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ABSTRACT: Upconverting nanoparticles (UCNPs) exhibit
unique nonlinear optical properties that can be harnessed in
microscopy, sensing, and photonics. However, forming high-
resolution nano- and micropatterns of UCNPs with large packing
fractions is still challenging. Additionally, there is limited
understanding of how nanoparticle patterning chemistries are
affected by the particle size. Here, we explore direct patterning
chemistries for 6−18 nm Tm3+-, Yb3+/Tm3+-, and Yb3+/Er3+-based
UCNPs using ligands that form either new ionic linkages or
covalent bonds between UCNPs under ultraviolet (UV), electron-
beam (e-beam), and near-infrared (NIR) exposure. We study the
effect of UCNP size on these patterning approaches and find that 6
nm UCNPs can be patterned with compact ionic-based ligands. In
contrast, patterning larger UCNPs requires long-chain, cross-linkable ligands that provide sufficient interparticle spacing to prevent
irreversible aggregation upon film casting. Compared to approaches that use a cross-linkable liquid monomer, our patterning method
limits the cross-linking reaction to the ligands bound on UCNPs deposited as a thin film. This highly localized photo-/electron-
initiated chemistry enables the fabrication of densely packed UCNP patterns with high resolutions (∼1 μm with UV and NIR
exposure; <100 nm with e-beam). Our upconversion NIR lithography approach demonstrates the potential to use inexpensive
continuous-wave lasers for high-resolution 2D and 3D lithography of colloidal materials. The deposited UCNP patterns retain their
upconverting, avalanching, and photoswitching behaviors, which can be exploited in patterned optical devices for next-generation
UCNP applications.

1. INTRODUCTION

Upconverting nanoparticles (UCNPs) are nanoscale light
emitters that utilize sequential, 4f−4f transitions in the
ladder-like energy levels of lanthanide dopants to combine
energy from several low-energy photons into higher-energy
emission.1,2 These nonlinear processes can be carefully
engineered to enable strong upconverted luminescence
(UCL),3,4 highly nonlinear photon avalanching,5−9 and
bidirectional photoswitching,10 making UCNPs useful for
applications such as subdiffraction microscopy,11 optical
nanothermometry,12 nonlinear photonics,10 and biological
imaging.13

To fully take advantage of their unique properties and
integrate them with other components, UCNPs often need to
be patterned on surfaces with micro-/nanoscale precision. This
capability to fabricate complex, asymmetric arrangements of
UCNPs is essential for their use in security tags,14

upconverting lasers,15 multicolored displays,16 non-volatile
optical memory,10 and multiplexed sensor arrays (e.g., for
optical,17,18 temperature,19 pressure,20 or chemical21 sensing).
The ability to precisely place UCNPs would augment

fundamental studies on UCNPs, such as exploring interparticle
energy transfer mechanisms by thin-film combinatorial experi-
ments or integrating UCNPs in nanophotonic cavities to study
their optical behavior in nontrivial environments.
Controlled microscale patterning of UCNP films has been

previously realized through inkjet printing,14,22 photolithog-
raphy,23−26 stereolithography,27−30 or conjugation to 2D
protein assemblies,31 which successfully show the localization
of luminescent UCNPs and their potential uses in various
applications. Further advances in pattern resolution, uni-
formity, and UCNP packing fraction will enable the full
potential of UNCPs to be efficiently exploited in complex
devices.
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Recently, stimulus-sensitive ligands that respond to light,
heat, or electron irradiation have been explored for patterning
colloidal nanoparticles (NPs).32−42 This approach circumvents
the use of a sacrificial photoresist and allows NPs to be directly
patterned with high resolution and uniformity. Two general
types of stimulus-sensitive NP ligands have been reported: (1)
compact ligands that decompose under UV light, heat, or
electron beam exposure and (2) long-chain organic ligands
that cross-link under exposure. Although both approaches have
been used to fabricate high-resolution patterns of NPs, there
needs to be a better understanding of how the NP size affects
patterning performance in either case. Because NaYF4 UCNPs
can be synthesized colloidally with diameters ranging from <5
nm nanometers to hundreds of nanometers,43−45 they are a
model system to study the effect of size on different patterning
chemistries.
Since ligand-based direct lithography approaches have

focused on semiconductor (e.g., CdSe and CsPbBr3),
35,37,39

and transition metal oxide (e.g., ZrO2) NPs,34 it is an open
question whether these approaches are suitable for NPs with
fundamentally different chemistries. Besides their broader
range in sizes, NaYF4 UCNPs present unique challenges,
including their metal fluoride surfaces and their sensitivity to
decomposition under aqueous conditions or electron beam
irradiation.46,47 If these challenges were overcome, lanthanide-
doped UCNPs could offer a unique nonlinear optical handle
that can be exploited for patterning; their ability to upconvert
light could allow near-infrared light to be used to activate UV-
and visible-sensitive compounds that influence UCNP
dispersibility and assembly. These direct lithography ap-
proaches would be distinct from previous reports using
upconverted light for indirect lithography of UCNP/polymer
composites, as these reports rely on monomer cross-linking
that limits resolution and UCNP packing fraction.27−30

