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he ability to control and fine-tune the
Tspectral properties of upconversion
nanocrystalline phosphors (UCNPs),
which can emit light at shorter wavelengths
than the excitation source, has been of
considerable interest in recent years due
to their applications in biomedical imag-
ing,’ solar cells,>* lasers,” lighting, and dis-
play technologies.® Among upconverting
materials, the 5-NaYF,; host lattice doped
with lanthanide combinations of Yb®", Er*"
or Yb**, Tm®*" has been shown to be the
most efficient UCNPs.” The crystal field and
phonon structure of NaYF, strongly affect
the efficiency of energy transfer between
dopants that gives rise to upconversion.®
However, the efficiency of upconversion in
these materials remains low’ due to the
small absorption cross sections arising from
formally forbidden f-level atomic transitions
of the dopants, prompting a need for meth-
ods of enhancing their luminescence.
Placing UCNPs in close proximity to plasmo-
nic metal surfaces or random distributions
of metal nanoparticles (NPs) such as gold
(Au), silver (Ag), or aluminum (Al) has shown
promising enhancements in upconversion
efficiency.’®™"® Close proximity of metal
NPs to UCNPs can cause luminescence en-
hancement in UCNPs by influencing both
absorption in the near-infrared and emis-
sion at shorter wavelengths in the visible.
When light impinges on a metal NP, it
interacts with the free electrons of the
metal, causing charge and current oscilla-
tions within the skin depth of the metal
surface. At wavelengths resonant with the
metal NP plasmon frequency, this interac-
tion results in local electric field strengths
that are much higher than that of the
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We have demonstrated amplification of luminescence in upconversion nanophosphors (UCNPs)
of hexagonal phase NaYF, (3-NaYF,) doped with the lanthanide dopants Yb* ", E° " or Yb* T,
Tm*™ by dose proximity to metal nanoparticles (NPs). We present a configuration in which

close-packed monolayers of UCNPs are separated from a dense multilayer of metal NPs (Au or

Ag) by a nanometer-scale oxide grown by atomic layer deposition. Luminescence enhance-

ments 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. Concomitant shortening of the UCNP luminescence decay time and rise

time is indicative of the enhancement of the UCNP luminescence induced by resonant

plasmonic coupling and nonresonant near-field enhancement from the metal NP layer,

respectively.

KEYWORDS: upconversion - nanophosphor - plasmonically enhanced emission
- metal-enhanced absorption - lanthanide - atomic layer deposition - nanoimprint

lithography

incident electromagnetic field. Metal NPs
can influence the emission process if their
resonant wavelength overlaps with the
emission frequency of the UCNPs, similar
to the common mechanism of emission
enhancement in other fluorophors.'*'> How-
ever, even at excitation wavelengths off-reso-
nance with the metal NP plasmon frequency,
these oscillations create an electromagnetic
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Figure 1. TEM images of (a) NaYF,:Yb, Er and (b) NaYF,;:Yb, Tm UCNPs. Insets are photographs showing the upconversion
luminescence from hexane solution of UCNPs under 980 nm laser excitation. (c) Powder X-ray diffraction pattern of the
hexagonal phase UCNPs (3-NaYF4). TEM images of (d) Au and (e) Ag NPs and (f) absorption spectra of Au (red curve) and Ag
(black curve) NPs dispersed in hexane, normalized to their plasmonic peaks. Scale bars: (a) 100 nm, (b) 100 nm, (d) 20 nm, (e)

20 nm.

field near the surface of the metal NP that strength-
ens the surrounding field acting on UCNPs. Non-
resonant absorption enhancement of near-infrared
excitations in UCNPs has been proposed to contri-
bute to the observed upconversion enhancement in
UCNPs.'® Enhanced fields result in higher emission
rates in UCNPs, contributing to considerable enhance-
ment of emission intensity in UCNPs in the vicinity of
metal NPs.'”

