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Laser-Guided Microcanvas Printing of Multicolor
Upconversion Nanoparticles on Molybdenum

Disulfide Monolayer

Eng Tuan Poh, Xiaogang Liu,* and Chorng Haur Sow*

Scanning focused laser beams incident on nanomaterials have provided

a nondestructive and facile technique to fabricate micropatterns of a wide
variety of hybrid materials. Conventionally, the technique is limited to localized
chemical modification or in situ reduction of specific metal ions en route to
heterogeneous material systems. However, as hybrid structures continue to
be an essential form to couple various material properties and bring forth
nanostructures with designable traits, the need for a flexible technique to
interface nanomaterials presynthesized in higher quality remains an important
challenge. Herein, a technique for laser-guided microcanvas formation by
anchoring preformed upconversion nanoparticles at specific sites on a MoS,
monolayer surface is presented. The technique expands the building blocks

in laser-produced hybrid structures to include presynthesized nanomaterials.
The upconversion microstructures are formed via a microbubble-assisted
mechanism, with distinct emission contrast against the background. The
proof-of-concept production of a multicolor upconversion microcanvas marks
the potential for full-color high-resolution displays while the technique opens
up the possibility of fabricating an expandable range of new hybrid structures.

ablation techniques,l'?l to microwriting
of photoresist patterns in conventional
lithography,>-® lasers have played critical
roles in driving local self-assemblies or
chemical changes to produce desired
micropatterns. Beyond these traditional
techniques, focused laser beams coupled
to low-cost microscopes have also been
exploited for spatially directed, site-spe-
cific oxidation of various nanomaterials,
as well as in situ production of a diverse
range of nanostructures on photoactive
substrates. Through a laser path directed
into a metallurgical microscope, the setup
produces laser writing systems flexible
to accommodate variations in the laser
excitation wavelength and the nature of
the substrate materials. Furthermore, the
avoidance of substrate pretreatment, mask
alignment, and potential chemical con-
tamination ascends the technique of direct

1. Introduction

The utility of laser beams on material formation and patterning
has had a long lineage of extensive research explorations. From
nanomaterial formation under the thermal influence of laser
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laser writing in favor of conventional litho-
graphic methods.

In the most fundamental operation of the direct laser writing
technique, the focused laser beam incident on the sample pro-
vides sufficient thermal or photonic energy for the material
to overcome the activation barrier and partake in site-specific
local chemical changes. The first generation works demon-
strated the capability for spatially refined removal of materials
for patterning and crafting functional microstructures. These
efforts include laser pruning of carbon nanotube arrays to pro-
duce 2D/3D microstructures”) and high-efficiency quantum
dot (QD) nanosieves,®l laser vaporization of highly inert cross-
linked SU-8 epoxies,® and localized combustion of porphyrin
nanotubes (PNTs).l'% Beyond that, subsequent studies were
tuned toward laser stimulated oxidation of various nanomate-
rials, including GeSe, nanostructures,!'!l mesoporous silicon
nanowires (mp-SiNWs),[!2 CdS,Se;., nanobelts,!’*l and phos-
phorene nanofilms.1%] These works not only explored the
rich chemistry and physics at play on the local scale, but also
resulted in the formation of highly functional photodetectors
and chemical sensors.

On 2D materials, the laser was found to affect these photo-
active thin layers differently, providing controlled alterations
to the inherently unique optical and chemical natures of the
layer surfaces.['® More importantly, the laser-induced chemical
change could produce regional catalytic microsites capable
of subsequent reduction of Au*" ions to Au nanoparticles
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(AuNPs), presenting patterned hybrids of AuNP-decorated
rGOl”l and MoS,!'81 for sensitive surface-enhanced Raman
spectroscopy of various adsorbed organic moieties. However,
the use of a two-step process—laser modification followed by
Au’* ion exposure is typically hindered by nonuniform coverage
of AuNPs over a broad size range. To overcome these limita-
tions, Teoh et al. devised a single step process to direct the laser
upon an rGO surface emplaced within a solution cell of etha-
nolic AgNO;, resulting in situ formation and refined anchoring
of AgNPs onto the substrate.l?) Further expansion of the tech-
nique to permutations of metallic nanoparticles and variable
substrates produced AgNP-alumina veil 2} AgNP-GO,??l and
AINP-GO?*! hybrids capable of the respective applications in
steganographic transmission, tricolor optical blinkers, and pat-
terned blue fluorescing templates. Analogous to the examples
above, the laser-induced chemical liquid phase deposition tech-
nique has also been used to deposit various metals as functional
electrodes on polymer substrates. However, this technique has
been limited to operations specifically involving metal precur-
sors in various reducing electrolytes.?*2%]