Here, we study the patterning chemistries of two different
types of stimulus-sensitive ligands through direct ultraviolet
(UV), near-infrared (NIR), and electron-beam (e-beam)
lithography of lanthanide-doped NaYF4 UCNPs (Scheme 1).
We elucidate chemical design rules for patterning nanoparticles

with different diameters by considering how the nanoparticle
dispersibility is affected by factors such as ligand photo-
chemistry, interparticle interactions, particle surface prepara-
tion, and solvent interactions. Through UV lithography, we
find that 6 nm UCNPs can be patterned with a compact
photosensitive ionic ligand, but larger 14 nm UCNPs require
cross-linkable ligands that keep UCNPs sufficiently spaced
apart. The cross-linkable ligands also enable the direct e-beam
lithography of UCNPs, with feature sizes <100 nm. We also
discover that 980 nm NIR light that is upconverted by Yb3+/
Tm3+-doped UCNPs can be used in an energy transfer scheme
to cross-link these surface ligands, leading to the formation of
patterns close to the diffraction-limited beam size. We
characterize the optical and chemical properties of the
patterned UCNP films and confirm that the UCNPs are
densely packed and retain their desirable upconversion
luminescence. Finally, we demonstrate proof-of-concept non-
linear optical devices through the patterning of avalanching
and photoswitchable UCNPs. Our results establish a general
toolbox for direct high-resolution patterning of UCNPs using
three different forms of stimuli ranging from high-energy e-
beams and traditional UV-light to low-energy NIR light.

2. RESULTS AND DISCUSSION

2.1. Direct UV Patterning of UCNPs. 2.1.1. UV
Lithography with Photosensitive Ligands That Form New
Ionic Linkages. We set out to evaluate whether UCNPs could
be printed directly without exogenous photoresists using the
method shown in Scheme 2. In this approach, UCNPs coated
with photosensitive ligands are spin-cast onto a substrate,
irradiated at selected areas, and developed to reveal patterned
films of UCNPs. To demonstrate this approach, we started
with UV lithography due to its simplicity, high throughput, and
widespread availability, making it an optimal choice for
parameter screening. We screened a series of nine UV-sensitive
ligands ranging from a substituted triazine and azo-benzoic
acid to phosphinate and carbamate derivatives. We sought to
find ligands that impart high dispersibility for unexposed
UCNPs and low dispersibility for exposed UCNPs. However,
patterning was not possible for seven of the tested ligands,
most commonly because the ligands did not properly
functionalize the UCNP surface, resulting in aggregated
UCNP films that were permanently nondispersible (see
Table S2 for failure modes for each ligand).
We were able to observe successful UCNP patterning with

the UV-sensitive ligand, 1-diazo-2-naphthol-4-sulfonic acid
(DNS), which we had selected because it was previously used
to pattern metal oxide and semiconducting NPs with good
fidelities.34,37 To obtain patterns with DNS, UCNPs were first
subjected to an HBF4 ligand stripping approach to remove the
native oleate ligand,48,49 transferring UCNPs into a polar DMF
solvent (see details in Methods section). The UCNPs were
then mixed with DNS with a nominal ligand density of ∼2
molecules per nm2 of UCNP surface (see the Supporting
Information for additional discussion), spin-cast as a film on a
Si substrate, and irradiated by UV light through a photomask.
The UV light is absorbed by DNS (Figure S1A), causing it to
transform into 3-sulfo-3H-indene-1-carboxylic acid, which
contains a newly formed carboxylic acid group that binds
ionically to an adjacent UCNP (Figure 1A). When enough of
these binding events have occurred to build up a percolation
network, the exposed portion of the UCNP film becomes
nondispersible in a DMF developer. Meanwhile, UCNPs that

Scheme 1. Three Types of Stimuli for Patterning UCNPs:
UV Light, Near-Infrared Light, and Electron Beam, Shown
for UCNPs Coated with Cross-Linkable Ligands
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have not been exposed to the UV light are redispersed within
the polar DMF solution due to electrostatic repulsion between
the charged UCNPs. We have found that the UCNP surface
must be only partially covered with DNS ligands, striking a
balance between available bare surface access sites and sites
already coordinated to DNS ligands. This allows space for
DNS, upon photodecomposition, to coordinate with and
bridge the partially exposed crystal facets of two adjacent
UCNPs. With this process, we obtained microscale patterns of
6 nm cubic-phase NaYF4: 20% Yb3+, 2% Er3+ UCNPs (Figure
1B−D). To illustrate that this process is not specific to any
dopant composition or crystal phase of NaYF4, we also
patterned 6 nm hexagonal phase NaYF4: 20% Gd3+, 40% Yb3+,
and 2% Tm3+ UCNPs (Figure 1E). In contrast, we found that
the UCNP size significantly impacts its patternability; we were
unable to pattern 14 nm UCNPs despite attempts at

optimizing the ligand-washing steps and DNS fraction. During
these attempts, we observed that these larger UCNPs formed
nondispersible thin films that resisted development even
without exposure to UV light.