These metal-induced electromagnetic fields depend
strongly on the shape, size, and composition of the
metal nanostructures. Various UCNP-metal geometric
configurations have been made recently; nanoscale
fabrication techniques have been used to engineer
plasmonic properties that could achieve emission
enhancement factors as high as 4.8.'® The fabrica-
tion methods include electrochemical deposition,'®'®
electron beam lithography,?°~?? and nanosphere
lithography.?® However, the fabrication processes are
complex, and NP assembly methods that apply to
large areas with good control and selectivity have not
been reported. To interrogate the physics of metal-
enhanced upconversion, studies have been made on a
single UCNP near a metal surface, and while these
studies are extremely valuable, the configuration does
not usually lend itself to use in many applications.'®*
Therefore, there is a need for developing more con-
sistent, reproducible, large surface area structures and
robust assembly methods.

In this paper, we describe a simple method to
fabricate a well-defined multilayered structure com-
posed of monodisperse metal NPs and UCNPs con-
trolled in their separation at the nanometer scale by
atomic layer deposition of an intervening Al,Os layer.
We use this geometry to macroscopically study the role
of the spacer layer thickness on the enhancement
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process through steady-state photoluminescence
(PL) measurements and investigate the nature of the
enhancement by time-resolved PL rise and decay
time experiments. The aforementioned structures al-
low us to study the efficiency of upconversion in
UCNPs with energies of emission in the blue, green,
and red of the visible spectrum in combination with Au
or Ag NPs. We show the enhancement of upconverted
luminescence depends strongly on both the distance
between UCNP and metal NP layers and the choice of
metal, with enhancements of up to 45-fold observed
using Ag NCs. Lifetime measurements corroborate the
measurements of luminescence yield, with the shortest
emission rise and decay times corresponding with the
maximum emission enhancement. Electromagnetic si-
mulations suggest nonresonant enhancement of near-
infrared excitation and resonant plasmonic enhance-
ment of visible emission give rise to the measured
decrease in rise and decay times and enhancement of
upconverted luminescence in these low-efficiency emit-
ting UCNPs in proximity to metal NPs.

RESULTS AND DISCUSSION

Here, we have taken advantage of a recently devel-
oped synthetic route that produces -NaYF, nano-
crystals while suppressing the formation of the less
efficient a-NaYF, phase.>> 28 The UCNPs are spherical
in shape and monodisperse in size (standard deviation
0 ~ 5%), as seen in transmission electron microscopy
(TEM) for Yb*', Er*" (Figure 1a) and Yb*', Tm3*"
(Figure 1b) doped NaYF,. Figure 1c shows the X-ray
diffraction patterns of the Yb*", Er** and Yb**, Tm**
doped NaYF, UCNPs, confirming that they are of pure
hexagonal phase. This crystal host doped with combi-
nations of rare earth elements Yo+, Er** or Yb**, Tm3*
has provided us an opportunity to study upconversion
2012
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luminescence in the green and red regions of the
spectrum (centered at 540 and 650 nm, respectively)
in NaYF, codoped with Yb**, Er*" and in the blue
region of the spectrum (centered at 450 and 475 nm) in
NaYF, codoped with Yb*", Tm3". The emission of the
UCNPs is shown in the insets in Figure 1a, b and the
spectra in Figure Sla, b when illuminated under
980 nm light. Moreover, we have employed an inter-
facial self-assembly method that allows the formation
of close-packed UCNP monolayers over extend areas
(millimeter scale).?>?° The ability to form a continuous
monolayer of UCNPs using particles that are mono-
disperse both in phase and in size has given us a great
advantage over previously attempted configurations
to achieve high luminescence enhancements and con-
sistent results from sample to sample, allowing us to
probe metal-induced enhancement of upconversion.

To enhance the emission of these UCNPs, we have
prepared spherical Au and Ag NPs, 5 nm in diameter
with standard deviation of 0 ~ 5%, as shown in TEM
micrographs (Figure 1d, e). The plasmonic peak for
dispersions of Au NPs is at 550 nm, and that for
dispersions of Ag NPs is at 420 nm (Figure 1f). These
plasmonic peaks show considerable spectral overlap
with the luminescence peaks of the UCNPs, indicating
that a large resonant enhancement of upconversion
emission is possible.

— NaYF‘: Yb, Er/ Ag NPs
—o—NaYF4: Yb, Er/ AuNPs

—— NaYFl: Yb, Tm/ Ag NPs
—— NaYF4: Yb, Tm/ Au NPs
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Figure 2. Integrated PL under 980 nm excitation of the (a)
540 nm emission band (510—570 nm) of samples made with
mixtures of NaYF,:Yb, Er UCNPs and either Au (red curve) or
Ag (black curve) NPs and of the (b) 475 nm emission band
(461—490 nm) of samples made with mixtures of NaYF,:Yb,
Tm UCNPs and either Au (red curve) or Ag (black curve) NPs
with various number ratios of UCNPs:metal NPs.

