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ABSTRACT: Lanthanide-doped upconversion nanoparticles (UCNPs) can absorb near-
infrared photons and convert them into visible and ultraviolet emissions. These
nanomaterials possess extraordinary optical performance and hold potential as active
platforms for a variety of technological applications. The ability to fabricate highly ordered
nanoparticle-based photonic elements over a large area is of fundamental significance for
luminescence tuning. Despite all the efforts made, however, large-area spatial patterning of
UCNPs into ordered arrays with high controllability remains a challenge. In this study, we
report a high-throughput strategy to pattern optical nanomaterials through the use of
polymer microspheres and templated assembly of UCNPs. This technique utilizes capillary
force to drive hybrid clusters into the physical template, resulting in large-area, spatially
ordered arrays of particles. The findings reported in this work may promote the
development of novel nonlinear optical devices, such as solid-state laser arrays, high-

density optical storage, and anti-counterfeiting labels.



1. Introduction

Site-specific positioning of nanoparticles onto a large-area substrate with high precision is
crucial to harness the collective properties of nanoparticle assemblies for nanophotonic
and nanoelectronic applications [1-3]. Lanthanide-doped UCNPs have drawn considerable
attention over the past few years because of their fundamental optical properties and
technical potentials [4-6]. Owing to their sharp emission band, massive anti-stokes shift,
and excellent photosensitivity as well as spectral tunability, UCNPs have found a wide
range of applications, including solid-state lasing, security marking, three-dimensional
display, optical storage and photovoltaics [7-18]. Assembling UCNPs into highly ordered
nanostructures with precisely controlled composition, morphology and optical property
makes possible the exploration of new properties and construction of miniaturized
photonic devices. For example, the positioning of UCNPs at single-particle levels enables
potential application in high-density optical data storage in which bit-patterned media
depends on the ability to address single nanoparticles optically [19, 20]. In another case,
programmable assembly of different types of UCNPs with distinct color emission and decay
dynamics into an ordered array allows new anti-counterfeiting technologies to be

developed with high levels of security [21, 22].

Thus far, a variety of techniques have been used to pattern UCNPs for diverse
applications. For example, Chen et al. reported the selective assembly of UCNPs onto
hydrophobic patterns on surface-modified substrates [23]. Alternatively, the effect of
electrostatic interaction has also been harnessed to immobilize different types of UCNPs on
a surface at predefined positions [24]. In another study, Ressier’s group constructed anti-
counterfeiting microtags by utilizing a nanosized tip to create negatively charged patterns
for selective assembly of oppositely charged UCNPs [25]. Micro-molding in capillaries was
also successfully deployed to make nanoparticle arrays [26, 27]. Inkjet-printing is another
attractive method for direct-writing of UCNP micropatterns with conceived security
features [28]. Both epitaxial end-on growth and flow lithography techniques have proven
effective in producing complex micrometer-sized multicolor barcodes for anti-
counterfeiting applications [10, 29]. Despite the enormous efforts, spatial patterning of

UCNP assemblies with high precision remains a difficult task.



Herein, we report a general and highly efficient strategy to achieve controlled assembly
of UCNPs onto patterned surfaces over a large area. A layer-by-layer assembly technique
was used to immobilize nanoparticles onto polymer microspheres. Nanoparticle-modified
polymer microspheres serve as the building block for subsequent templated self-assembly.
Our experimental results suggest that capillary force plays a crucial role in driving UCNP-
modified microspheres onto the template. The strategy reported in this work provides a
robust tool to build patterned hierarchical arrays of UCNPs with tunable optical properties

and surface functions.

2. Experimental
2.1. Materials and characteristics

Ytterbium(IIl) acetate hydrate (99.9%), yttrium(IIl) acetate hydrate (99.9%), erbium(III)
acetate hydrate (99.9%), oleic acid (90%), 1-octadecene (90%), sodium hydroxide (NaOH;
>98%), ammonium fluoride (NH4F; >98%) and cyclohexane were purchased from Sigma-

Aldrich and used as received.

