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1 Introduction

ABSTRACT

Fluorescent rare-earth ions are useful for efficient energy transfer via multi-
channels with different properties. Tuning these transfer processes in functional
rare-earth materials has attracted considerable attention to satisfy the various
demands of diverse practical applications. In this study, strong tunabilities of
cooperative energy transfer and nonlinear upconversion emissions are realized
using (Yb*, Er*")/NaYF, nanocrystals with and without doped Mn* ions by
adopting a plasmonic nanocavity composed of a silver nanorod array. The
plasmon nanocavity can not only increase the energy transfer between Mn* and
(Yb*, Er*) but also significantly enhance the radiative emission. This reveals a
prominent nonlinear gain in the nanocavity nanosystems. These observations
suggest the prospective applications in the design and preparation of rare-earth
nanocrystals with excellent tunabilities of multiple functionalities.

potential applications in bioimaging and for the
construction of compact solid lasers, solar cells, and

Fluorescent rare-earth ions have attracted significant
attention due to their excellent optical properties such
as highly efficient fluorescence ranging from violet to
near infrared wavelengths, very large Stokes shift,
and long fluorescence lifetime. They also have great

lighting and color displays [1-12]. The near-infrared-
to-visible multicolor upconversion emission of rare-
earth ions has proven valuable in the fields of solar
photovoltaic technology and multiplexed biological
labeling [13-18]. The most important issue in such
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applications is to fine-tune the various energy transfer
processes between rare-earth ions. These processes
include cooperative energy transfer [19-23], energy
migration [24, 25], and cross energy relaxation [26].
For instance, paramagnetic Mn*" ions can be used to
manipulate the cooperative energy transfer and adjust
the fluorescence spectrum of (Yb*, Er*) co-doped
composites. This results in a suppressed green emission
and an enhanced red emission [19, 20].

Surface plasmon resonances of metallic nanostruc-
tures strongly enhance the interactions between light
and matter (including light absorption, energy transfer,
and radiative emissions) at the nanometer scale. This
is widely used to tune the fluorescence intensity and
emission spectrum of organic molecules, semiconductor
quantum dots, and rare-earth nanocrystals [27-39].
Recently, significant resonant enhancement of rare-
earth nanocrystal photoluminescence (PL) intensity
(~35 fold) has been achieved by employing a Au
nanohole array with precisely controlled periodicity
that is resonant with the excitation wavelength of the
upconversion [33-40].

Surface plasmon polariton (SPP) waves have been
used to resonantly enhance the upconversion PL
in doped lanthanide nanocrystals. This has been
demonstrated using a specially designed Au pyramid
array that enables further adjustment of the emission
spectra due to the metal-mediated quenching of the
green fluorescence on flat metal surfaces [39-42]. The
power-dependent and nonlinear plasmon-enhanced
upconversion process has also attracted considerable
attention, and effective manipulation and utilization
of the upconversion nanocrystals have been the focus
of research [43-51]. However, a key issue of plasmon-
enhanced cooperative energy transfer in Mn*-doped
(Yb*, Er*")/NaYF, has not been addressed. A specific
higher-Q plasmonic cavity composed of a silver nanorod
(AgNR) array can be used to dynamically tune the
Mn?*-assisted cooperative emission in order to realize
higher tunability of the cooperative energy transfer
process in a Mn*-doped (Yb*, Er*)/NaYF, nanocrystal.
This also gives a comparison to the Ag nanoparticle
film, which has so far not been examined.