Despite the capability to synthesize nanomaterial hybrids
under the facile, clean, and low-cost operation, however, it
is worthy to note that the modulus of such operation is typi-
cally constrained to metal ion species that can be much easily
reduced under the photoactivated electron generation from
the underlying 2D material. By contrast, the potential of the
laser technique to assemble preformed nanostructures has
yet to be fully developed. By expanding the technique to pre-
formed nanomaterials, it provides the option to work with
nanostructures presynthesized in higher quality to form caliber
microstructured hybrids with better controlled functionality.
Furthermore, it allows for hybrid interface with nanostructures
of complex material composition such as upconversion nano-
particles (UCNPs), NPs of transitional metal dichalcogenides
(TMD NPs), and semiconductor QDs that cannot be produced
under a laser irradiated reduction process. Such an expansion
would cater to a greater variety of hybrid materials in order to
establish more complex and functional hybrid devices.

Scientific development in recent years has brought the
spotlight upon hybrid structures involving lanthanide nano-
materials and TMDs, owing to the expansion of study in both
fields over the past 10 years. These hybrids have demonstrated
their capabilities as FRET-based biochemical sensors for
DNAP® and microcystin-LRI?”] detection, wavelength selective
photodetectors,?8-3% photocatalysts,*! and memory devices.[*
However, these structures are usually interfaced by drop cast and
spin-coating techniques or preformed as nanostructures during
the synthesis regime, providing little control over spatial extent
for hybrid formation. Beyond that, advanced lithographic**l and
various printing techniques**7! have provided spatial control
in the patterned formation of such hybrid structures. Nonethe-
less, the need for the much more expensive and sophisticated
instrumentation, along with the hazardous incompatibility of
the solvents may prove an issue for day to day operations.

Herein, we present laser-assisted deposition of preformed
UCNPs onto MoS, monolayers at high spatial resolution.
Through the use of the focused laser beam, UCNPs were depos-
ited in situ directly from the colloidal suspension, producing
ring- and sponge-like microstructures arising from nanoparticle
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aggregation. The technique offers noncontact operation with
resolution down to the micrometer scale. Along with enhanced
selectivity for the monolayer in place of the underlying silicon
substrate, the hybrid presents a highly defined upconversion
pattern of stark contrast relative to the weak background. The
method is not only universal to various polar solvents and laser
wavelengths but also allows for repeated deposition of UCNPs
with different emission profiles, resulting in low-cost produc-
tion of a multicolor microdisplay.

2. Results and Discussion

2.1. Synthesis and Characterization of Hybrid Components:
UCNPs and MoS, Monolayer

Figure 1a demonstrates the overall schematics to the experi-
mental design leading up to the formation of the micropat-
terned UCNP/MoS,; hybrids. Depicted under Figure 1b, a laser
beam is directed into the metallurgical microscope, by means
of mirror optics, through a route parallel to that of the optical
light path. The beam is focused onto the sample surface with a
radial width of =1 um. Coupled with a sample stage microcon-
troller, the refine control allowed for precise single laser spot
positioning and relative movement critical for the subsequent
microcanvas printing process. In order to favor dynamic UCNP
movement and aggregation driven by the laser beam, the sub-
strate is topped with a homemade solution containment cell as
presented under Figure 1c. The containment cell comprises a
rectangular frame carved out of PDMS mold, with the center
void containing a colloidal suspension of the designated nano-
particles enclosed with a thin glass slide above. This allows
for in situ laser-induced nanoparticle aggregation and micro-
scale canvas formation amidst a colloidal environment of fairly
consistent volume and concentration, prompting high-resolu-
tion patterning of UCNP/MoS, hybrids.

