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ABSTRACT: Greatly enhanced upconversion luminescence
was demonstrated by integrating the core—shell upconversion
nanorods with the Ag nanogratings. Both the Ag nanogratings
and upconversion nanorods were fabricated/synthesized in a
facile, cost-effective, high-throughput way. Experimental results
showed that the upconversion luminescence intensity of Er’* in
the core—shell upconversion nanorods can be well tuned and
enhanced by changing the shell thickness and the period of the
Ag nanograting. The underlying physical mechanism for the
upconversion luminescence enhancement was attributed to the
plasmonically enhanced near infrared broadband absorption of
the periodic Ag nanograting and the localized surface plasmon
resonance of Ag nanocrystals. The maximum enhanced factors
of 523 nm, 544 nm (green emission), and 658 nm (red
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emission) of Er’* ions excited at 980 nm are 3.8, 5.5-, and 4.6-folds, respectively. Our fabrication approach and results suggest
that such a simple integration is potentially useful for biosensing/imaging and anti-counterfeiting applications.
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B INTRODUCTION

Photon upconversion, a process that converts low-energy
excitation light (e.g., the near infrared (NIR)) into high-energy
emission (e.g., ultraviolet, visible, or NIR), has long been a
topic of great interest in optics. Due to their excellent
photostability, large anti-Stokes shift, narrowband emission,
and long excited-state lifetime, upconversion nanoparticles
(UCNPs) have shown a wide range of potential applications in
bioimagin§, therapeutics, anti-counterfeiting, and photovoltaic
devices.' > However, their low upconversion luminescence
(UCL) efficiency is still one of the limiting factors for their
further potential applications. Up to now, various approaches
have been explored to enhance the UCL, including the design
of core—shell structures, energy transfer (ET) modulation,
photonic crystal engineering, and plasmonic enhancement.”™"?
Among them, plasmon-enhanced upconversion is a challenging
yet exciting research field from the perspectives in both
fundamentals and applications. Surface plasmons enable the
manipulation of light—matter interactions at the nanoscale,
providing an efficient approach to improve the UCL
efficiency.”” ™' In general, the principle strategy of surface
plasmon enhancing UCL is to tune the plasmonic resonance to
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overlap with the absorption or emission band to achieve the
plasmonically enhanced absorption or emission. For instance,
the plasmonic resonances of Ag nanoparticles can be easily
tuned in the visible range via controlling their morphology and
size to achieve plasmon-enhanced emission of UCNPs." "'
Random patterns,'”'® such as disordered Ag nanoparticles
array and Ag nanowire network structures fabricated via a
chemical way, have also been investigated with their absorption
extended to the NIR range to enhance the absorption of NIR
excitation of UCNPs. With advanced nanofabrication
techniques, a variety of Ag periodic patterns’>*' have been
fabricated to achieve the angle-dependent or excitation power
density-dependent UCL enhancement from the Ag gratings.
Furthermore, their fabrication is costly, labor-intensive,
process-complicated, and time-consuming.

In this work, we demonstrate a facile and cost-effective
photochemical method to holographically synthesize Ag
nanogratings, which is further utilized to enhance UCL of
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core—shell upconversion nanorods (UCNRs). The period of
the Ag nanograting can be easily tuned, leading to a tunable
NIR broadband absorption from 850 to 1300 nm that can
effectively match the absorption cross section of the sensitizer
Yb* ions in the UCNRs. By synergizing the localized surface
plasmon resonance (LSPR) of Ag nanocrystals and the Ag
nanograting-coupled surface plasmon resonances, the plasmon-
induced UCL enhancement is studied by integrating the core—
shell UCNRs with the Ag nanogratings. The UCL enhance-
ment is highly dependent on the shell thickness of the core—
shell UCNRs and the period of Ag nanograting. The achieved
enhancement factors (EFs) of 523 nm, 544 nm (green
emission), and 658 nm (red emission) of Er** ions are 3.8, 5.5,
and 4.6, respectively. Our facile, cost-effective, high-throughput
approach makes the enhanced UCL potentially useful for
biosensing/imaging and anti-counterfeiting applications.