Transmission electron microscopy (TEM) imaging was recorded from a JEOL-JEM 2100F
electron microscope. Scanning electron microscopy (SEM) images were taken on a JEOL-
JSM-6701F electron microscope. The optical characterization was carried out using the
custom-built microscope coupled with a 980 nm continuous-wave excitation laser, capable

of wide-field imaging and spectroscopy.
2.2. Synthesis of the NaLnF4 nanocrystals

NaYF4:Yb/Er (5 mol%/2 mol%) nanocrystals were prepared according to previous reports
[30, 31]. Typically, to a 50-mL flask containing 3 mL of oleic acid, 1.86 mL of Y(CH3CO32)3, 100
uL of Yb(CH3CO2)3 and 40 pL of Er(CH3CO2)3 were added. The reaction mixture was heated
at 150 °C for 30 min under stirring to remove the water residue. Then, 7 mL of 1-octadecene
were then quickly introduced into the reaction mixture, followed by heating at 150 °C for
another 30 min before cooling to 50 °C. Shortly after that, 1.6 mmol NH4F and 1 mmol NaOH
methanol solution were added to the reaction mixture under stirring for another 30 min.

After evaporation of the methanol, the solution was heated at 290 °C under argon for 1.5 h



and then cooled to room temperature. The resulting nanoparticles were precipitated by
addition of ethanol, collected by centrifugation, washed with ethanol twice, and re-
dispersed in 4 mL of cyclohexane. The synthesis procedure of NaYF4:Yb/Tm (30 mol %/0.5
mol%) nanoparticles and NaYF4:Yb/Er (60 mol %/2 mol %) nanocrystals are similar to

that presented above.
2.3. Preparation of hydrophilic ligand-free NaLnF4 nanoparticles

The as-prepared oleic acid-capped nanoparticles were dispersed in a 2-mL HCI solution
(0.1 mol/L) and ultrasonicated for 10 min to remove surface ligands. After the reaction, the
nanoparticles were collected via centrifugation and further purified by adding an acidic
ethanol solution. The resulting products were washed with ethanol and deionized water

several times, and re-dispersed in 4 mL of deionized water.
2.4. Preparation of UCNP-coupled polystyrene (PS) colloidal beads

Positively charged poly(diallyldimethylammonium chloride) and negatively charged
poly(sodium 4-styrenesulfonate) were used as polyelectrolytes. Aqueous dispersions of PS
spheres with a diameter of 2 pm were purchased from Sigma-Aldrich. The dispersion
concentration was adjusted to the value of 1% of solid content by dilution with deionized
water. Typically, 5 pL of the PS bead solution was added into 0.5 mL of 10 mmol/L
poly(diallyldimethylammonium chloride) solution containing 0.5 mol/L sodium chloride.
After incubation for 30 min, PS beads were centrifugated at 3000 r/min for 3 min and then
washed with DI water three times. Positively charged PS spheres were added into 0.5 mL of
10 mmol/L poly(sodium 4-styrenesulfonate) solution containing 0.5 r/min sodium
chloride and kept in solution for 30 min, followed by three cycles of centrifugation, washing
and redispersion in 0.2 mL water. For coating of UCNPs, 50 pL of 0.1 mol/L nanoparticle
solution was added into the as-prepared polyelectrolyte treated PS bead solution. This
mixture was placed on a shaker for 1 h, followed by being cleaned three times by
centrifugation and washing. Finally, the UCNPs coated PS microspheres were re-dispersed

in an aqueous solution containing 0.25% sodium dodecyl sulfate.
2.5. Fabrication of fluidic cells

The photoresist pattern arrays were fabricated on ITO glass substrates by UV
photolithography. In a typical procedure, the bottom of the ITO substrate was cleaned with



acetone and ethanol, ultrasonicated for 10 min, and then treated with UV (ultraviolet) rays-
ozone for 15 min. A uniform thin film of positive photoresist (AZ1518) was spin-coated at
3000 rpm for 60s onto the substrate, and soft-baked at 90 °C for 2 min and then selectively
exposed to UV rays. After development and washing with water, the photoresist patterned
arrays were formed on ITO surface. The experimental setup consists of two parallel pieces
of ITO glass separated by a thick double-sided tape (100 um). The UCNP-tethered PS
colloidal particles were dispersed in deionized water containing 0.25% sodium dodecyl
sulfate and then injected into the cell. Digital imaging mounted on an optical microscope

was used to monitor the assembly process.