In this work, UCNPs were synthesized by a standard
coprecipitation method well-established in the literature.383
With a large selection of dopant and host variants, the versa-
tility to engineer UCNPs could cater to specific control over
its optical properties. The intricate design of the core—shell
forms of NaYF, and NaGdF, nanoparticles dictate the transfer
pathway of the absorbed 980 nm NIR photon, from the highly
absorbing “sensitizer” species to the emitting “activator”
ions.¥] This is achieved by exploiting the respective energy
transfer upconversion**#!l and energy migration upconver-
sion mechanisms*?! (Figure Sla,b, Supporting Information).
Through the use of various lanthanide activator ions (Er®*,
Tb*, Eu**) coupled with the corresponding host particle
design, we produced three UCNP types with disparate emis-
sion profiles and colors (Figure Slc—e, Supporting Informa-
tion) for this study.

The typical characteristics of the as-synthesized UCNPs were
demonstrated through the SEM and TEM analyses (Figure S1h,i,
Supporting Information). The UCNPs were assessed to be
of great quality due to its high dispersity, narrow size distri-
bution, and uniform shapes. The UCNPs were presented as
hexagonal platelets of 20-30 nm each, providing an accurate
reflection of the sixfold symmetry arising from the P63/m
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Figure 1. Schematics for micropatterning experimental design and instrumental setup. a) UCNPs of variable emission colors and MoS, monolayers
were produced and assembled into a solution cell device. Subsequent laser irradiation induces spatially selective aggregation of UCNPs on MoS, for
micropatterning. b) Laser coupled microscope setup: laser beam directed and aligned through mirrors into filter cube. The beam was focused through
an objective lens onto a solution cell and imaged via a CCD camera. c) Solution cell device: PDMS solution confinement cell emplaced atop as-grown
MoS, monolayer on SiO,/Si substrate. Cell topped with a transparent coverslip for laser penetration without severe solvent evaporation.

space group*¥ of the hexagonal phase NaYF, and NaGdF,
nanocrystals.

The MoS, monolayers utilized for this work were synthe-
sized by two approaches: chemical vapor deposition (CVD)
(Figure S2a, Supporting Information) growth assisted by a
seed promoter—perylene tetracarboxylic acid tetrapotassium
salt (PTAS)*! or a melting point mediating precursor impu-
rity—sodium chloride (NaCl).*¢#’] The resultant monolayers
with differential qualities were used to test the universality
pertaining to the method. Both techniques produced quality
MoS, monolayers with the regular triangular features defined
by sharp edges and corners (Figure S2b,c, Supporting Infor-
mation). Under fluorescence microscopy induced by yellow
light (535-585 nm), the difference in quality was revealed. The
PTAS grown MoS, triangles exhibit a bright red fluorescence
that is uniform throughout the whole triangle. MoS, triangles
grown in the presence of NaCl gave weaker fluorescence con-
fined to the inner rim of its edges (Figure S2d,e, Supporting
Information). Such differences in fluorescence intensity and
distribution could be ascribed to heterogeneous distribu-
tion and disparate amounts of sulfur vacancies present in the
monolayers.*8] Nonetheless, we expect both variants of MoS,
monolayers to be still appropriate for UCNPs deposition and
canvasing. Furthermore, the standard characterizations of
Raman, photoluminescence, and atomic force microscope
(AFM) mapping all assured the monolayer nature of the as-
grown triangles. Since the wavenumber difference (Ak) between
the A;, and E,, vibrational modes of MoS, was known to adjust
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with the number of layers, the correlation of the measured dif-
ference at 19.2 cm™! with the literature valuel*! of 19.0 cm™ was
affirming of a monolayer feature (Figure S2f, Supporting Infor-
mation). Moreover, with changes in band structure pertaining
to the number of layers, the dominant photoluminescence
(Figure S2g, Supporting Information) at 680.16 nm (1.8 eV)
reiterates the monolayer nature of our grown triangles,[sol cor-
roborated by the 0.7 nm sample thicknessP°! in the AFM meas-
urement (Figure S2h, Supporting Information) known to be
characteristic of the height profile per monolayer MoS,.