2.1.2. Cross-Linkable Ligands Enable UV Lithography
with Large UCNPs. The limitations of this DNS patterning
approach motivated us to explore alternative stimulus-sensitive
ligands that could enable patterning with larger UCNPs. We
hypothesized that larger UCNPs have stronger van der Waals
(vdW) forces of attraction, which would require bulkier ligands
to prevent irreversible NP aggregation that precludes
patterning. This led us to the exploration of a second chemical
app roach tha t u t i l i z e s c ro s s - l i nkab l e mono -2 -
(methacryloyloxy)ethyl succinate (MMES) ligands (Figure
2A), which have been previously used to pattern colloidal
quantum dots (QDs).50 MMES contains a methacrylate end-
group, which is a well-established moiety for free-radical cross-
linking that can be initiated by a variety of stimuli (e.g., light, e-
beam, and heat), making it a more versatile approach
compared to DNS.51,52 Additionally, compared to oleate-
capped UCNPs, MMES-capped UCNPs can be transferred
into a polar solvent such as propylene glycol methyl ether
acetate (PGMEA), which is a better solvent for many
commercial radical initiators.
For this ligand exchange procedure (see details in Methods

section), oleate-capped UCNPs were precipitated from their
nonpolar solvent and mixed with MMES in PGMEA. A clear,
colloidal UCNP solution was obtained after sonication,
evidence that most of the nonpolar oleate ligands have been
replaced by the polar MMES ligands. For successful patterning,
it is important to develop a suitable NP washing procedure to
remove desorbed oleic acid and excess MMES, which would
prevent UCNPs from aggregating under stimulus exposure. In
our initial attempts, we found that the washing method used
for QDs (excess ethanol with 5 vol % water) did not work for
NaYF4 UCNPs because the UCNPs were more sensitive to the
water content of the solvent.46 After screening several different
solvents, we found hexane to be a suitable nonsolvent for
washing the MMES-capped UCNPs dispersed in PGMEA.
With these purified cross-linkable UCNPs, we demonstrated

the micropatterning of 14 nm NaYF4: 30% Yb3+, 0.5% Tm3+

UCNPs (Figure 2B−E). The cross-linking of MMES ligands
was initiated by the UV-sensitive phenylbis(2,4,6-trimethyl-
benzoyl)phosphine oxide (BAPO) or diphenyl(2,4,6-trimethyl-
benzoyl) phosphine oxide (TPO) compounds (Figures 2F and
S1B). We also investigated the inclusion of the bisphenol A
ethoxylate diacrylate (BAED) cross-linker, which was used in a
prior report.50 We found that BAED was not necessary for
patterning (Figure S2), but its inclusion resulted in thicker
films (due to an increase in the solution viscosity) as well as a
longer patterning window (maximum time between deposition
and development). Through this process, we obtained high-

Scheme 2. Direct Lithography of Upconverting Nanoparticles with Stimulus-Sensitive Ligands

Figure 1. UV (395 nm) patterning of UCNPs with diazonaph-
thosulfonic acid (DNS). (A) DNS is a UV-sensitive ligand that
decomposes into a compound with a carboxylate group that links
ionically to an adjacent UCNP. (B−E) Optical micrographs of
patterns made of 6 nm NaYF4: 20% Yb3+, 2% Er3+ UCNPs (B−D) or
6 nm NaYF4: 20% Gd3+, 40% Yb3+, 2% Tm3+ UCNPs (E) patterned
with DNS using UV light (∼60 mW/cm2, 10−30 s). Insets: TEM/
STEM images of the UCNPs.
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fidelity micropatterns with feature sizes down to ∼1 μm, the
finest feature on our lithography mask.
Changes in the organic ligand composition during the

MMES patterning process were probed by using Fourier
transform infrared (FTIR) spectroscopy (Figures 2G and S3).
The ligand exchange from oleate into MMES is confirmed
through the presence of CO (1721 cm−1), CC (1637
cm−1), and C−O (1320, 1298 cm−1) vibrations of MMES
(light blue curve), present even after two rounds of washing.
We estimate a MMES ligand density of 3.1 molecules/nm2

through thermogravimetric analysis and NMR (see the
Supporting Information for additional discussion). After UV
exposure (dark blue curve), the CO peak (1667 cm−1) from
TPO disappeared, showing its efficient decomposition.
Simultaneously, a significant reduction in the CC and C−
O vibrations of MMES was observed, indicating the formation
of new C−C bonds between adjacent MMES ligands
consistent with previous reports on methacrylate cross-
linking.53,54

2.1.3. Colloidal UCNP Interactions with DNS or MMES
Ligands. To explain the differences in our patterning results
with DNS and MMES approaches, we considered the
underlying microscopic colloidal interactions relevant to the
lithography process. Since we experimentally found that
irreversible aggregation (nondispersible films) hindered

patternability, we evaluated the fundamental attractive forces
that dictate colloidal aggregation.
During the spin-coating process, the evaporation of solvent

means that other solvent-based interactions (i.e., electrostatic
double-layer and steric interactions) gradually weaken, leaving
van der Waals forces as the remaining colloidal interaction.
Figure 3A shows the calculated vdW interaction energies for 6
and 14 nm spherical UCNPs as a function of the surface-to-
surface distance (the equation and parameters used are shown
in eq S1). In the DNS patterning approach, UCNPs approach