B EXPERIMENTAL SECTION

Chemical Reagents. All the rare-earth chloride RECI; (RE**
Y**, Gd*, Yb*, and Er**) (99.99% purity) was purchased from Alfa
Aesar. Silver nitrate (AgNO;) and trisodium citrate dihydrate
(C¢HNa;0,2H,0) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Oleic acid, ammonium fluoride (NH,F), cyclo-
hexane, Igepal co-520 ((C,H,0),-C;sH,,0, n ~ S), and tetraethyl
orthosilicate (TEOS) were purchased from Aladdin Industrial Corp.
Ethanol, ammonium hydroxide (NH,OH), and acetone were
purchased from Shanghai Lingfeng Chemical Reagent Co. Ltd.
Sodium hydroxide (NaOH) was purchased from Shanghai Macklin
Biochemical Co., Ltd. Polyimide resin (ZKPI-410, 5—6%) was
purchased from POME Co., Ltd. All the chemicals were of analytical
grade and used as received without further purification.

Preparation of Ag Nanograting and Nanofilm. The Ag
nanograting and nanofilm were synthesized via a modified photo-
chemical method based on the previous report.”>>* An argon ion laser
(363 nm) was utilized as the light source with an output power of
0.18 W. The laser beam was collimated by an expander system and
then divided into two separate ones by impinging it onto the apex of a
prism. These two separate beams intersect at the base of the prism
and interfere each other to form a stable fringe pattern. As shown in
Figure 1, an indium tin oxide (ITO) glass substrate was spin-coated
with a uniform layer of polyimide, treated with UV ozone, and then
placed on the base surface of the inverted prism (Scheme I in Figure
1). Two hundred microliters of mixed solution consisting of the 100
uL of silver nitrate solution (0.01 M) and 100 uL of sodium citrate
solution (0.01 M) was drop-casted and spread on the polyimide layer.
Under the exposure of the UV laser interference pattern, photo-
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Figure 1. Schematic fabrication process of silver nanograting (Scheme
I) and nanofilm (Scheme II).
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chemical reduction took place in the solution. The Ag nanogratings
were holographically synthesized with a laser irradiation of ~30 min.
In a similar fashion, the Ag nanogratings with different periods were
fabricated by simply changing the prisms with different apex angles.
Meanwhile, the Ag nanofilm can be easily synthesized with the similar
setup by just removing the prism (Scheme II in Figure 1).

Synthesis of UCNRs. UCNRs were synthesized via a mild
hydrothermal method reported before.”* NaOH (1.5 g) was dissolved
in 7.5 mL of deionized water, and 25 mL of ethanol and 25 mL of
oleic acid were added in sequence under continuous stirring. RECl, (2
mmol, RE = Y, Yb, Er, and Gd) and NH,F (5 mL, 2 M) were added
into the mixture. The above solution was transferred to a 100 mL
stainless Teflon-lined autoclave, kept at 200 °C for 2 h, and then
naturally cooled down to room temperature. The UCNRs obtained by
the reaction were collected by centrifugation, washed successively
with deionized water and ethanol three times, and then dispersed in
cyclohexane for use.

Synthesis of Core—Shell UCNRs. The synthesis of SiO, shell
coating on the synthesized UCNRs was based on the modified StGber
method™ with TEOS as the silica precursor. First, 20 mg of the
synthesized UCNRs and 5 mL of cyclohexane were added into a 20
mL scintillation vial and ultrasonically dispersed for 20 min. Second,
0.1 mL of Igepal and 6 mL of cyclohexane were added into the vial
and stirred for 10 min. Third, 0.4 mL of Igepal and 0.08 mL of
NH,OH were added into the solution and sonicated for another 20
min until the solution became transparent. Finally, to achieve desired
SiO, shell thickness, different amounts (0.01, 0.02, 0.04, 0.08, and
0.16 mL) of TEOS were added into the vial and the solution was
stirred for 48 h. The UCNR@SiO, was precipitated using acetone,
centrifuged, and washed with a mixture of ethanol/water (1:1) for
several times and dispersed in ethanol.