2.2. Production of UCNP/MoS, Hybrids: Laser-Assisted Micro-
canvas Formation

Upon irradiation of the scanning focused laser beam, localized
UCNP aggregation and deposition was unexpectedly discovered
to produce various microstructures on the MoS, monolayer
surface. The presence of the laser beam amidst the liquid cell
environment influenced the nanoparticle movement in solu-
tion, resulting in dynamic assembly and aggregation of UCNPs
specifically at the laser-MoS, interface. As a result, UCNP clus-
ters were controllably anchored on the MoS, surface, providing
a microscale platform with high defined color resolution when
driven by 980 nm excitation; analogous to a beautiful artform
aptly described as a microcanvas.

In a stationary single spot exposure (Figure 2a—e), a ring
microstructure was produced, comprising of high UCNP
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Figure 2. Microstructures formed by laser-assisted UCNP deposition. a) Optical image of microrings produced from single spot laser exposure.
b) Corresponding upconversion emission under 980 nm excitation. c) SEM image of microring site marked out by red circle in (a) and (b). Scale bar:
1 um. d,e) AFM profiling of the same microring site with dimensions marked out in the cross-section profile. f) Optical image of sponge-like struc-
tures from raster scan laser exposure. Dashed red rectangles marked the regions of the laser raster scans. g,h) Corresponding upconversion emission
under 980 nm excitation. i—I) SEM images of the sponge-like microstructures formed. Scale bar in images (i) 20 um, (j) 5 um, (k) 1 um, and (I) 10 um.

density stacked along the periphery with a cavity in the central
region, as evident by SEM analysis. The central cavity com-
prised of a thin layer of UCNP deposit, surrounded by highly
symmetrical circular wall stacks. Under subsequent AFM
analysis, the dimensions of the microstructure were defined,
reporting an overall 3 um diameter coverage of the overall
structure encompassing a 590 nm tall cavity with a peak to
peak lateral distance of 1.36 um. Upon irradiation with the
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980 nm NIR laser, the ring structure revealed a purplish-blue
hue (Figure 2b) characteristic of Eu**/Tm3* ion emission from
the variant of NaGdF,:Yb*/Tm**@NaGdF,:Eu*" nanoparticles
deposited. This observation not only provides an insight into
the microdisplay potential of the technique but also serves to
validate the composition of the microstructure formed. When
the laser was scanned by moving the sample in a raster fashion
mechanically controlled by a micropositioner, the resultant
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Figure 3. Proposed mechanism for laser-guided UCNP deposition. a) Laser beam spot on a SiO, substrate. b) Laser beam spot on MoS, monolayer.
The diffused concentric ring is observed around the main spot. c) Optical image of a huge bubble formation on slow and intense laser beam scan.
d) Resultant UCNP feature from multiple large bubble formation—overlapping larger ring deposits formed. e) Schematics of laser-induced bubble
formation and various forces at play contributing to the UCNP deposition process.