Figure 2. UV (395 nm) patterning of UCNPs by cross-linking ligands. (A) Mono-2-(methacryloyloxy)ethyl succinate (MMES) is a ligand with a
double bond that can covalently cross-link with an adjacent MMES ligand upon exposure to a suitable stimulus. (B−E) Optical micrographs of
patterns made of MMES-capped 14 nm NaYF4: 30% Yb3+, 0.5% Tm3+ UCNPs patterned with UV light (∼60 mW/cm2, 10−30 s). Inset for (B):
STEM image of the UCNPs. Inset for (C): photograph of a patterned UCNP film on Si. (F) Photoradical initiators and cross-linkers used for
MMES-based patterning. (G) FTIR spectra confirming the MMES ligand exchange and cross-linking upon UV exposure.

Figure 3. (A) Calculated van der Waals (vdW) interaction energy
curves for 6 nm NPs and 14 nm UCNPs. (B) Schematic showing that
the smaller UCNPs aggregate reversibly, while larger NPs aggregate
irreversibly upon drying with a 0.9 nm ligand spacer. The vdW
interaction length is indicated by the hazy sphere around the UCNPs.
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one another until they reach a distance equivalent to the length
of the DNS molecule. Only a monolayer of DNS molecules
can be added between UCNPs because each DNS molecule
needs to be in contact with two adjacent UCNPs for successful
photoinduced ionic linking. From the energy curve, we can see
that at this distance (∼0.9 nm), the vdW interaction energy is
smaller for 6 nm UCNPs (∼1 kT, Figure 3Ared line)
compared to that for 14 nm UCNPs (∼4 kT, Figure 3Ablue
line). The weaker attraction explains why the smaller 6 nm
UCNPs can be easily resuspended in the developer (since the
vdW energy is roughly equal to the thermal fluctuations, kT),
whereas the larger 14 nm UCNPs tend to aggregate irreversibly
(Figure 3B).
For MMES-capped UCNPs, the UCNPs approach each

other until they are roughly separated by the length of two
MMES ligands (∼1.8 nm). From Figure 3A, even the larger 14
nm UNCPs have a reasonably low vdW energy (∼1 kT) at
these separations, allowing them to be redispersed during
development and hence be patternable. Adding BAED cross-
linkers can further aid this process by acting as additional
physical spacers between UCNPs. We are also exploring the
use of compounds such as the hydroxypyridonate-based 3,4,3-
LI(1,2-HOPO)55 as a spacer for increasing the patterning
capabilities of DNS-capped UCNPs, but initial attempts
resulted in no improvement in the patternability.
2.1.4. Characterization of UV-Patterned UCNPs. Scanning

electron microscopy (SEM) showed the deposition of high-
quality patterns of UCNPs (Figure 4A−D). Figure 4A shows
an overview SEM image of a microscale patterned feature (this
feature has stripes of different thicknesses due to edge effects
during spin-coating). UCNPs in the patterned region were
densely packed, with surface-to-surface separations on the
order of the ligand length (Figure 4B), in stark contrast with
prior reports showing relatively sparse packing of UCNPs.26

SEM reveals no significant qualitative difference in the packing
fraction of UCNPs processed with or without BAED (Figure
S4) and when compared to the UCNPs before patterning
(Figure S5). The edge roughness of the patterns, evaluated

using SEM, is conservatively estimated to be <200 nm (Figure
4C,D).
To determine whether the optical properties of the UCNPs

are preserved after the patterning process, we evaluated the
UCL properties of the UCNPs on both micro- and macro-
levels. First, we carried out UCL mapping of UCNP patterns
using a 980 nm laser (∼105 W/cm2), which confirmed strong
UCL from the patterned features (Figure 4E). Additionally, we
measured the film-level UCL spectra (Figure 4F) and lifetimes
(Figure 4G, fits in Figure S6) of the UCNP patterns and
compared them to those of an unpatterned film of oleate-
capped UCNPs. We observe no significant difference in both
the spectra and lifetimes, showing no appreciable degradation
of the optical properties of the UCNPs.

2.2. Electron-Beam Lithography of UCNPs. We
investigated the use of e-beam lithography as an approach to
achieve submicron features. In principle, e-beam lithography
can produce patterns with significantly higher resolution (<10
nm for advanced e-beam writers) than those made through UV
lithography. High-precision UCNP patterning via e-beam
could facilitate the development of UCNP photonic devices
with nanoscale footprint. However, a major challenge in
patterning NaYF4 UCNPs with e-beams is the tendency of
these UCNPs to degrade upon irradiation by the highly
energetic electrons, a common observation when imaging these
UCNPs with electron microscopy.47,56 We thus hypothesized
that exchanging the native oleate ligands on these UCNPs with
the highly cross-linkable MMES ligands would enable UCNPs
to be patterned at low accelerating voltages and doses,
reducing the damage to the UCNPs.
When we used imaging SEM to expose MMES-capped

UCNPs to e-beam irradiation with relatively modest
accelerating voltages (10−15 kV), we observed UCNP
patterns with features as small as ∼100 nm (Figure 5A−C).
Unlike UV lithography, no radical initiator was necessary for e-
beam patterning since the high-energy electrons can directly
cross-link CC bonds on the MMES ligands. However, we
found that PGMEA could no longer redisperse unexposed