The existence of the oxide spacer layer is important if
any enhancement is to be observed in our proposed
structure. To further demonstrate the importance of
the dielectric spacer layer, a series of control experi-
ments were performed where UCNPs and metal NPs
were mixed in solution form and then were spun on
glass substrates. The resulting film consisted of metal
NPs and UCNPs in random configurations and dis-
tances from each other. Upon illumination of 980 nm
laser light (continuous wave), the luminescence intensity
of the mixed samples was greatly reduced compared to
samples made only with UCNPs (Figure 2). As is evident
from Figure 2, the intensity decreases at a lower number
fraction of Ag NPs compared to Au NPs. This is consistent
with the larger absorption coefficient of Ag versus Au NPs.
Furthermore, the intensity decreased even more as the
volume ratio of metal NPs to UCNPs was increased. In
these mixture samples quenching is the dominant pro-
cess. Introduction of spacer layers as shown in Figure 3a
of different thicknesses allows us to find the optimal
spacing to maximize the beneficial effects of the metal-
induced enhancement while reducing and minimizing
the quenching observed in random mixtures.

To fabricate the UCNP—spacer—metal NP structures
as shown schematically in Figure 3a, dense Au or Ag NP
films were formed on glass substrates by spin-coating.
By using solutions with identical concentrations of
metal NPs deposited under the same spin-coating
conditions, the particle density of the films stays the
same from sample to sample. A thin layer of Al,03 was
subsequently deposited using atomic layer deposition
(ALD). This deposition method provides an accurate
thickness of the dielectric spacer on the nanometer
scale (Figure S6), which allows precise control over the
distance between UCNPs and metal NPs in our struc-
ture. After deposition of the oxide layer a slight red shift
in the plasmonic peak of the metal NPs is observed, as
shown in Figure 3b. The oxide layer therefore also plays
an active role in the enhancement of the plasmonic
field by affecting the polarization of the metal NPs.3°
Next a large-area monolayer of UCNPs was deposited
on top of the oxide layer, as confirmed by scanning
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Figure 3. (a) Schematic structure of a spin-cast layer of Au or Ag NPs, a thin Al,O3 layer, and a monolayer of UCNPs. (b)
Absorption spectra of spin-coated Ag NP films before (blue curve) and after (green curve) deposition of an Al,O3 layer and of
spin-coated Au NP films before (black curve) and after (red curve) deposition of an Al, O3 layer. Each spectrum is normalized by
its plasmonic peak absorption. (c) Typical large-area SEM image of a monolayer of UCNPs transferred onto the Al,0s layer-
covered metal NP film.
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Figure 4. (a—d) Upconversion luminescence spectra of
UCNP monolayers transferred onto the Al,O; layer-covered
metal NP film under 980 nm excitation. (a) Au NP-Al,O5-
NaYF4:Yb, Er UCNPs, (b) Au NP-Al,O5-NaYF,4:Yb, Tm UCNPs,
(c) Ag NP-Al,05-NaYF4:Yb, Er UCNPs, (d) Ag NP-Al,03-NaYF,:
Yb, Tm UCNPs. Integrated area under the peak as a function
of the Al,Os layer thickness normalized to that of the pure
UCNP sample for (e) Au NPs and (f) Ag NPs. The green solid
lines correspond to the 540 nm emission band (510—570 nm)
in NaYF4:Yb, Er. The green dashed lines correspond to the
650 nm emission band (640—680 nm) in NaYF,:Yb, Er. The
blue solid lines correspond to the 475 nm emission band
(461—490 nm) in NaYF,;:Yb, Tm. We have also included the
data point corresponding to UCNPs in the absence of metal
NPs as a Reference (Ref) in the figure for comparison.

electron microscopy (SEM) for each sample (Figure 3c
and Figure S2a, b).