microstructure took the form of a sponge-like structure, char-
acterized by clean cut, well-defined rectangular corners and
edges (Figure 2f-l). This demonstrates the capability of the
technique to produce defined patterns with resolution down to
the micrometer range. SEM imaging of the rectangular block
revealed multiple pores or potholes derived from the merger
of many individual ring structures. Similarly, the upconver-
sion emission (Figure 2g,h) from the microstructure was out-
standing relative to the background, giving the clear distinction
of the structure contours and outlines. Remarkably, as the laser
rasters across a rectangular region (Figure 2f; red dashed rec-
tangle boundaries) spanning beyond the triangular boundary of
the MoS, monolayer, a clear distinction in the substrate selec-
tivity was observed; the aggregation was dominant on MoS,
surface, with close to none on the surrounding SiO, substrate
despite having the laser scanned through as well. Consequen-
tially, there exists very low background upconverted emission,
coherent with the apparent contrast observed during upconver-
sion imaging. Such substrate selectivity not only provided the
basis for spatial control in the micropatterning, but also hinted
toward the deposition mechanism at play. It is expected that dif-
ferential interaction between the laser beam and the respective
substrates (MoS, and SiO,) influenced the dynamics of UCNP
aggregation at these various sites.

2.3. Laser-Assisted Deposition: Mechanism

Previously, microring structures were successfully formed from
experiments involving laser-induced aggregation of gold nano-
clustersPd or polystyrene particles®®! of rather substantial sizes.
We expect that the physical mechanism contributed by the
laser beam on the aggregation process to effectively be translat-
able to the system in this study. Serendipitously discovered in
an earlier study on optical tweezing,”* the phenomenon was
accounted by a combination of inward radiation force at the
laser beam waist with outward radiometric force at the beam
center.’? With the optical-based consolidation of particles at
the periphery and the thermal induced dissipation at the core,
the resultant ring structure was instantaneously produced. Fur-
thermore, the thermal effect driven by the beam center could

Adv. Mater. Interfaces 2019, 1901673

1901673 (5 of 8)

essentially result in local heating up to a few hundred—degree
Celsius, promoting convection or hydrodynamic dragl due
to solvent heating or evaporation around the thermal hotspot,
which would transport UCNPs away from the beam center and
toward the beam circumference for deposition.

A simple comparison of the laser beam profile on SiO,
(Figure 3a) against that on MoS, (Figure 3b) reveals a slightly
more diffused beam profile when scanning on the surface of
the MoS, monolayer; the defocusing of the laser beam distinctly
presents a beam profile with a seemingly airy ring around the
main beam center (Figure 3a,b; Movie S1, Supporting Infor-
mation). When the laser was operated at higher powers and
scanned at slower speeds, the beam profile became even more
widespread, along with the formation of a bubble that con-
tinued to grow with extended laser exposure. Once subsided,
the bubble leaves behind a thinner ring of UCNPs at a much
larger radius, in comparison to that formed under optimal
raster conditions (Figure 3c,d). Drawing relation between the
two observations, we were inclined to believe that microbubbles
were formed at the interface between the laser beam and MoS,
surface, promoting the ring-shaped deposition of nanoparticles
due to adhesion at the bubble surface. When the laser beam
was incident on the sample, the light absorption by the MoS,
monolayer resulted in a heated spot that rapidly vaporized the
surrounding ethanol solvent to produce the bubble. The gas—
liquid interface at the surface of the bubble provided sites for
UCNP assembly whereas the local high-temperature hotspot
promotes aggregation of the UCNPs, forming the microfea-
tures. Comparatively, bare SiO, is reflective of the incident laser
beam and does not produce such a similar pronounced effect,
resulting in the selective deposition only on the MoS; regions
and not on the bare SiO, substrate areas. Bringing together
all the mechanistic contributions discussed above, the overall
schematic of the formation of the unit ring microstructure is as
presented under Figure 3e.

