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THE BIGGER PICTURE

The control of light polarization is

essential for diverse applications,

such as information encoding,

display technology, and

biological sensing. Lanthanide-

doped upconversion

nanoparticles show promise as

quantum light sources for

accurate information

identification due to their

characteristic spectroscopic

features. In this work, we

demonstrate the precise control

of the polarization of isotropic

nanoparticles by coupling them

with anisotropic gap plasmon

modes. By controlling the incident

and detection polarization angles

in the far field, the hybrid

nanoplatform can switch between
SUMMARY

The active control of upconversion polarization in lanthanide-doped
nanocrystals through plasmon-photon coupling enables ultracom-
pact nonlinear photonic devices for polarization-encoded optical
communication and information processing. However, current plas-
monic nanostructures used for this purpose suffer from limited
tunability and insufficient sensitivity to polarization, making effec-
tive control challenging. Here, we introduce an upconversion
plasmonphore platform that overcomes the limitations of isotropic
upconversion nanocrystals by utilizing anisotropic gap-plasmon-
mode-supported metasurfaces. This platform allows the precise
control of plasmon-enhanced excitation polarization and plasmon-
coupled emission. When excited with linearly polarized light, the
hybrid nanoplatform can switch between four upconversion polari-
zation states, enabling multi-level photonic outputs in parallel or
orthogonal configurations. We also demonstrate an information
multiplexing scheme using this platform. Our numerical and exper-
imental results not only shed light on nonlinear light-matter interac-
tions and luminescence anisotropy at the nanoscale but also facili-
tate the development of novel nonlinear polaritonic nanodevices
for polarization-based integrated photonics.
four upconversion polarization

states, enabling parallel or

orthogonal photonic outputs. This

capability opens up possibilities

for programmable nonlinear

optical systems with multiple

polarization levels. Our

investigations provide valuable

insights into the design principles

for advanced nonlinear quantum

systems, offering tailored

frequency and polarization

behavior at the nanoscale.
INTRODUCTION

Photon-plasmon coupling in hybrid systems is a powerful tool for investigating light-

matter interactions at the nanoscale, with potential applications in various fields,

including miniaturized solid-state lasers, ultracompact spectrometers, on-chip mo-

lecular sensing, and polarimetric imaging.1–4 Lanthanide-doped upconversion

nanoparticles (UCNPs) are particularly promising as quantum light sources due to

their distinct emission peaks,5–8 large anti-Stokes shift,9–11 and excellent photo-

stability.12–14 These peaks provide characteristic spectroscopic fingerprints for accu-

rate information identification.15–18 Upconversion hybrid systems have been

explored to enhance photoluminescence and decay dynamics through surface plas-

mon-photon coupling.19–25 However, the crystal lattice symmetry of small UCNPs

makes it difficult to achieve polarization anisotropy, which is crucial for controlling

the polarization of upconverted photons.26,27

Current research has investigated the use of plasmonic nanostructures to enhance

the polarization sensitivity of UCNPs. The polarization modification of upconversion

luminescence can arise from both plasmon-enhanced excitation polarization by the

near-field electromagnetic interference and plasmon-coupled emission by radiation

engineering. However, modern plasmonic structures suffer from drawbacks, such as
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inadequate control over resonant mode tuning and insufficient polarization sensi-

tivity, which pose challenges for decoupling multi-upconversion processes and

simultaneous manipulation of multiple upconversion transitions.28–34 For example,

gold nanorods synthesized through wet chemistry exhibit anisotropic plasmonic

modes, but it is challenging to achieve a strong resonance along their short

axis.35,36 Thus far, plasmon-UCNP coupling systems capable of exhibiting program-

mable, multi-level polarization switching remain unexplored. To overcome these

challenges, it is necessary to identify a plasmonic platform that can effectively couple

with multiple emissive transitions, while ensuring orthogonal directions for the exci-

tation and emission paths of UCNPs without causing crosstalk between resonant

modes. With such a platform, it should be possible to manipulate upconversion po-

larization states in situ and at multiple levels, enabling the development of compact

nonlinear photonic devices for information processing and optical communications.