Figure 4. Characterization of UCNP patterns. (A−D) SEM images of 14 nm MMES-capped NaYF4: 30% Yb3+, 0.5% Tm3+ UCNPs patterned with
UV light. (E) UCL map of the UCNP patterns with 980 nm excitation (∼105 W/cm2) and visible−NIR emission (400−850 nm). (F,G) Film-level
UCL spectra and lifetimes with 980 nm excitation (∼102 W/cm2) of MMES-patterned UCNPs (with BAPO) and oleate-capped UCNPs. The UCL
spectra were normalized to the 800 nm emission peak.
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UCNPs after the e-beam patterning process, which we
attribute to the aggregation of UCNPs in the SEM vacuum
environment. Instead, we found that developing the e-beam-
patterned films in a 0.1 M HCl solution for a few seconds
effectively redispersed unexposed UNCPs, leaving behind
deposited patterns of UCNPs. We rationalized that acidic
protons can strip the MMES ligands from unexposed UNCPs,
rendering them charged and facilitating their dispersion into
solution. In contrast, for UCNPs exposed to a sufficient dose of
high-energy electrons, the cross-linked MMES ligands act as a
barrier that slows access of protons to the UCNP surface,
resisting redispersion. We often saw the presence of a sparse
residual layer of UCNPs in unexposed regions, which we
hypothesize to be due to attractive interactions between the
UCNPs and the Si substrate. We believe that this residue can
be reduced by optimizing the developer and the washing
solvents and passivating the Si surface with self-assembled
organic monolayers.
To determine whether UCNPs retain their upconversion

properties after exposure to high-energy electrons, we
investigated the UCL of e-beam-patterned UCNPs with a
980 nm laser (∼105 W/cm2). UCL mapping after patterning
14 nm NaYF4: 30% Yb3+, 0.5% Tm3+ UNCPs showed strong
emission with patterns correlated with those of the deposited
features (Figure 5D) and a UCL spectrum comparable to that
of residual UCNPs outside the patterning (Figure 5E). These
results show that engineering the ligand chemistry of UCNPs
opens viable routes for direct e-beam lithography of UCNPs
while maintaining their nonlinear optical properties.
2.3. Upconversion Near-Infrared Lithography of

UCNPs. NIR lithography provides functionalities beyond the
more-established UV and e-beam approaches, such as
patterning thick layers of material57 and 3D-printing.58 An
additional advantage of upconversion patterning of UCNPs is
that the same optical setup and NIR laser can be used for both

patterning and upconversion microscopy. Compared to two-
photon lithography,59 photon upconversion has been shown to
require significantly lower laser powers for 3D stereo-
lithography.60 However, current approaches are lacking in
terms of pattern resolution (typically hundreds of micro-
meters),27−30 often due to the use of large (>50 nm) UCNPs
that are sparsely dispersed within a liquid of cross-linkable
monomers.
In principle, high-resolution micropatterning should be

achievable through upconversion NIR lithography using
densely packed UCNPs coated with cross-linkable ligands.
To explore the feasibility of this approach, we scanned specific
patterns on a film of MMES-capped, Yb3+/Tm3+-doped
UCNPs with a continuous-wave 980 nm laser. We
hypothesized that energy from 980 nm light would be
absorbed by Yb3+ ions, transferred to and upconverted by
Tm3+ ions, and finally transferred radiatively or nonradiatively
from higher energy levels of Tm3+ (e.g., 1D2) to a nearby
radical initiator, leading to the cross-linking of MMES ligands
on the UCNP surface (Figure 6A).
We tested the upconversion patterning of MMES-capped 14

nm NaYF4: 30% Yb3+, 0.5% Tm3+ UCNPs with a range of 980
nm power densities (4−34 × 104 W/cm2) and dwell times
(0.01−10 s). This was done by moving the substrate from spot
to spot with an XY piezo stage. Upon the development of the
film, we observed deposited patterns of UCNPs that matched
our exposure scan patterns (Figure 6B). To confirm that the
patterning is not due to the heating of the underlying Si
substrate by the laser, we performed a control experiment in
which we used the same laser patterning protocol to locally
expose 18 nm NaYF4: 8% Tm3+@NaYF4 core@shell UCNPs
that do not absorb at 980 nm. We did not observe any pattern
formation under these conditions (Figure 6C), confirming that
the patterns were not formed through a thermal process. This
finding is consistent with previous reports that require
nanosecond pulsed visible/NIR lasers to achieve sufficient
temperatures for thermal patterning of nanomaterials.33,57
SEM micrographs (Figure 6D−F) showed the formation of

microscale patterns with feature sizes approaching the 1/e2
beam diameter (∼1 μm) of our laser at optimal powers and
dwell times (3.4 × 105 W/cm2, 0.1 s dwell time). With longer
dwell times (a few seconds), we also observed decreased
dispersibility in UCNPs as far as ∼5 μm away from the beam
(Figure 6D), which could be caused by Airy rings of the
focused laser spot or by long-range radiative energy transfer (in
addition to short-range Förster resonance energy transfer
found previously30). Further lifetime studies with various shell
thicknesses should elucidate the details of this energy transfer.
We also confirmed that UCNPs patterned by upconversion
NIR lithography maintained their UCL properties under 980
nm light (Figure 6G). In summary, our findings reveal that
NP-bound MMES ligands enable highly localized cross-linking
reactions. These confined photochemical reactions can be
initiated by upconverted NIR light, pushing the patterning
resolution to ∼1 μm, a significant improvement over that of
state-of-the-art.