3. Results and discussion

For upconversion nanomaterials, near-infrared photons are absorbed by sensitizer ions
(e.g., trivalent yttrium ions) and subsequently transferred to nearby activator ions capable
of generating diverse color emissions from a high energy level (Fig. 1(a-c). We began with
the synthesis of three types of NaLnF4+ UCNPs with three primary colors (red, green and
blue), as shown in Figure 1d. In principle, mixing three types of NaLnF4 UCNPs at different
proportions can produce a full range of colors spanning almost the entire visible spectrum.
The key to successful site-specific patterning of UCNPs is to synthesize a stable dispersion
of spherical UCNP-coupled PS beads for templated self-assembly. PS spheres with
controllable size and low density are easily to form the aqueous colloidal suspension. To
this end, we investigated several potential routes to coat PS beads with UCNPs. We first
considered the solvent swelling method, based on the swelling of PS beads and the
diffusion of UCNPs. However, we found that the resulting PS beads exhibit strong surface
textures and tend to aggregate into nonuniform clusters (Fig. 2(a)). This treatment leads to

poor dispersibility, unsuitable for patterning ordered microbead arrays.

A straightforward method than utilizing in-situ dispersion polymerization of UCNPs into
polymer beads was also investigated in this work. The synthesis of UCNP-coupled PS beads
was tested by mixing UCNPs with styrene monomer and PS beads. This protocol resulted in
polydisperse UCNP-coated PS beads as UCNPs tended to aggregate within the polymers
(Fig. 2(b)). In fact, it has been challenging to functionalize UCNPs with polymer coating [32,
33]. We then considered another strategy for coating polymer beads with UCNPs, based on



electrostatic interaction between positively charged UCNPs and oppositely charged
polymer beads. Briefly, polystyrene beads with a diameter of ~2 um were first pre-coated
with two polyelectrolyte layers [(PDDA/PSS)] through a facile layer-by-layer assembly
approach to provide a uniformly negatively charged surface. Ligand-free UCNPs exhibit
positively charged surface. When mixed with negatively charged PS beads, part of the
UCNPs suspended in aqueous solution could be attached onto the surface of PS beads due
to strong electrostatic attraction. UCNPs coated PS beads were then collected by
centrifugation. Due to the ultrasmall size and well-dispersibility, the rest of the ligand-free
nanoparticles were left in the supernatant. After centrifugation the nanoparticle
supernatant was discarded, and the UCNP-coated PS beads were collected and re-dispersed
in an aqueous solution. Then ligand-free UCNPs with positively charged surfaces were

absorbed on the surface of PS beads to produce a uniform coating of nanoparticles (Fig.

2(0)).

Fig. 3(a) illustrates the typical process of layer-by-layer assembly and UCNP coating.
Bilayers of polyelectrolytes were first deposited onto a PS bead template through alternate
adsorption of oppositely charged polyelectrolytes. Next, UCNPs were attached to the
bilayer polyelectrolytes due to electrostatic attraction (Fig. 3(b-e)). To create patterned
assemblies of UCNP-coated PS beads, photolithography masks with multiple patterns were
designed and the photoresist micropatterns were generated by UV photolithography. Fig.
4(a) depicts a schematic procedure for selective assembly of UCNP-coated PS beads. At
first, an aqueous dispersion of monodispersed, nanoparticle-coated polystyrene beads was
injected into the packing fluidic cell composed of two glass substrates, and the edge of this
liquid slug was allowed to move slowly along the meniscus movement direction through a
combination of evaporation and capillary flow of the water. The pre-patterned photoresist
templates on the bottom substrate could serve as physical traps for retaining the liquid and
the polymer beads. As the meniscus front of this liquid slug moves, the capillary force
exerted on the polymer beads would be sufficiently strong to drive these beads across the
surface of the bottom substrate until they are physically trapped inside the photoresist

holes.

When the concentration of PS bead dispersion was high, each template would be filled
with a maximum number of the beads, as determined by geometrical confinement. The

UCNP-coated PS beads within each hole tended to be in physical contact as a result of



attractive capillary force caused by solvent evaporation (Fig. 4(b-d)). By carefully
controlling the size of physical confinement, we were able to realize complex patterns of
UCNP-coated PS beads (Fig. 4(e, f)). When compared with previously reported methods,
template-directed assembly is particularly attractive because of its high spatial resolution

and structural scalability and functional reproducibility.

As a versatile patterning technique, the template-directed assembly allows one to
fabricate patterns with different properties and functionalities. Fig. 5(a, b) show the optical
and corresponding photoluminescence images of 2D arrays of UCNP-coated PS beads that
are formed upon removal of photoresist templates. On the other hand, UCNP-PS
composites having different morphologies and optical properties could also be blended to
form hybrid functional structures to further construct more complex multicolored
barcodes for anti-counterfeiting applications (Fig. 5(c)). One way to increase the
compositional and structural complexity of colloidal particles is to sequentially dewet and
assemble different types of colloidal particles over the same template substrate. By
performing two- or multi-step assemblies of UCNPs/PS composites and choosing different
shape hole template, various hybrid aggregates can be formed through this template-
assisted assembly process, as shown in Fig. 5(d-h). The photoresist patterns can be easily
removed by dissolving with ethanol, and the array of UCNP-coated PS beads could be

transferred onto flexible substrates by microcontact stamping.