Core—Shell UCNR Deposition. Core—shell UCNR solution (20
uL, 1 mg/ mL) was spin-coated on the Ag nanogratings with the four
different periods, Ag nanofilm, and bare ITO glass substrate for the
UCL test.

Characterization. The crystalline structures of nanocrystals were
characterized by X-ray diffraction (XRD) in a D8 Advance X-ray
diffractometer (Bruker) at a scanning rate of 0.2 °/min with a Cu Ka
radiation (151.54056 A). The morphology, size distribution, and
composition of as-prepared nanocrystals were investigated by the field
emission scanning electron microscopy (FESEM, Merlin, Zeiss) at an
acceleration voltage of 5 kV and high-resolution transmission electron
microscopy (HR-TEM, Talos F200X, FEI) operating at 200 kV with
an energy-dispersive X-ray spectrometer (EDS). For the top-view
SEM observation, the fabricated Ag nanogratings can be tested
directly due to their good conductivity. For cross-sectional SEM
observation, the samples were prepared by the following subsequent
steps: the glass from the back of the samples was cut using a diamond
cutter, they were put into the liquid nitrogen for several minutes, they
were broke along the cutting line, and finally, the Pt was coated onto
the cross section of the sample for SEM observation. The TEM
samples were prepared by dropping the dispersed sample solution (1
mg/mL) onto a 200 mesh carbon-coated copper grid followed by the
evaporation of solvent. The absorption spectrum was tested by a UV—
vis—NIR microspectrophotometer (S08PV, CRAIC). Dynamic light
scattering (DLS) and zeta potential data were acquired on a Zetasizer
Nano ZSE (Malvern). Thermogravimetric analysis (TGA) was
conducted using a TGA/DSC1 (Mettler Toledo) at a heating rate
of 10 °C/min under an air atmosphere. Fourier transform infrared
(FTIR) spectra were collected in the transmission mode via an
IRTracer-100 FTIR spectrometer (SHIMADZU) using the KBr
method. X-ray photoelectron spectroscopy (XPS) was recorded using
an ESCALAB 250Xi spectrophotometer (Thermo Fisher). The
upconversion emission spectra were recorded by a spectrophotometer
(Ocean Optics) under the excitation of a 980 nm laser (BWT Beijing,
Ltd.). Fluorescence lifetime was measured with a spectrometer
(Andor) equipped with a MDO3034 digital oscilloscope (Tektronix)
under the 980 nm laser excitation. All the measurements were
conducted at the room temperature.
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Figure 2. (a—d) Top-view SEM images of the fabricated Ag nanogratings. Insets are high magnification SEM images. (e) Top-view SEM image of
the Ag nanofilm. (f) Cross-sectional view SEM image of the Ag nanograting structure with a period of 700 nm (in Figure 1b).
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Figure 3. (a) Absorption spectra of the Ag nanograting with the period of 1090 nm under TM- and TE-polarized incident light. (b) Absorption
spectra of the Ag nanogratings with different periods and the Ag nanofilm under TM-polarized incident light.

B RESULTS AND DISCUSSION

Figure 2a—e shows the surface morphologies of Ag nano-
gratings and nanofilm, which were formed by the rod-like Ag
nanocrystal aggregations, and Figure 2e clearly exhibits the
average size of Ag nanocrystals of 68 nm in length and 36 nm
in width. The top-view SEM images of Ag nanogratings show
that the period of the Ag nanograting becomes large as the
apex angle of the prisms increases. The measured periods of
the fabricated Ag nanogratings were 450, 700, 860, and 1090
nm when the apex angles of the used prisms were 90°, 120°,
130°, and 140° respectively. Figure 2f shows the cross-
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sectional SEM image of the Ag nanograting with a period of
700 nm, and the thickness of Ag nanograting is estimated to be
~62 nm.