We fabricated the combinations of Au or Ag metal
NP layers with either monolayers of NaYF, UCNPs
codoped with Yb*", Er*" or NaYF, UCNPs codoped
with Yb®, Tm* " separated by an Al,O; spacer layer. In
each of these metal—-UCNP combinations, the thick-
ness of the Al,O3 spacer layer is tuned from 2 to 15 nm.
PL spectra were collected under illumination from a
980 nm continuous wave, 1 W laser. Figure 4a, c show
the PL spectra for Yb>*, Er** doped NaYF, UCNPs with
a characteristic strong emission peak centered at
540 nm in the green resulting from a transition from
Sz to lis2 energy levels and a weaker emission
centered at 650 nm in the red resulting from a transi-
tion from Fy, to lis,, energy levels (Figure S5).
Figure 4b, d show the PL spectra for Yo, Tm** doped
NaYF, UCNPs centered at 450 nm in the blue resulting
from a transition from D, to F, energy levels and
475 nm in the blue resulting from a transition from
G, to Hg energy levels. Figure 4a, b show the PL spectra
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for the combinations of Yb®*, Er¥for Yb3*, Tm3*
doped NaYF, UCNPs spaced from Au NPs, and similarly
Figure 4c, d show the PL spectra for the UCNPs spaced
from Ag NPs as a function of Al,Os thickness. The
emission spectra of the UCNP samples with no metal
NP layer are also shown. For samples with a very thin
oxide layer, a decrease in emission intensity due to
luminescence quenching is observed, similar to the
randomly mixed metal NP—UCNP samples (Figure 2).
As the oxide layer thickness increases, metal-induced
luminescence enhancement of UCNPs is observed. The
luminescence enhancement reaches a maximum at a
certain thickness, after which the distance between
metal NPs and UCNPs becomes too large for metal-
induced enhancement, and the emission intensity
decreases back to that of the UCNPs alone. The dis-
tance at which the largest enhancement occurs is at
5 nm for Au NPs and 10 nm for Ag NPs and is
independent of the composition of UCNPs used
(Figure 4e, f). There is also a strong dependence of
the enhancement on the composition of the metal
NPs. As shown in Figure 4e, f, for structures made with
Au NPs, we observe enhancement factors of about 5.2
and 3.5 for the 540 and 650 nm peaks of Yb**, Er*"
doped NaYF, respectively, and much larger enhance-
ment factors of 30 and 45 with Ag NPs for 540 and
650 nm, respectively.

To further demonstrate the contrast between emis-
sion of pure UCNPs and metal-enhanced UCNP lumi-
nescence, we have used nanoimprint lithography to
pattern the metal NP layer into a series of stripes
(Figure 5a, b), after which a 5 nm Al,O3 spacer layer
that is the optimum oxide thickness for Au NPs is
deposited. Next, a monolayer of NaYF, codoped with
Yb**, Er*" was deposited on top of the oxide layer by
the interfacial assembly method. A schematic of the
final structure is depicted in Figure 5c. Spatially re-
solved PL measurements demonstrate clearly the spa-
tially selective upconversion enhancement by ~3
times in regions of the UCNP monolayer proximal to
the underlying stripe pattern of Au NPs (Figure 5d).

We show that the observed enhancements in up-
conversion efficiency are due to both plasmonic en-
hancement of the emission of the UCNPs and metal-
induced enhancement of absorption of the excitation
pump at 980 nm. In most cases, emission enhance-
ments occur because of factors that reduce the non-
radiative decay processes including limiting quench-
ing and lowering the temperature of the environment.
However, the fundamental characteristic of metal-induced
enhancement at resonant wavelengths is that it di-
rectly changes the radiative rate of the UCNP, thereby
causing higher emission intensities. We measured the
change in the decay rates of the UCNPs by time-
resolved PL.