4. Conclusions

In conclusion, we report the successful experimental demonstration of a high-
throughput strategy for large-area, template-directed patterning of UCNPs. We
demonstrate the synthesis of UCNP-coated PS beads through a facile layer-by-layer
approach. By tailoring the geometry and shape of topological templates through
photolithography, multicolor UCNP-coupled PS beads can be selectively patterned on those
templates. These results show that capillary force plays a crucial role in directing the self-
assembly process. The self-assembled UCNP-coupled PS beads can be used as building
blocks to further construct two- and three-dimensional hierarchical structures for
nanophotonic applications. We believe that the concept has the potential to pave the way to

future design of multifunctional optical devices and sensors.
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Fig. 1. (a) Typical lanthanide-doped upconversion nanoparticles (Ln-UCNPs). NaYF4
nanoparticles, are co-doped with Yb3+ sensitizers (red) and activators (blue). NIR excited
trivalent yttrium ions can transfer the energy to a nearby activator ion that can generate
diverse color emissions from a high energy level; (b) Energy level diagrams of Er3+and
Tm3+ activators; (c) Normalized upconversion photoluminescence (PL) spectra of
NaYF4:Yb/Tm and NaYF4:Yb/Er nanoparticles recorded under 980 nm laser excitation; (d)
TEM images and the corresponding photoluminescence images (insets) of three types of
NaLnF; nanocrystals with three primary colours. (top): NaYF4+Yb/Tm (30 mol%/0.5
mol%), (middle): NaYFs:Yb/Er (5 mol%/2 mol %), and (bottom): NaYFs:Yb/Er (60

mol%/2 mol %) nanoparticles.
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Fig. 2. (a) Optical imaging of UCNP-coated polystyrene beads. This coating, based on a
solvent swelling method, results in bead clustering due to strong surface textures; (b)
Optical imaging of polydisperse UCNP-PS bead composites, prepared by an in-situ
dispersion polymerization method; (c) Optical imaging of monodisperse and uniform

UCNP-coated PS beads, prepared through layer-by-layer assembly.
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Fig. 3. (@) Schematic depicting the protocol of UCNP coating onto PS beads; (b-d)
Upconversion photoluminesence images of multicolor UCNP-coated PS beads; (e) Optical
microscopy images of typical UCNP-coated PS bead arrays, recorded under white light
illumination (Inset: corresponding SEM image of a single UCNP-coated PS bead).
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Solvent evaporation Solvent evaporation

Fig. 4. (a) Schematic illustration for site-specific assembly of UCNP-coated PS beads onto a
patterned glass substrate. During the assembly process, hydrodynamic flow caused by
capillary force within a fluidic cell drives the PS bead assembly on topologically patterned
templates; (b-f) Optical images of representative examples of patterned PS beads, showing

precise control over the density of the beads at single-bead levels.
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Fig. 5. (a-c) Optical microscopy images and corresponding photoluminescence images of
singly or triply patterned PS bead arrays; (d-f) Upconversion photoluminescence images of
blue UCNP-coated PS bead arrays formed by the template-assisted assembly; (gh)
Upconversion photoluminescence images of multicolor UCNP-coated PS bead arrays

formed by the template-assisted assembly.
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Lanthanide-doped upconversion nanoparticles (UCNPs) can absorb near-infrared photons
and convert them into visible and ultraviolet emissions. These nanomaterials possess
extraordinary optical performance and hold potential as active platforms for a variety of
technological applications. The ability to fabricate highly ordered nanoparticle-based
photonic elements over a large area is of fundamental significance for luminescence tuning.
Despite all the efforts made, however, large-area spatial patterning of UCNPs into ordered
arrays with high controllability remains a challenge. In this study, we report a high-
throughput strategy to pattern optical nanomaterials through the use of polymer
microspheres and templated assembly of UCNPs. This technique utilizes capillary force to
drive hybrid clusters into the physical template, resulting in large-area, spatially ordered
arrays of particles. The findings reported in this work may promote the development of
novel nonlinear optical devices, such as solid-state laser arrays, high-density optical

storage, and anti-counterfeiting labels.
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