As known, the metallic nanograting has polarization-
dependent optical properties. We have therefore investigated
the polarization-dependent absorption spectra of the fabricated
Ag nanogratings. Figure 3a and Figure S-1 show the measured
absorption spectra of one Ag nanograting with a period of
1090 nm, which illustrates a highly polarization-dependent
absorption. Upon the TM-polarized incidence (polarization
perpendicular to Ag nanograting lines), the absorption
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Figure 4. (a) TEM image, (b) HRTEM image, (c) FFT pattern, and (d) XRD spectrum of the NaYF,:Gd**, Yb*, and Er** UCNRs. TEM images
of core—shell UCNRs with different SiO, shell thicknesses of (e) 4, (f) 7, (g) 13.5, (h) 18.5, and (i) 23.5 nm.
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Figure 5. (a) PL spectra of UCNRs with different thickness of SiO, shell (0, 4, 7, 13.5, 18.5, and 23.5 nm) on the ITO glass substrates under a 980
nm laser excitation (625 mW/cm?). (b) Schematic illustration of the energy transfer mechanism of Yb** and Er** in UCNRs. (c) PL spectra of the
core—shell UCNRs@7nm SiO, on the Ag nanogratings with different periods, the Ag nanofilm, and the bare ITO glass substrate under the 980 nm

laser excitation (625 mW/cm?). (d) Enhancement factors of 523, 544, and 658 nm emission of Er

nanogratings and nanofilm.

3* jons from the core—shell UCNRs on Ag

spectrum presents a narrow absorption band with a central
wavelength of 447 nm, which is due to the LSPR of the Ag
nanoparticles,'”""'® also a broadband absorption from 559 to
1400 nm, and the maximum absorption at 1134 nm under the
incident light polarization parallel to grating structures. In
contrast, upon the TE-polarized incidence (polarization
parallel to Ag nanograting lines), the NIR broadband shows
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an abrupt decrease and the narrow absorption band of Ag
grating also decreases slightly.” It clearly shows that the Ag
nanograting has much stronger absorption for the TM-
polarized incidence compared to the TE-polarized case. Figure
3b summarizes the measured absorption spectra for the Ag
nanogratings with different periods and the Ag nanofilm under
the TM-polarized incidence. We can see from Figure 3b that
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both the Ag nanogratings and nanofilm show a narrow
absorption band at ~447 nm due to the LSPR of Ag
nanoparticles; in addition, the Ag nanogratings possess a much
broad absorption band in the range of 600—1400 nm that
varies with the period. Overall, the broad absorption bands in
the NIR region shows a tendency of red shift as the period of
the Ag nanograting increases, which indicates that the
absorption band can be well tuned via changing the period
of the Ag nanograting. It is worth mentioning that the
absorption of the Ag nanofilm does not show much
polarization dependence as the Ag nanofilm is macroscopically
isotropic. In addition, there is no remarkable intense NIR
absorption band for the Ag nanofilm, further confirming that
the NIR broadband absorption mainly arises from the periodic
Ag nanograting.