Figure 6a, b show the luminescence decays for
NaYF, codoped with Yb**, Er*" and Yb*', Tm*",
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Figure 5. (a) Schematic representation of the nanoimprint lithography process. (b) AFM image of Au NP stripe pattern
fabricated by nanoimprint lithography on a glass substrate. Each stripe is about 2 um in width and 100 nm in height with a
periodicity is 5 um. (c) Schematic illustrating the structure of multilayer films separated by a 5 nm Al,O; layer. (d)
Upconversion luminescence mapping of Au NP-Al,05s-NaYF,:Yb, Er UCNP films with an Al,O3 layer of 5 nm.

respectively, in combination with Au and Ag metal NP
layers spaced by oxide layers of different thickness. As
the thickness of the oxide spacer layer increases, the
UCNP's decay time decreases, reaching a minimum for
each of the UCNP compositions at 5 nm for Au NPs and
10 nm for Ag NPs, after which the lifetime increases
back to values characteristic of the pure UCNPs
(Figure 6¢, d). The trend of decay time inversely follows
that of the emission enhancement (Figure 4e, f). The
decrease in decay times of UCNPs suggests that up-
conversion enhancement is indeed a metal-induced
Purcell effect and is due to the electromagnetic cou-
pling between metal NPs and UCNPs3' 33 Ag NPs
decrease the decay time of UCNPs more significantly
than Au NPs (Figure 6c¢, d).

In addition to the plasmonic increase in the radiative
decay rate of UCNPs, metal NPs can cause an enhance-
ment in the absorption of the excitation pump at
980 nm by UCNPs.'® Measurements reveal the rise
time for the 540 nm peak of NaYF,:Yb, Er UCNPs
decreases from 0.286 us for a pure UCNP film to a
minimum of 0.236 us for structures with Au NPs
separated by a 5 nm oxide layer and to a minimum
of 0.110 us for structures with Ag NPs separated by a
10 nm oxide layer. For the 475 nm peak of NaYF4:Yb, Tm
UCNPs, the rise time decreases from 0.116 us for a pure
UCNP film to a minimum of 0.076 us for structures with Au
NPs and a minimum of 0.035 us for structures with Ag NPs.
Absorption enhancement in UCNPs is caused by non-
resonant enhancement of the pump excitation field that
results in the faster excitation rate of Yo' As a result, the
rate of energy transfer from Yo" to Er* " or Yb* to Tm**"

SABOKTAKIN ET AL.

ions increases (see the energy level scheme, Figure S5),
which is in turn manifested by a shorter rise time in the
UCNPs3* The fact that Ag NPs decrease the rise times and
the decay times of the UCNPs more than Au NPs is
consistent with the higher luminescence enhancement
factors measured in PL measurements.

Amplification of luminescence arises from both
absorption enhancement and emission enhancement
corresponding with the observed shorter rise and
decay times, respectively. To understand the origins
of the complex interplay between these factors, the
absorption, emission, and overall efficiency enhance-
ment factors as well as the emission decay rate as a
function of UCNPs—metal NP distance were simulated
using COMSOL Multiphysics software (Figure 7a—d).
Absorption enhancement is defined as the ratio of the
absorption coefficient of the UCNPs in proximity to
metal NPs to the absorption efficiency of UCNPs away
from metal NPs. In absorption, nonresonant enhance-
ment of the sensitizing (Yb®>") centers in the UCNPs
occurs in proximity to the metal NPs at 980 nm excita-
tion. Since the plasmonic resonances of both Au and
Ag NPs are away from the excitation, there is no
observable difference in the enhancement of Au and
Ag NPs (Figure 7a). The emission enhancement process
in our system occurs since Au and Ag NPs are resonant
with the UCNP visible emission and the metal NPs
change the local photon density of states. It can be
shown that the local density of states for photons is
related to the Green's function at the emitter.>® This
allowed us to calculate the emission efficiency of
UCNPs through classical electromagnetic methods
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Figure 6. (a) Upconversion luminescence decays monitor-
ing the 540 nm emission under 980 nm excitation of NaYF,:
Yb, Er UCNPs separated by a 5 nm thick Al,O3 layer from a
Au NP film (red curve), NaYF,:Yb, Er UCNPs separated by a
10 nm thick Al,O3 layer from a Ag NP film (blue curve), and
pure NaYF4:Yb, Er UCNP films (black curve). (b) Upconver-
sion luminescence decays monitoring the 475 nm emission
under 980 nm excitation of NaYF,;:Yb, Tm UCNPs separated
by a 5 nm thick Al,O3 layer from a Au NP film (blue curve),
NaYF,:Yb, Tm UCNPs separated by a 10 nm thick Al,O5 layer
from a Ag NP film (red curve), and pure NaYF,:Yb, Tm UCNP
films (black curve). (c) Decay times monitoring the 540 nm
emission of NaYF,:Yb, Er UCNP films (green curve) and
475 nm emission of NaYF,:Yb, Tm UCNPs (blue curve) under
980 nm excitation separated from Ag NPs as a function of
Al,O; spacer layer. (d) Decay times monitoring the 540 nm
emission of NaYF,:Yb, Er UCNP films (green curve) and
475 nm emission peak of NaYF,:Yb, Tm UCNPs (blue curve)
under 980 nm excitation separated from Au NPs as a
function of Al,O3 spacer layer. We have also included the
data point corresponding to UCNPs in the absence of metal
NPs as Reference (Ref) in the figure for comparison.