Since the UCNPs utilized in this project are mainly hydro-
philic, ligand-free variants, the influence of van der Waals (vdW)
interactions at play should not be discounted. After the with-
drawal of the laser source, the agglomerations formed were
not only highly stable but were also found to accord impressive
adhesion to the monolayer surface. The hybrid microstructures
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were resistant to multiple intensive washes in acetone and
isopropanol. It is hence expected that both the laser beam
and microbubble surface catalyzed the process of interparticle
aggregation by greatly reducing the interparticle distances,
producing microstructures strongly held by interparticle vdW
forces. Afterward, a precise mechanical disruption using a fine
tip 7 um tungsten needle controlled by a micropositioning
holder was accorded, eventually crumbling the UCNP assembly
and revealing a relatively undisturbed MoS, monolayer beneath
(Figure S3, Supporting Information). Fluorescence imaging
of the recovered MoS, surface (Figure S3f, Supporting Infor-
mation) displayed an intensity comparable to the initial state
(Figure S3b, Supporting Information) before the deposition pro-
cess. Since the optical activities of MoS, monolayers are known
to be intimately dependent on its elemental stoichiometric
ratio,*®! the result is a marked display of minimal influence on
the chemistry of the monolayer. The adhesion was thus pre-
dominantly driven by physical adsorption, hinting a possibility
of strong MoS,~UCNP vdW attraction. Furthermore, the expo-
sure of positively charged lanthanide ions on the surface of the
ligand-free UCNPP®! complements the slightly n-doped nature
of CVD grown MoS, monolayers, accounting the certain extent
of electrostatic attractions to the secured adhesion. Together,
these forces at play promote the nondestructive nature of the
process with the implication of an entirely physical process in
place, reinforcing the mechanism as discussed above.

Similar retention in optical properties of the MoS, mono-
layer was discovered in a reference experiment involving laser
raster of the sample in pure ethanol (Figure S4, Supporting
Information). Despite the absence of UCNPs in the solvent,
the same microbubble and laser defocusing phenomenon was
achieved (Movie S2, Supporting Information), indicating that
the mechanism is independent of the solutes. The unchanged
fluorescence of the monolayer proved unaltered surface chem-
istry and absence of laser-induced volatilization of the top sulfur
layer; a piece of indirect evidence that the microbubbles do not
comprise any sulfur content (sulfur vapor or oxidized SO,) and
therefore should consist of ethanol vapors only.

More than that, the microcanvasing technique was found
to be universal across a wide range of parameters. Similar
hybrid structures were found to be reproducible using either
a 405 nm blue laser (Figure S5, Supporting Information) or
other polar solvents (methanol (MeOH) (Figure S6, Supporting
Information) and dimethylformamide (DMF) (Figure S7, Sup-
porting Information)) instead. Under blue laser influence, the
microstructures showed minimal morphological differences
to that achieved under the green laser, proving the indiffer-
ence in the microstructural construct of the hybrid formed
under variable laser wavelengths. With variable solvent influ-
ence, it was notable that deposition conducted in DMF solvent
was found to be less vigorous than that in MeOH and EtOH,
producing a thinner, uniform layer of UCNPs in place of the
usual porous 3D agglomeration (Figure S7, Supporting Infor-
mation). The claim was supported by both AFM and SEM anal-
yses describing a denser, coherent coating of UCNPs at lasered
regions of the monolayer, with a vertical profile of 11.1 nm
(Figure S7i, Supporting Information) in distinct contrast to that
of 590 nm in microstructures produced in alcohol solvents.
Due to the higher boiling point of DMF (153 °C) in comparison
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to that of MeOH (64 °C) and EtOH (78 °C), it would be rational
to expect that the decreased tendency for volatilization and vio-
lent bubble formation correlates with the gentler aggregation
extent under DMF conditions. This reiterates the possibility of
a bubble incited aggregation process influenced by the intensity
and rate of bubble formation.

Under the influence of variable laser power, the micro-
structure topology was found to commensurate with the
parameter changes. Under AFM evaluation, the density of
UCNP deposition and hybrid surface roughness was found
to be proportional to the laser power (Figure S8, Supporting
Information). Such correlation demonstrated the importance
of the laser intensity on the canvasing site. With a higher
laser energy flux incident on the sample, the propensity
for quicker and larger microbubble formation promoted a
greater extent of UCNP deposition but at a more haphazard
fashion; the resultant microstructure aggregations were
more pronounced with taller height profile and greater sur-
face roughness. The interconnection between laser operation
parameters and the trend in microstructure features provided
yet another supporting evidence of the microbubble induced
mechanism at play.