In this study, we investigate strong cooperative energy
transfer in Mn?*-doped and bare (Yb*, Er*)/NaYF,
nanocrystals by using a strongly confined plasmonic
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cavity. The emission ratio Iess/Iss increases to about
162% and 125%, respectively, for the doped and bare
(Yb*, Er*)/NaYF, nanocrystals coupled to AgNRs with
a resonance wavelength of about 655 nm, as the laser
power is increased to 190 mW. The increase indicates
an enhancement of the cooperative emissions by
plasmon coupling. This also shows that the effect of the
doped Mn? ions on the energy transfer is significantly
strengthened by the plasmonic effect. Further, the
emission ratio I5/lsy increases to about 283% and
267% respectively for the doped and bare (Yb*, Er*)/
NaYF, nanocrystals coupled to the same AgNRs with
a resonance wavelength of about 655 nm, as the laser
power is increased to 190 mW. This is attributed to
the local field enhancement by the AgNRs. Our new
method will have a strong impact in this field and
will have prospective applications in the design and
preparation of multi-functional rare-earth nanocrystals
with highly efficient energy transfers and optical
responses. In addition, Mn* doping into the (Er*, Yb™):
NaYF, nanocrystal also has potential use in magnetic
sensors [52].

2 Experimental
2.1 Preparation of the sample

Anodic aluminum oxide (AAO) templates were
fabricated using a two-step anodization process. First,
aluminum sheets (99.999% purity) were degreased in
acetone and electropolished under a constant voltage
of 16 V for 4 min in a mixture of HCIO, and C;H;OH
at 0 °C to smoothen the sample surface. In the first of
two anodization processes, the treated aluminum sheets
were immersed in aqueous H,SO, (0.3 mol/L) in an
electrochemical cell at about 4 °C under a constant
voltage of 19 V. The AAO templates were then further
anodized by applying potential that was reduced
stepwise from 19 to 13 V to decrease the thickness of the
alumina barrier layer. Ag nanorods were deposited in
the nanopores of the AAO template by alternating
current (50 Hz, 7V AC) electrolysis in an electrolyte
composed of AgNO; (0.03 mol/L) and H,SO, (0.03 mol/L),
and a Pt counter electrode was used. The length of
the Ag nanorods was controlled by controlling the
electrodeposition time. The underlying Al substrate
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was then dissolved using a CuCl, solution.

In a typical procedure, 0.6 g NaOH was dissolved
in 3 mL deionized water. With vigorous stirring, 10 mL
ethanol and 10 mL oleic acid were added to the NaOH
aqueous solution. Then, 4 mL of 0.2 mol/L rare-earth
ions Y¥, Yb*, and Er* and Mn?*" were added into the
mixture with a certain percentage. Finally, 2 mL of
2 mol/L NH,F was added at room temperature while
stirring for 15 min. The product was heated in a 50 mL
polytetrafluoroethylene reaction kettle for 2 h at 200 °C.
After naturally cooling, the sample was centrifuged
with ethanol and water four times, and then dried in
a vacuum tank for 12 h at 65 °C. The sample was then
stored for characterization. The resulting Mn?*":(Yb*,
Er*)/NaYF, was deposited on the AAO template by
the spin coating method at a rate of 1,500 rpm for 20 s.

2.2 PL Measurement with plasmonic cavity

The PL from the samples was determined by reflection
measurement. A p-polarized laser beam for the
measurement of PL was generated by a continuous
wave Ti:Sapphire laser (Mira 900, Coherent) and the
excitation wavelength was set at ~960 nm. The PL from
the sample was collected by a focusing lens and filtered
by a couple of filters. The PL spectra were recorded
by a spectrometer (Spectrapro 2500i, Acton) using a
liquid-nitrogen-cooled CCD.

3 Results and discussion

3.1 Nanostructures and energy transfer of Mn*:
(Yb*, Er*)/NaYF,

NaYF, doped with (Yb*, Er*) ions has been used to
demonstrate the dynamic effect of rare-earth materials,
and Mn* ion doping is an efficient way to tune the
morphology and optical properties of (Yb*, Er**)/NaYF,
nanocrystals. The transmission electron microscope
(TEM) images of the (Yb*, Er**)/NaYF, undoped and
doped with 25% Mn?" jon concentration are shown
in Figs. 1(a) and 1(b), respectively. Figure 1(c) shows
the energy diagram of Yb*, Er*, and Mn?*, which
displays the energy transfer channels in our system.
There are mainly three channels that correspond to the
520, 540, and 655 nm emission peaks, marked by the
pink, blue, and red lines, respectively. They correspond
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Figure 1 Tunable optical properties of the Mn>":(Yb*, Er**)/