(Figure 7b). Efficiency enhancement is defined as the
ratio of emission efficiency of the UCNPs in proximity to
metal NPs in comparison to the emission efficiency of
UCNPs away from metal NPs. Simulations show a
higher enhancement of UCNPs' efficiency in proximity
to Ag NPs compared to Au NPs, consistent with the
stronger plasmonic resonance in Ag NPs. Both absorp-
tion enhancement and emission efficiency contribute
to the overall change in emission enhancement and
decay rates of UCNPs (Figure 7c, d). Emission enhance-
ment is calculated as the product of absorption en-
hancement and emission efficiency and is higher in
proximity to Ag NPs compared to Au NPs. The origin of
UCNP upconversion enhancement had been specu-
lated previously to be partially due to plasmonic
amplification of energy transfer resonant with the
second transfer step from ;4 to F7,, (540 nm emission
peak) or |3/, to Fg/p (650 nm emission peak) between
Yb>* and Er*" in NaYF,:Yb>*, E** UCNPs.'® However,
since the absorption in UCNPs is a sequential and
noncoherent process and the metal NPs have reso-
nances far away from the excitation frequency, plasmo-
nic enhancement to increase energy transfer between
atoms in UCNPs appears unlikely. Our simulations reveal

SABOKTAKIN ET AL.

these aformentioned speculations are unnecessary, and
the observed upconversion enhancement and changes
in rise and decay times may be accounted for by
nonresonant enhancement in absorption at 980 nm
and resonant enhancement in emission at 540 nm.
The difference in the distance dependence and
amplification of upconverted emission introduced by
proximal Au and Ag NPs are consistent with the optical
properties of the different metal NPs measured experi-
mentally. The longer optimal distance for enhance-
ment observed in the case of Ag NPs is understood by
considering their higher per volume extinction cross-
section compared to Au NPs (Figure $3).3° Extinction in
metal NPs arises from both absorption and scattering
processes. However, according to Mie theory, in small-
diameter NPs, such as the 5 nm diameter NPs used in
this work, the extinction coefficient is dominated by
the absorption coefficient.3” Therefore, Ag NPs have a
larger absorption cross section at wavelengths reso-
nant with the emission of the UCNPs compared to Au
NPs of the same size. The optimal distance for radiation
enhancement arises from a balance between quench-
ing and metal-induced enhancement. The larger ab-
sorption cross-section of Ag NPs is consistent with the
stronger quenching we observed (as seen in Figure 2
and Figure S3) and therefore the longer 10 nm optimal
distance for radiation enhancement rather than the
5 nm distance found for Au NPs. While our simulations
account for the size-corrected dielectric function mea-
sured by Johnson and Christy,>®3 we expect, particu-
larly for more sensitive Ag NPs, the dielectric function
does not capture the size- and surface-dependent losses
of the NPs.*® The larger loss would give rise to a higher
nonradiative rate for Ag NPs, consistent with the longer
optimal distance of enhancement seen in experiment.
The quantum yield of UCNPs, or more generally of
any flourophor, dramatically influences the magni-
tudes of the emission enhancement and the change
in the decay rate they experience in proximity to metal
NPs (Figure S4). We correlated the change in the
measured decay times (Figure 6) with the measured
upconversion enhancements (Figure 4) for these low
quantum efficiency emitters. For example, for NaYF:
Yb3*+, Er®* UCNPs in the absence of metal NPs, the
measured decay time tis 1/(I, + [',) = 298.2 us for the
540 nm emission peak, where T, is the radiative decay
rate and I',, is the nonradiative decay rate due to
intrinsic processes. The size-dependent quantum yield
(QY) for similar UCNPs has previously been measured
experimentally to be 1072.° From the measured life-
times and reported QY =T',/(I', + I',,,), we estimate I, =
3355 "and T, =33505"".In the presence of metal NPs,
the greatest enhancement observed has been for the
case of Ag NPs with a 10 nm oxide spacer layer where
T =144.8 us. Therefore the modified radiative rate (T,)
and nonradiative rate ([,,/) sumas I/ + I,/ =69065~ "
The partition between these rates depends on the
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Figure 7. Electromagnetic simulations as a function of separation between Au or Ag NPs 6 nm in diameter and UCNPs with
0.1% quantum yield of the (a) absorption enhancement at the incident 980 nm excitation, (b) intrinsic emission efficiency of
the UCNPs at 540 nm, (c) fluorescence enhancement in UCNPs at 540 nm, and (d) changes in the radiative, nonradiative, and
total decay rates of the UCNPs in the presence of metal NPs (Note: the nonradiative decay rate arises from absorption in the
metal, whereas the total decay rate includes intrinsic losses in the UCNPs).