2.4. UCNP/MoS, Hybrid Application: Micropattern Display

To evaluate the capability of the laser-induced deposition tech-
nique to produce micropatterned displays of high resolution
and color capability, we subject the MoS, monolayer to mul-
tiple runs of deposition using UCNPs of different variants.
As shown in Figure 4a—f, the extensive spatial control of the
laser-induced patterning technique allows for the creation of
array patterns comprising of various shapes formed using a
variety of UCNPs. The resultant structures display similar fea-
tures (sponge and ring like), proving the same mechanism at
work that is invariant to the type of UCNPs utilized. Through
repeated deposition runs on the same sample, it is possible
to congregate different UCNPs onto a single monolayer for
multicolor patterning. Herein, we produce an array of laser
deposited squares capable of tricolor emission (Figure 4g),
along with samples having an overlapping region of trian-
gular deposits (Figure 4h-i). With the deposition area of each
layer scan demarcated by the drawn triangle boundaries, we
identified seven separate regions of contrasting upconversion
emissions, four of which relates to overlapping regions of
the triangular deposits (regions 2, 4, 6, 7 of Figure S9, Sup-
porting Information). Through a spectroscopic study, indi-
vidual regions were assessed to be spectroscopically different,
with the four overlapping regions comprising emission peaks
characteristic of the contributing UCNP colors. This pro-
vides an additional layer of patterning involving composite
colors arising from a physical mix of UCNP types within
the overlapping laser scan regions. Furthermore, with the
flexible fine-tuning of UCNP emission profile by nanoparticle
design and dopant variation, the potential for multicolor dis-
play involving colors spanning the whole color gamut would
be well within reach.

Under the scrutiny of the SEM-EDX characterization, the
surface topology of the multicolor UCNP deposited hybrid
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20 pm

Figure 4. UCNP/MoS, micropattern display. a—c) Upconversion imaging (., = 980 nm) of square arrays of various UCNP types patterned via raster
laser scan atop of the MoS, monolayer: a) NaGdF,:Yb*"/Tm3*@NaGdF,:Tb* UCNPs. b) NaGdF,:Yb3*/Tm*@NaGdF4Eu** UCNPs. c¢) NaYF.Yb3*/
Er*@NaYF, UCNPs. d—f) Upconversion imaging of single spot ring arrays using the same variant of UCNPs as (a)—(c). g-i) Upconversion tricolor
patterns from multiple step deposition onto single MoS, monolayer entities: (g) raster scan square arrays. (h,i) Overlapping large area triangular raster
scan depositions for multicolor displays. Insets: optical images of the respective UCNP patterned samples.

was revealed to still retain a highly porous morphology
(Figure S10a—d, Supporting Information). Relative to a singly
rastered structure, the hybrid formed after multiple canvasing
runs was found to display an increase in UCNP density and cor-
respondingly reduced porosity. Since the former deposition run
was expected to have UCNPs cover up most of the MoS, mono-
layer surface, it is reasonable that subsequent deposition atop
the first UCNP layer is driven by laser-induced UCNP aggre-
gation instead of a bubble-assisted mechanism. The results of
EDX analysis (Figure S10e—j, Supporting Information) depicted
distinct regions of high elemental concentrations that corrobo-
rated with specific compositions in the various UCNP variants,
further reiterating the identities of the deposited microstruc-
tures and the highly defined boundaries pertaining to the pre-
cise technique.

3. Conclusion

In conclusion, we have demonstrated the ability of a laser
directed microcanvasing system to anchor UCNPs at specific
regions of a MoS, monolayer surface. Under a single spot laser
exposure or raster laser scanning, various ring- and sponge-like
microstructures were formed respectively. The laser induced
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microbubble formation was predicted to facilitate nanoparticle
aggregation, leading to the formation of colored arrays and
multicolor structures. The technique was found versatile across
a range of laser wavelengths and solvent medium. This marks
the onset of a highly flexible method to interface various preas-
sembled nanostructures, leading to a conceivable large pool of
new functional hybrids.
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