NaYF, nanocrystals with different Mn>" concentration. TEM images

of (Yb**, Er*")/NaYF, nanocrystals with (a) 0% Mn*" and with

(b) 25% Mn*". (c) The energy level diagram of the Yb*", Er**, and

Mn?" ions. (d) The PL spectra for different concentrations of Mn?".

to 2Hyyp = “lisp, *Ssp = *Lisp, and *Fop — 4135, transitions
of Er*, respectively. The PL spectra and intensity of
the (Yb*, Er**)/NaYF, nanocrystals also varied with
different doping percentages of Mn*, as shown in
Fig. 1(d). The excitation power is 120 mW and the
exposure time is 20 ms. The emission ratio Igss/Iss
increases with the amount of Mn? dopant, which is
attributed to the energy transfer channel introduced
by the Mn?** ions (energy level *T).
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3.2 Tuning the upconversion PL of Mn*:(Yb*, Er*)/
NaYF, by using AgNR cavity

The plasmon nanocavity prepared using AgNRs was
used to investigate the upconversion properties of the
Mn*:(Yb*, Er*")/NaYF,. The AgNRs were deposited
onto an AAO template with the Mn?":(Yb*, Er*")/NaYF,
directly spin coated onto it. The structure is shown in
Fig. 2(a). The space between the AgNRs is ~50 nm. The
average diameter and length of the AgNRs are ~15
and ~50 nm, respectively (shown in Supplementary
Material). The distance between the AgNRs and (Yb™,
Er*)/NaYF, nanocrystals is ~15 nm. Figure 2(b) shows
a scanning electron microscope (SEM) image of the
nanohole array of the AAO with AgNRs. The local
surface plasmon resonance (LSPR) of the AgNRs was
tuned to be resonant with the emission peak of the
Mn*:(Yb*, Er**)/NaYF, crystal. The above parameters
provide the best local field enhancement and energy
transfer effect, which has been confirmed by our
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Figure 2 Optical structure of the plasmonic nanocavity. (a) The
nanostructure of the sample; the AgNRs were deposited on the
AAO template. The Mn>":(Yb**, Er’")/NaYF, nanocrystals were
spin coated on the barrier layer side of the AAO template. (b) The
SEM image of the nanohole array of the AAO doped with silver
nanorods. (c) The absorption spectra of the AgNRs are shown in
black (8;,= 65°) and red (6;, = 0°), and the PL spectrum of the
Mn?*:(Yb*", Er’")/NaYF, crystals appears in blue.
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previous work [53, 54]. The absorption spectra of the
AgNR cavity are presented in Fig. 2(c) with the black
(6in= 65°) and red (6;, = 0°) lines, and the blue line is
the PL spectrum of the Mn*:(Yb*, Er**)/NaYF, crystal.
O, is the incident angle of the light source for the
absorption measurement.

The PL spectra of the (Yb*, Er*")/NaYF, doped with
0% Mn* and 25% Mn?*" with PL enhancement by the
AgNR cavity are shown in Figs. 3(a) and 3(b), res-
pectively. The excitation power is 30 mW, and the
exposed time is 30 ms. An approximately two-fold
enhancement was observed in both cases. Plasmonic
structures enhance not only the radiative rate but
also the non-radiative rate, and the PL enhancement
is a cooperative function of these two effects. Owing
to the quite large size of the Mn?:(Yb*, Er*)/NaYF,
nanocrystal compared to a single Ag nanorod and
because of the distance between AgNRs, the PL
enhancement in this work is averaged over a large
area. Therefore, the positions of the Mn*:(Yb*, Er*")/
NaYF, crystals on the AgNR cavity have little influence
on the PL enhancement. However, in this study, we
mainly focus on the enhancement in the energy transfer
process between Mn? and Er* due to the plasmon
cavity, which has an insignificant relation to the non-
radiative decay in the metallic parts.