increase in the T,/ that arises from absorption in the
metal NPs due to quenching as the UCNPs approach the
metal NP arrays. Even if substantial quenching by the
metal NPs were to occur, given the low quantum yield of
these UCNPs, upconversion enhancement factors of
~30 are predicted, consistent with the enhancement
measured experimentally and consistent with the mea-
sured changes in lifetime. This is unlike high quantum
yield emitters, where quenching dominates the process
and efficiency enhancement is small. The difference in
the enhancement factors for 540 and 650 nm emis-
sion peaks in NaYF,Yb®>", E*™ UCNPs is consistent
with wavelength-dependent nature of permittivity in
Au and Ag NPs, which results in different absorption
enhancement factors for the two emission peaks.
Furthermore, since the quantum yield of the transition
from the Fy), to |15, (650 nm emission peak) is lower
than the transition from the Sz, to l;5/, (540 nm emis-
sion peak) by ~5.5 times, we can expect a larger

METHODS
Nanocrystal Synthesis. Colloidal UCNPs were synthesized ac-

cording to our previous work.?> The UCNPs were isolated through
the addition of ethanol, centrifugation, and redispersion in hexane.

SABOKTAKIN ET AL.

plasmonic efficiency enhancement for the 650 nm peak
(Figure S5).

CONCLUSIONS

In conclusion, we have studied metal-enhanced
upconversion luminescence in a metal—oxide—UCNP
trilayered structure where the thickness of the oxide
spacer is precisely varied from 2 to 15 nm for four
different metal-UNCP combinations. The lumines-
cence enhancement is found to be strongly dependent
upon the type of metal NPs. Time-resolved rise and
decay time PL measurements show that the enhance-
ment of upconverted luminescence arises from (1)
nonresonant enhancement of the excitation pump at
980 nm by metal NPs, which enhances the absorption
process in Yb®> atoms and thereby increases the rate
of energy transfer between lanthanide dopants during
the two-photon upconversion process, and (2) plas-
monic increase in the radiative rate of emission.

Au*" and Ag*? NPs were synthesized according to previously
reported methods.

Structure Fabrication. All samples were prepared on glass sub-
strates that were cleaned with 2-propanol and blown dry with
nitrogen. Au or Ag NP dispersions in octane were deposited by
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spin-coating at 1000 rpm using a CEE200 spinner. The thickness
of the metal NP layer was determined by atomic force micro-
scopy (AFM) measurements to be ~35—40 nm. Al,O3 spacer
layers, varying from 2 to 15 nm in thickness, were deposited using
an ALD Cambridge Nanotech Savanna system at 150 °C. Spectro-
scopic ellipsometry measurements indicate a high percision
control in oxide deposition (Figure S6). The precursors for the
deposition process were water and trimethylaluminum. A mono-
layer of UCNP was then transferred on top of the oxide layer, as
described below.