2.4. Patterning Avalanching and Photoswitchable
UCNP Microarrays. To demonstrate the utility of patterned
UCNPs, we fabricated proof-of-concept optical memory
devices from patterned arrays of avalanching nanoparticles
(ANPs).7,9 We previously showed that Tm3+-doped NaYF4
ANPs could be repeatedly switched between a luminescent
“on” state to a dark “off” state using 1064 nm light for

Figure 5. Electron-beam lithography of 14 nm NaYF4: 30% Yb3+,
0.5% Tm3+ UNCPs functionalized with MMES ligands. (A) E-beam
patterning and imaging with a high-resolution floor model SEM at 10
kV. (B,C) E-beam patterning and imaging with desktop SEM at 15
kV. (D) UCL map of the UCNP patterns with a 980 nm laser (∼105
W/cm2) and 400−850 nm emission. (E) UCL spectra of UCNPs
inside the pattern (exposed to the e-beam) and the residual UCNPs
outside the pattern (not exposed to the e-beam).
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darkening and 400−840 nm light for brightening.10 These
states are long-lived, enabling high-resolution writing and
erasing of persistent 2D and 3D patterns in ANP films. The
capability to physically localize these ANP photoswitches
would enable more sophisticated interfacing with other optical
components (e.g., waveguides and photodetectors), easing
their implementation in practical optical memory devices.
We synthesized 9 nm NaYF4: 8% Tm3+ cores, onto which

4.5 nm NaYF4 shells were grown (18 nm final diameter). After
ligand exchange with MMES, these ANPs were mixed with
BAPO/BAED and then UV-patterned into arrays of squares
with feature sizes of 1 μm (Figure 7A,B). The vdW energy
between 18 nm UCNPs is calculated to be ca. 2 kT when
capped with MMES ligands (Figure S7A). With this
interaction energy, the UCNPs can still be patterned without
any BAED cross-linker, provided that the spin-coated film is

patterned within 1 min following spin-coating (Figure S7B).
However, including BAED cross-linkers prevents the film from
drying too fast and allows patterning >1 h after spin-coating.
UCL maps of the patterned film under 1064 nm excitation
showed localized UCL from patterned features, such as a 2D
array of 5 μm squares spaced at 10 μm periods (Figure 7C).
The power dependence of the emission from a patterned
feature revealed a nonlinearity factor of s ∼ 17 (where Iem =
Iexcs, with s obtained by measuring the 800 nm UCL intensity,
Iem, with increasing 1064 nm excitation powers, Iexc, and fitting
the slope of the log−log plot), consistent with prior reports on
unpatterned ANPs (Figure 7D).6
To investigate whether patterned ANP arrays can be

photoswitched and therefore useful as optical memory devices,
we evaluated whether the UCL intensities of specific features
can be turned off and on with 1064 and 785 nm NIR lasers.
Our initial experiment was a simple photodarkening experi-
ment: we (1) navigated to the desired features under
brightfield microscopy, (2) carried out a 1D UCL scan with
a 1064 nm laser at low power (3 × 104 W/cm2), (3) exposed a
selected feature to darken with the 1064 nm laser at high
power (8 × 105 W/cm2), and (4) repeated steps (2) and (3)
for darkening multiple features. With this procedure, we were
able to demonstrate the photodarkening of select features that
were clearly darker than their surrounding features (Figure
7E). After two photodarkening steps, brightfield imaging
showed no visible changes to the features, indicating that the
higher laser power internally darkened the ANPs but did not
cause morphological damage to the patterns. Finally, we
demonstrated bidirectional photoswitching of patterned ANPs
with a 1064 nm laser used for UCL measurement (8 × 104 W/
cm2) and photodarkening (8 × 105 W/cm2), while a 785 nm
laser was used for photobrightening (3 × 104 W/cm2). With
this approach, we demonstrated that a specific 5 μm feature
can be switched on and off for at least 4 cycles (Figure 7F). No
visible signs of pattern degradation were observed even after
repeated exposure to the focused NIR laser beam.

