shows that radiative decay dominates above
100 nm, transfer to surface plasmons occurs from 10 to
400 nm, and quenching by LSWs is the dominant process
below 10 nm for the Eu®* complex-metal system [22, 40]. In
our system, the energy transfer from the excited UC nanrod to
the metal Au can be treated in a similar manner by con-
sidering the phenomenon as a retardation effect. From the
fluorophore—metal interaction calculation in the actual
experimental samples shown in figure 6, when the TiO,
thickness is thin (2.5-10nm), the enormous local field
intensities will change the micro-environments around UC
nanorods, influence the GSA of Yb** and the ESA of Er3+,
promote the UC populating processes and consequently
increase PL. From figure 3, comparing with the reference
sample, the plasmonic sample with TiO, has longer decay
times (311-328 us at 545 nm and 522-557 us at 654 nm) in
their temporal evolution curves of Er**, which possibly means
that more energy has been transferred from excited Yb** ions
to Er’* ions to enhance UC populating processes of Er** ions
in these Au and TiO, modified samples. The more efficient
UC ET, ESA or CR processes keep the *Ss,» or “Fo, (Er)
levels at higher populations. The higher population at these
levels is favorable for the radiative transition from the *Ss, to
the 4115/2 level process by emitting green at 540 nm, or from
the 4F9/2 to the 4115/2 level process by emitting red light at
654 nm. Consequently, the 10 nm-thick TiO, sample with the
longest decay times shows the first strongest UCL enhance-
ment at green emissions and the second strongest UCL
enhancement at red emission. Liu et al have studied the UC
properties of Au@p-NaYF4:Yb,Tm nanocrystals [17]. They
also reported that attaching Au nanoparticles on UC nano-
crystals lengthened the lifetimes of both Yb** and Tm’*
excited states and resulted in the enhanced UC emissions
of Tm™*.

In this work, the fabricated multilayer plasmonic struc-
tures of glass/Au/TiO,/NaYF,:Yb, Er, Gd nanorods offered
tremendous UC emission enhancements in both green and red
bands under the NIR light. Therefore, they can be expected to
be applied to solar cell and new display technologies. In
particular, the reported plasmonic structure can be used as a
separate material component for thin film solar cells to allow
an increase in the efficiency of the photo-conversion process
in the infrared region, a range notoriously poor for the current
commercial thin film solar cells [4, 5, 41]. We initially
examined the feasibility of the prepared plasmonic samples
for use in thin film solar cells. The fabricated plasmonic
sample (glass/Au/10 nm-thick TiO,/UC nanorods) was
directly applied at the rear side of a planar thin film silicon
solar cell [41]. The NIR laser is incident on the solar cell at an
angle of about 45° from the normal line. The results have
demonstrated that the UC of NIR light leads to a 60-fold
enhancement of the photocurrent due to 980 nm illumination
compared with a cell without the upconverter. This result
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further confirmed the large UC emission enhancements in our
multilayer plasmonic structures.

4. Conclusions

We have fabricated multilayer Au/TiO,/NaYF,:Yb, Er, Gd
nanorod multilayer plasmonic structures for the first time and
demonstrated considerable improvement in UCL owing to the
effective coupling of UC nanorods with surface plasmons of
Au nanometer film. Separation distance dependent UCL
enhancement was investigated by controlling the thickness of
the TiO, spacer. The emission intensity of the UC nanorods
was found to be significantly modulated by the presence of
the TiO, spacer. The extent of modulation was found to be
strongly dependent on the separation distance between the Au
layer and UC nanorods. The optimum UCL enhancements
(105-192 times) were observed at a TiO, thickness of 10 nm
for the green emissions and at a TiO, thickness of 7.5 nm for
the red emission. Time-resolved spectra and PL lifetimes of
the plasmonic structures were measured and analyzed.
Alteration in the radiative decay rate was demonstrated in
measurements of the decay times of erbium (Er’*) positioned
at various distances from the Au nanolayer. The light scat-
tering and coupling in these multilayer plasmonic systems
was numerically studied. Experimental results are explained
and correspond quite well with those of theoretical calcula-
tions. An advantage of this approach lies in its ability to
fabricate large area and steady optoelectronic devices with
improved luminescence efficiency.
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