UCNP Monolayer Transfer. UCNP monolayers were formed
using the interfacial assembly method as described pre-
viously.>>?° A 1.5 x 1.5 x 1 cm?® Teflon well was half-filled with
ethylene glycol. One drop (~30 uL) of UCNP solution was spread
onto the surface of the ethylene glycol subphase, and the well
was quickly covered by a glass slide to lower the solvent
(hexane) evaporation rate. The particle concentration of the
UCNP solution was carefully adjusted until a large-area UCNP
monolayer (covering >90% of surface area of the subphase) was
obtained consistently. After 30 min, a glass substrate with an
Al,03-covered metal NP film was placed underneath the float-
ing UCNP monolayer and was lifted upward to transfer the film,
which was further dried under vacuum to remove residual
ethylene glycol.

Structural and Optical Measurements. Transmission electron mi-
croscopy images were taken on a JEM-1400 microscope oper-
ating at 120 kV. Scanning electron microscopy was performed
on a JEOL 7500F HRSEM operating at 2.0 kV. Atomic force
microscopy images were acquired using a MFP-3D-BIO Asylum
Research AFM operating in the tapping mode. Power X-ray
diffraction patterns were obtained on a Rigaku Smartlab dif-
fractometer at a scanning rate of 0.1° min™' in the 26 range
from 10° to 90° (Cu Ko radiation, / = 1.5418 A). Optical absorp-
tion spectra were recorded using a Cary 5000 UV/Vis/NIR
spectrophotometer. Upconversion luminescence was mea-
sured on a Fluorolog-3 spectrofluorometer (Jobin-Yvon) using
excitation from a 980 nm diode laser with 1.06 W power and a
0.05 W/mm? power density. In lifetime measurments a biconvex
lens with a 12.7 mm focal length was used to focus the light on
the samples.

Simulations. The simulations were performed on a commer-
cial finite-element-method-based solver (COMSOL Multiphysics)
using a frequency domain solver. The structure was meshed
using tetrahedral mesh elements with a 1 nm resolution inside
the plasmonic spheres and a gradually increasing mesh size as we
move away from the plasmonic structures with a maximum mesh
element size of 50 nm. The simulation domain was surrounded by
a perfectly matched layer to absorb the outward propagating
radiation. The permittivity for the gold and silver was set using
experimental data from the literature.3®3® To calculate the ab-
sorption enhancement, the structure was illuminated with a
plane wave at the pump wavelength, and the local field in the
vicinity of the structure was simulated. The absorption enhance-
ment is proprotional to the square of the field enhancement. The
decay rates were simulated using the semiclassical approxima-
tion, which states that the decay rate for a two-level system at a
given location is proportional to the power radiated by a dipole
placed at the same location.>

Nanoimprint Patterning of Au NP Stripes. Au NP films were pat-
terned in the form of stripes by nanoimprint lithography (NIL).
To carry out the nanoimprting, 100 «L of a Au NP dispersion was
dropped on a glass substrate. The glass substrate was quickly
covered and pressed by a PDMS template, and the substrate
and template were heated to 100 °C to cure the Au NP dis-
persion. After curing the solution for 1 min, the PDMS template
was demolded from the glass substrate. After the NIL process,
the Au NP stripe pattern was clearly and uniformly formed
across the glass substrate over a 1.2 mm x 1.2 mm area. The Au
NP stripe pattern was fabricated with a 2 um width, 3 um
periodicity, and 100 nm height.

Spatially Resolved Photoluminescence Measurements. Spatially re-
solved measurements of the upconverted photoluminescence
of patterned samples were measured under 976 nm illumina-
tion generated by a MIRA HP Ti:Sapphire laser pumped by an
18 W Verdi diode laser. The 976 nm light was focused to a 0.8 um
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spot size through an Olympus BX2 modified microscope.
Samples were mounted on a closed-loop piezo-controlled stage
(Thorlabs Nanomax) and translated under the excitation. The
mapping was conducted across an area of 20 um by 20 um with
0.4 um step size. Luminescence was collected via a fiber and
sent to a monochromator (iHR 550, Horiba) coupled to a Si CCD
camera (Symphony, Horiba).

Photoluminescence Lifetime Measurements. A 1W, continuous
wave, 980 nm laser light source was used. The excitation was
modulated at 100 Hz with a Stanford Research Systems SR540
optical chopper, and the time-dependent luminescence was
collected with the multichannel scaler unit integrated in the
Fluorohub of a Jobin-Yvon Fluorolog-3 spectrofluorometer.
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