3. CONCLUSIONS

In summary, we explored two stimulus-sensitive ligand systems
that enable the direct lithography of lanthanide-doped NaYF4
UCNPs through UV, electron-beam, or NIR excitation. Our
investigations reveal the importance of considering the NP size
when choosing and optimizing a particular ligand patterning
approach: direct patterning of larger UCNPs was only
achievable when the UCNPs were kept sufficiently spaced
apart to prevent irreversible aggregation upon film casting.
Using an optimized stimulus-sensitive ligand allowed UCNPs
to be patterned with high resolution while retaining their
unique upconversion, avalanching, and photoswitchable
properties. We revealed that the sensitive and highly localized
photochemistry of MMES ligands can be exploited to achieve
high-resolution e-beam and upconversion NIR lithography,
opening a path toward submicrometer 3D printing with
continuous-wave NIR lasers.
These chemical and colloidal insights can be applied to

pattern various colloidal nanomaterials for a broad range of
applications. Our insights into the impact of nanoparticle size
on optimal patterning chemistry and are applicable to the
direct lithography of many other colloids and components
including proteins, polymers, cells, and 2D materials.
Integrating our NIR patternable UCNPs with these systems
allows for high-resolution NIR printing of 2D/3D functional

Figure 6. Near-infrared (NIR) upconversion lithography of UCNPs.
(A) Simplified scheme for radical-initiated cross-linking of ligands
under 980 nm illumination of Yb3+/Tm3+-doped UNCPs mixed with
a BAPO radical initiator (ET: energy transfer; R•: radical). (B)
Optical micrograph of 14 nm NaYF4: 30% Yb3+, 0.5% Tm3+ UNCPs
(mixed with BAPO and BAED) patterned with 980 nm lithography
(4−34 × 104 W/cm2, 0.01−10 s dwell time). (C) Optical
micrographs showing the absence of patterning of 8% Tm3+-doped
UCNPs under exposure conditions comparable to those of (B). (D−
F) Tilted (30°) SEM images of NIR-patterned UCNPs. (G) UCL
map with 980 nm laser excitation (∼105 W/cm2) of a patterned array
fabricated with the same 980 nm laser (3.4 × 105 W/cm2, ∼0.1 s
dwell time) and 400−850 nm emission. Inset: bright-field microscope
image of the patterns.
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structures (e.g., biomaterials and thermoelectric devices) with
augmented photophysical properties. The ability to fabricate
finely structured patterns of colloidal nanoparticles offers a
method to precisely control the interaction of such patterns
with chemical and biological constituents. Our patterning
approaches utilize widely accessible lithography tools, such as
UV projection systems and maskless lasers, allowing them to
be scaled up for commercial applications. Additionally, the
solution processability of our approach allows UCNPs to be
deposited and patterned on virtually any surface (including
large and flexible substrates) through scalable deposition
methods such as spray-coating and doctor-blading. These
advances will accelerate the integration of solution-processed
nanomaterials with medical, photonic, and electronic devices
(e.g., wearable microsensors, nano-/microprocessors, and
bioassays) and enhance their performance within low-cost,
compact footprints.

4. METHODS

4.1. Reagents. Mono-2-(methacryloyloxy)ethyl succinate
(MMES), bisphenol A ethoxylate diacrylate (BAED, average Mn
∼468, EO/phenol 1.5, contains 250 ppm MEHQ as inhibitor),
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 97%), tetra-
fluoroboric acid diethyl ether complex, and N,N-dimethylformamide
(DMF, 99.8%) were purchased from Sigma-Aldrich. Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, 96.0+%), 1-diazo-2-
naphthol-4-sulfonic acid (DNS, 76%), and propylene glycol 1-
monomethyl ether 2-acetate (PGMEA, 98.0+%) were purchased
from Fisher Scientific.
4.2. UCNP Synthesis. UCNPs were synthesized according to

established methods (see the Supporting Information for details).45
4.3. UCNP Ligand Exchange. 4.3.1. MMES Ligand Exchange.

Ethanol (as a nonsolvent; 1 mL) was added to oleate-capped UCNPs

in hexanes in a 1.5 mL centrifuge tube (100 μL, ∼10 wt %). The
resulting cloudy suspension was centrifuged (5000 rpm, 2012g, 1
min), the supernatant was discarded, and the pellet was redispersed in
PGMEA (100 μL) to which MMES (∼10 μL) was added. The cloudy
mixture was vortexed and sonicated until a clear dispersion was
obtained (typically ∼5 min). The UCNPs were then purified with two
rounds of hexane/PGMEA washes as follows. First, hexane (400 μL)
was added to precipitate the UCNPs, and the mixture was centrifuged
(5000 rpm, 2012g, 1 min). The pellet was redispersed in PGMEA
(100 μL) to form a clear dispersion after vortexing. Then, hexane
(400 μL) was added as a nonsolvent (dispersion remains clear by
eye), and the mixture was centrifuged (10,000 rpm, 8049g, 1 min).
The clear transparent pellet was finally dissolved in PGMEA at the
desired concentration (typically 50 μL for spin-coating, yielding a
UCNP concentration of ∼10 wt %). The dispersion was sonicated
(∼20 min) before being used or stored in air. In preparation for UV
and NIR lithography, the stock suspension of MMES-capped UCNP
solution was first sonicated (∼5 min), and a small amount (10 μL)
was mixed with a BAPO/TPO photoradical initiator solution (4 μL,
30 mg/mL in PGMEA) and a BAED cross-linker solution (2 μL, ∼50
vol/vol % in PGMEA) right before spin-coating.