On the other hand, the NaYF,:Gd*, Yb**, and Er** UCNRs
were synthesized via a hydrothermal method and their
morphology and phase structure are shown in Figure 4a—d.
The TEM image in Figure 4a exhibits the synthesized product
consisting of dispersive rod-shape nanocrystals with an average
size of 103 nm in length and 24 nm in width. The HRTEM
image in Figure 4b reveals clear crystal lattice fringes with a
spacing of 0.5173 nm, corresponding to (100) of the hexagonal
phase NaYF,. Figure 4c shows the fast Fourier transform
(FFT) pattern based on the HRTEM image, indicating an
excellent and single crystalline quality based on the clear lattice
diffraction pattern. Moreover, the XRD pattern in Figure 4d
shows that all the diffraction peaks in the patterns could be
indexed to the standard card of NaYF, (JCPDS no. 16-0334)
but a slight blue shift for the large amount (60%) of Gd**
doping (NaGdF, (JCPDS no. 27-0699)) into the crystal
lattice. Furthermore, with results from the EDS spectrum and
two-dimensional mapping distribution images in Figure S-2,
the product mainly consists of Na, Y, Gd, Yb, Er, and F
elements, which are evenly distributed in the hexagonal phase
NaYF, matrix nanocrystals. In addition, the mass fraction of
these elements is summarized in Table S-1. There exists a
slight difference in the fractions of these elements between the
designed and measured results, which is reasonable by
considering some ion losses in the sample preparation. Based
on the previous reports,'""'>'%** the gap between UCNPs and
plasmonic structures is of great importance on tuning the
plasmonic enhancement effect and alleviating the quenching
effect. Figure 4e—i shows the UCNRs coated with SiO, shells
of thickness varying from 4, 7, 13.5, 18.5, to 23.5 nm, and the
appearance of SiO, nanospheres in Figure 4i is due to the
excess amount of TEOS. In addition, the XRD pattern (Figure
S-3) of UCNR@SiO, nanocrystals contains the typical
diffraction peaks of NaYF, as well as a broad diffuse scattering
band centered at 26 = 22°, indicating the existence of the
amorphous SiO, in the sample. The EDS spectrum of
UCNR@SIO, nanocrystals in Figure S-4 also confirms the
existence of the Si and O elements in the sample. In addition,
the XPS results in Figure S-5 demonstrate that the 2p level of
Si at 103 eV appears in UCNR@SiO, nanocrystals compared
with that in UCNR, which is coincident with the EDS results.
The FTIR spectrum (Figure S-6) of the UCNR@SiO, sample
shows an obvious peak at 1093 cm™" that belongs to Si—O—Si
bending vibration from the SiO,-coating layers. Moreover,
TGA curves (Figure S-7) show a weight loss from 25 to 590
°C for both UCNR and UCNR@SiO, due to the removal of
the hydroxyl and oleate compounds on the surface. DLS
analysis (Figure S-8) shows the sharp peaks for both UCNR
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and UCNR@SiO, samples, indicating the nanocrystals are well
dispersed in the solution without obvious aggregation. In
addition, due to the SiO, shell coating, the UCNR@SiO,
core—shell structures present a larger volume-average hydro-
dynamic size (340 nm) than that (190 nm) in the oleic-coated
UCNR. Also, the result in Figure S-9 shows that UCNR@SiO,
nanocrystals are negatively charged in ethanol with an average
zeta potential of about —30.3 mV. These results further
confirm the effective SiO, coating on the surface of UCNR
nanocrystals. Both UCNR and UCNR@SiO, samples have a
good stability and dispersity in ethanol for use.

Figure Sa shows the PL spectra of NaYF,:Gd**, Yb*, and
Er** UCNRs with different thicknesses of the SiO, shell (0, 4,
7, 13.5, 18.5, and 23.5 nm) on an ITO glass substrate under
excitation of a 980 nm laser (625 mW/cm?), which show the
characteristic peaks of Er’*: 523 nm (*Hy;/, = “I;5,), 544 nm
(*S3/2 = "55), and 658 nm (*Fy;, = *I5,). The schematic
illustration of the energy transfer (ET) mechanism of Yb** and
Er’* in UCNRs is shown in Figure Sb. The Er’* ions are
excited to the *F,/, and *F,, states via the Yb**-assisted two
photon ET processes, descending to the lower level of *H,, ,,
%S/, and *Fo), through a series of nonradiative relaxation
process and finally giving out the green and red emission of
Er’* via radiative relaxation. In addition, we can see from
Figure 5a that compared to the UCNRs without a SiO, shell,
the UCL intensities of UCNRs with a shell thickness of larger
than 4 nm are enhanced due to the passivation of surface
defects, while there is a slight decrease in UCL intensity for a
shell thickness of 4 nm since the SiO, shell is too thin to
inactivate the defects.”> For the enhancement case, the UCL
intensity first increases and then decreases with the increase of
the shell thickness. In our experiments, the UCNRs with a
SiO, shell thickness of 7 nm demonstrated the strongest UCL
intensity, which were chosen for the further investigation. The
core—shell UCNRs with a shell thickness of 7 nm were spin-
coated on the Ag nanogratings with different periods. The
cross-sectional SEM image of the structure is shown in Figure
§-10, and the UCNRs@7nm SiO, layer is around 500 nm. The
corresponding PL spectra of UCNRs@7nm SiO, on different
Ag nanogratings and nanofilm are shown in Figure Sc.
Compared to that in the core—shell UCNRs on the bare
ITO glass, the UCL of Er** shows an obvious enhancement on
the Ag nanogratings, which could be mainly attributed to the
plasmonically enhanced absorption of the excitation laser light
and the electric field enhancement induced by the LSPR of Ag
nanocrystals. Meanwhile, the UCL of Er** on the Ag nanofilm
could be ascribed to the LSPR of Ag nanocrystals and the SPP
of the film. We also found that with the increased period of the
Ag nanogratings, the UCL intensity increases first and then
decreases. The strongest UCL intensity was achieved with the
period of the Ag nanograting of 700 nm. From Figure 5¢,d, we
can see that the enhancement factor of UCL from the Ag
nanograting (a period of 700 nm) is about two times higher
than that from the Ag nanofilm. From Figure 3b, we can
observe much stronger and broader NIR absorption from the
Ag nanograting compared to the Ag nanofilm. Therefore, in
addition to LSPR-enhanced emission caused by the Ag
nanocrystals from both Ag nanogratings and nanofilms, we
have attributed the UCL enhancement from the UCNRs on
the Ag nanograting significantly to the plasmonically enhanced
NIR absorption of the periodic Ag nanograting. To confirm
this proposed mechanism, the fluorescence lifetime was further
measured. Under excitation of a 980 nm laser, the fluorescence
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Figure 6. Fluorescence decay curves of Er** emission at (a) 522 nm (*H;,,, = *I;5),) and (b) 656 nm (*F,;, — *I;5),) from the core—shell
UCNRs@7nm SiO, on the Ag nanogratings, Ag nanofilm, and bare ITO glass substrate under the 980 nm laser excitation.