In this work, we demonstrate precise polarization control of isotropic UCNPs by

coupling them with anisotropic gap-plasmon-mode-supported metasurfaces (Fig-

ure 1A). The metal-insulator-metal (MIM) design facilitates efficient decoupling

of excitation and emission dynamics in upconversion processes into orthogonal

polarization directions with little crosstalk.37 By tailoring the aspect ratio of an-

tennas, the plasmon wavelength can be tuned across the visible to near-infrared

range. Through far-field excitation control, near-field electromagnetic interference

modulates the multiphoton population process in a polarization-dependent

manner, leading to periodic variations in emission amplitude with a high excitation

polarization sensitivity of up to 0.83. Furthermore, we investigate how the local

photon densities around antennas influence the radiation field of emitter excitonic

energy. By controlling the incidence and detection polarization angles in the far

field, the hybrid nanoplatform can switch between four upconversion polarization

states, enabling parallel or orthogonal photonic outputs (Figure 1B). This capability

opens up possibilities for programmable nonlinear optical systems with multiple

polarization levels.
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RESULTS AND DISCUSSION

Theoretical consideration

To investigate the effect of anisotropic plasmon resonances on the absorption and

emission profiles of adjacent UCNPs, we first developed a model that explicitly de-

scribes the dynamics of multiphoton upconversion based on excited-state absorp-

tion (ESA) and plasmon field coupling.38 On 980 nm excitation, Er3+-activated

UCNPs exhibit two characteristic emission bands at around 540 and 655 nm, attrib-

utable to the 2H11/2,
4S3/2 /

4I15/2, and
4F9/2/

4I15/2 transitions of Er
3+, respectively.

Randomly oriented emitters in small spherical nanoparticles are generally regarded

as a linear combination of incoherent dipoles aligned along the x, y, and z axes, lead-

ing to isotropic emission characteristics. In contrast, when coupling with anisotropic

plasmonic structures, the excitation of a dipole moment with a specific orientation

can be selectively enhanced by near-field interference, together with controlled

decay dynamics, by adjusting the radiation properties of the plasmonic mode.

Considering both the incident polarization angle and the dipole orientation, the po-

larization-dependent luminescence enhancement of an upconversion emitter in the

vicinity of plasmonic antennas, which includes both excitation and emission pro-

cesses, can be expressed as follows:

f qtotal = f qex � f qem =
jm $Eqj4
jm $E0j4

g0
T

gq
T

� hqðuÞ
h0ðuÞ

(Equation 1)
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Figure 1. The design of plasmon-emitter hybrid nanostructures for precise control of

upconversion luminescence polarization

(A) Schematic of the hybrid system comprising MIM nanoantennas and NaYF4:Yb
3+/Er3+ UCNPs.

The hybrid system is composed of Al-rod-like antennas on a SiO2 layer, surrounded by UCNPs. Ly
and Lx represent the dimension of Al nanoantennas along the y axis and x axis, respectively.

(B) Simplified energy level diagram (right) depicting how anisotropic gap-plasmon modes interact

with the quantum energy levels of UCNPs. The modification of upconversion luminescence

polarization depends on the localized surface plasmon resonance (LSPR) wavelength relative to the

excitation (Ex) and emission (Em) transitions of UCNPs. This polarization modification arises from

both plasmon-enhanced excitation polarization through near-field electromagnetic interference

and plasmon-coupled emission through radiation engineering.
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where m is the electric transition of electric dipole moment and E0 and Eq represent

the incident field and the polarization-dependent localized E-field, respectively, un-

der plasmon resonance excitation. Accordingly, the polarization enhancement by

plasmon excitation contains two competing contributions, including the positive

contribution of the fourth power of near-field enhancement, jm $Eq j4
jm $E0 j4

, and the negative

contribution of the relaxation factors for the total decay rate of the intermediate

state
g0
T

gq
T
. Meanwhile, the polarization-dependent radiation characteristics are deter-

mined by the antenna-modified quantum efficiency hqðuÞ at frequency u, which is

related to both local radiative and nonradiative processes. The symbol q represents

the orientation angle of the dipole source or the excitation polarization angle. To

control the polarization states of emitters at the nanoscale, it is desirable to couple

the polarization-dependent resonant modes with the pump field and the emitting

transitions to achieve efficient excitation and radiation of photoluminescence.
Fabrication of UCNP-coupled plasmonic antennas