4.3.2. DNS Ligand Exchange. Toluene (500 μL) was added to
oleate-capped UCNPs in hexanes in a 1.5 mL centrifuge tube (100
μL, ∼10 wt %). Then, 0.5 M HBF4 in DMF (50 μL) was added [the
0.5 M HBF4 solution was made by slowly adding a tetrafluoroboric
acid diethyl ether complex (2.5 mmol, 343 μL) to DMF (4.66 mL).
Caution: HBF4 is a strong acid, and this dilution is exothermic].
Adding the HBF4 solution to the UCNP dispersion leads to the
removal of oleate ligands (ligand stripping) and the rapid formation of
a precipitate of bare UCNPs (within a few seconds). The suspension
is sonicated (∼5 min) and centrifuged (5000 rpm, 2012g, 1 min), and
the pellet is redispersed in DMF (200 μL). The UCNPs were then
purified with three rounds of toluene/DMF washes as follows.
Toluene (300 μL) was added as a nonsolvent to precipitate the
UCNPs (the precipitate may not be visible by the eye), and the
mixture was centrifuged (5000 rpm, 2012g, 1 min). The transparent

Figure 7. Patterning avalanching UCNP (ANP) arrays with photoswitching capabilities. (A,B) Optical microscopy images of UV-patterned 18 nm
ANPs, which were capped with MMES ligands and mixed with BAPO/BAED. (C) UCL of a 5 μm patterned array with a 1064 nm laser (∼105 W/
cm2) and 400−850 nm emission. (D) Power scan of ANPs in a feature showing a highly nonlinear increase in UCL emission with increasing 1064
nm excitation intensity. (E) Sequential photodarkening of two 5 μm features with a 1064 nm laser (measurement power: 3 × 104 W/cm2,
darkening power: 8 × 105 W/cm2) and detection in the 760−850 nm region. Optical micrographs before and after the photodarkening process
show no morphological damage to the features by the laser. (F) Photoswitching demonstration showing that the UCL of a specific feature can be
turned on and off repeatedly. Nine sequential measurements were done on the same features, with photodarkening or photobrightening carried out
on one feature (highlighted for clarity). Measurement and photodarkening were done with a 1064 nm laser with powers of 8 × 104 and 8 × 105 W/
cm2, respectively. Photobrightening was done with a 785 nm laser with a power of 3 × 104 W/cm2.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c12850
J. Am. Chem. Soc. 2024, 146, 7487−7497

7494



pellet was redispersed in DMF (200 μL), toluene (300 μL) was
added, and the mixture was centrifuged (5000 rpm, 2012g, 1 min).
The DMF, toluene, and centrifugation were repeated one more time
(three toluene addition steps in total), and the final pellet was
dissolved in DMF at the desired concentration (typically ∼10 wt %
for spin-coating). This suspension can be stored in air for at least a
week; long periods lead to gelation of the UCNPs. Before subsequent
use, the dispersion was sonicated for ∼5 min. Right before spin-
coating, a small amount of this bare UCNP dispersion (20 μL, ∼10 wt
%) is mixed with DNS (5 μL, 30 mg/mL in DMF).

These ligand exchange procedures can be scaled up with similar
results, as long as the volume of the solvents and nonsolvents are
scaled proportionally.
4.4. Lithography. 4.4.1. UCNP Film Deposition. Silicon

substrates (with native oxide) were cut (∼1/2 in. × 1/2 in.) and
cleaned by sonication in acetone (∼5 min) followed by reagent
alcohol (∼5 min). The substrates were blown dry with a N2 gun and
subjected to a UV−ozone treatment (≥10 min) right before spin-
coating. A typical spin-coating involves pipetting the UCNP
dispersion (∼5 μL) onto the substrate, followed by a two-stage
spinning procedure (e.g., a 1000 rpm spin for 40 s, followed by a 2000
rpm spin for 15 s).
4.4.2. Ultraviolet Lithography. The UCNP-coated substrate was

sandwiched between a glass slide and a custom patterned chrome
photomask (1 in. ×1 in. quartz, 1 μm critical dimension, HTA
Photomask) and held together with two binder clips. This assembly
was then exposed to a 395 nm LED gooseneck lamp (Ulikeled, ∼60
mW/cm2) for 10−30 s. The UCNPs were then developed in an
appropriate solvent (PGMEA for MMES-capped UCNPs, DMF for
DNS-capped UCNPs) for ∼10 s and dried with a N2 gun.
4.4.3. Electron-Beam Lithography. The UCNP-coated substrate

was transferred into a table-top (Phenom Pro) or full-size imaging
SEM (Zeiss Gemini Ultra-55), operating at 10−15 kV accelerating
voltages. UCNPs were selectively exposed to the e-beam by moving
the positioning stage in either 2D or 1D imaging mode with dwell
times of less than 1 s. The MMES-capped UCNPs were then
developed in a 0.1 M HCl solution for ∼5 s, rinsed with deionized
water, and dried with a N2 gun.
4.4.4. Upconversion Near-Infrared Lithography. The UCNP-

coated substrate was placed under a laser scanning microscope and
exposed to a continuous-wave 980 nm NIR laser (power density: 4−
31 kW/cm2; dwell times 0.01−10 s). The MMES-capped UCNPs
were then developed in PGMEA for ∼10 s and dried with a N2 gun.
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