The PL spectra of the Mn*:(Yb*, Er*)/NaYF, with
AgNR cavity as a function of excitation power
are shown in Fig. 4(a). We can observe that the PL
intensities of the three peaks around 520, 540, and
655 nm increase with excitation power but at different
rates. The PL intensities of the three peaks as a function
of the excitation power are presented in Fig. 4(b). The
corresponding slopes, v = 0logl.ni/0logle., of the 520,
540, and 655nm peaks are 1.70, 1.35, and 1.61,
respectively. The ratios of I¢ss/Is49 and Isyo/Is4 increase
with the excitation power, as shown in Figs. 4(c) and
4(d). Iess/Iss for the (Yb*, Er*)/NaYF, sample with the
AgNR cavity increases much more rapidly with the
excitation power than that for the (Yb*, Er*)/NaYF,
sample without the AgNR cavity does; this confirms
that these ratio changes can be attributed to field
enhancement and energy transfer induced by the
AgNR cavity (shown in Fig. 4(c)). This is because
multiple energy transfer channels have been introduced
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Figure 3 The PL enhancement of the (Yb**, Er’**)/NaYF, crystals
doped with (a) 0% Mn*" and (b) 25% Mn*" with (red line) and
without (black line) AgNRs. The LSPR of AgNRs is ~655 nm.

due to doping of Mn*" ions (energy level *T;). The
excited electrons in the %S, state would transfer to the
*T1 energy level and then to “F;,, which will increase
the red emission of the sample and thus increase the
emission ratio I¢ss/I54. The local electric field induced
by the plasmonic AgNR nanocavity enhances the
energy transfer process and this leads to larger values
of the ratio. On the other hand, Mn* doping can
only slightly increase Is/ls (Fig. 4(d)) when the
AgNRs are absent. I5y/I5 remains almost unchanged
with the increase in the excitation power. However,
when AgNRs are introduced into the samples, the
ratios increase rapidly. This is ascribed to the large
field enhancement by the plasmon resonance in the
nanocavity.

Plasmons enhance the energy transfer rate between
Mn* and (Yb*, Er*) as well as the final radiative
efficiency of Er*, since the Mn*-doped (Yb*, Er*)/
NaYF, has much larger I¢ss/Is40 and Isy/Is4 ratios. More
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Figure 4 Tunable upconversion PL spectra of Mn>*-doped and
bare (Yb*', Er’")/NaYF, nanocrystals coupled to plasmonic nano-
cavity. (a) The PL spectra dependence on the excitation power of
the (Yb*", Er*")/NaYF, on the AgNR cavity. (b) The PL intensity
dependence of the three peaks (520, 540, and 655 nm) on the
excitation power. The PL intensity ratios (¢) lgss/Is40 and (d) Is40/I520
as a function of the excitation power; the brown and dark green
lines show the results without the AgNRs.
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specifically, the emission ratio Isy/Issy is increased by
the enhanced energy transfer from Mn* to Er**, while
the emission ratio Igss/lse is increased by the colla-
borative enhancements of the energy transfer and
emission efficiency. The sample with the AgNR cavity
has a much larger power-dependent increase in Igss/Iss
than a Ag nanoparticle film (shown in Supplementary
Material), which highlights the significant nonlinear
gain of the plasmon cavity coupled to the activated
optical dipoles. This nonlinear energy transfer can
be further improved by optimizing the design of the
plasmonic nanocavity and improving the coupling
between the cavity and fluorescent ions.

4 Conclusions

This work provides a systematic investigation of the
tunability of cooperative energy transfer and nonlinear
upconversion emissions of (Yb*, Er*)/NaYF, nano-
crystals (undoped and doped with Mn* ions) both
with and without a AgNR plasmonic nanocavity. The
emission ratios Iss/Ise and Isy/Issy for the doped and
bare (Yb*, Er*)/NaYF, nanocrystals coupled to the
plasmonic cavity increase with the excitation laser
power. This indicates a very efficient enhancement of
the cooperative emissions by the plasmon field. This
further demonstrates that the energy transfer is largely
enhanced by the plasmonic cavity. Our observations
have prospective applications in designing and pre-
paring multi-functional rare-earth nanocrystals with
highly efficient energy transfer and excellent optical
responses.
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