decay curves of Er** emission at 522 nm (*H,,,, = *I;5,) and
656 nm (*Fy), = *I;5/,) from UCNRs@7nm SiO, on the Ag
nanogratings and nanofilm show an obvious decrease in Figure
6, compared to the case of the UCNRs@7nm SiO, on the bare
ITO glass substrate, which further confirms that the LSPR of
Ag nanocrystals results in the emission enhancement since the
radiation transition rate of Er’* in UCNRs enhances greatly
with the introduction of Ag nanogratings or nanofilm, leading
to an enhancement emission intensity but a decrease in
fluorescent lifetime.'” Furthermore, Figure 5d shows EFs of
523, 544, and 658 nm emission of Er’" ions from the core—
shell UCNRs on different Ag plasmonic structures. The
maximum EFs of 523 nm, 544 nm (green emission), and 658
nm (red emission) of Er** ions are 3.8-, 5.5-, and 4.6-folds,
respectively, and the overall UC emission can be enhanced by
around 4.5 times. Thus, the holographically synthesized Ag
nanogratings have comparable performance in UCL enhance-
ment due to the grating-induced absorption and LSPRs
compared to previously reported results.”’ More importantly,
in terms of ease of design and fabrication, our approach
presents a cost-effective, high-throughput way to holo-
graphically synthesize the Ag nanogratings with different
periods, compared to those template-assisted deposition or
lithographic methods.””*'

B CONCLUSIONS

In summary, we have demonstrated that the UCL can be
greatly enhanced by integrating the core—shell UCNRs with
the Ag nanogratings. Both the Ag nanogratings and UCNRs
can be fabricated/synthesized in a facile, cost-effective, high-
throughput way. Our experimental results have shown that the
UCL intensity of Er** in the core—shell UCNRs can be tuned
and enhanced by changing the SiO, shell thickness and the
period of the Ag nanograting. The underlying physical
mechanism for the UCL enhancement can be attributed to
the plasmonically enhanced NIR broadband absorption of the
periodic Ag nanograting and the LSPR of Ag nanocrystals. The
maximum EFs of 523 nm, 544 nm (green emission), and 658
nm (red emission) of Er’* ions excited at 980 nm are 3.8, 5.5,
and 4.6-folds, respectively. Our fabrication approach and
results suggest that such a simple integration could make the
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enhanced UCL practical for biosensing/imaging and anti-
counterfeiting applications.
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