Based on theoretical considerations, we designed and fabricated the plasmon-

emitter hybrid structure comprising periodic MIM nanostructures, Al rod/SiO2/Al

film, coupled with UCNPs around antennas (Figures 1A and S1). The rod-shaped

Al nanoantennas with a silica spacer were fabricated above the Al film by electron

beam lithography (Figure S2). The antenna surface has a native oxidation layer of

Al2O3 (2–3 nm) to extend the durability of the antenna and serve as a spacer for

nearby dipole emitters to minimize metal loss. Moreover, the metallic gap provides

several orders of magnitude improvement in photoluminescence compared with an-

tennas without the reflective layer.39 A key advantage of Al-based gap mode plas-

monic cavities is their ability to enable orthogonal resonant modes by adjusting their

longitudinal (Ly) and transversal (Lx) lengths.
32,37,40

To decouple upconversion excitation and radiation processes, double-resonant

plasmon modes were designed to coincide with the green emission of UCNPs in
546 Chem 10, 544–556, February 8, 2024



Figure 2. Polarization-dependent optical properties of plasmon-emitter hybrid nanostructures

(A) Optical images and reflectance spectra of the hybrid systems with varying Ly (rod length) from 110 to 170 nm, illuminated under y- and x-polarized

incident broadband light. Black and red lines represent experimental and simulated reflection, respectively.

(B) Comparison of emission spectra for NaYF4:Yb
3+/Er3+ nanoparticles around MIM antennas with varying Ly from 110 to 170 nm.

(C) Upconversion luminescence intensities of green and red emission bands as a function of Ly.

(D) Red-to-green intensity ratios (I655/I540) as a function of Ly.

(E) Simplified schematic of upconversion polarization measurements.

(F) Experimental upconversion emission spectra of UCNPs coupled to antenna-170 for two laser excitation polarizations (parallel and perpendicular to

the longitude y axis).

(G) Dependence of upconversion emission spectra on excitation polarization angle (q).

(H) Polar plots of upconversion peak intensity as a function of excitation polarization angle (q).

(I) Simulation results for polarization-dependent excitation enhancement factor (f qex ) of dipole emitters located longitudinally (L) and transversally

(T) with respect to rod antennas. The gray numbers marked on the polar pattern represent enhancement factors. The separation distance between the

emitters and antennas is 5 nm.
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the transversal direction (along the x axis) and either the red emission or excitation

frequency in the longitudinal direction (along the y axis). Based on simulation results

using the finite-difference time-domain (FDTD) method, we fabricated a series of

biaxial rod antennas with Lx fixed at 95 nm and Ly varying from 110 to 170 nm.

NaYF4:Yb
3+/Er3+ nanoparticles with a diameter of about 20 nm were synthesized

and assembled around MIM structures (Figure S3). The reflection spectra of the

fabricated structures were obtained under incident broadband light (Figure 2A),
Chem 10, 544–556, February 8, 2024 547
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which represents localized surface plasmon resonance (LSPR) arising from near-field

interference between localized plasmons and incident light. At LSPR wavelength,

the simulated local electric fields show plasmonic hot spots under both orthogonally

polarized illuminations (Figure S4). According to reflection results, it was observed

that the plasmon wavelength remained at approximately 540 nm in the transverse

direction but could be adjusted from the visible to the near-infrared range in the lon-

gitudinal direction. This characteristic aligns well with the upconversion excitation

and emission processes, facilitating effective enhancement of plasmon effects.

Although Lx was fixed at 95 nm, the variations in the aspect ratio of the Al rod

induced a change in localized electromagnetic fields with longer Ly. As a result,

the plasmon resonance varied slightly in the transverse direction but continued to

overlap with the green upconversion emission.

Evolution of upconversion luminescence by coupling with gap plasmon modes

A home-built optical microscope system was utilized to examine the coupling inter-

action between upconversion emitters and MIM nanostructures (Figure S5). We

began by measuring a series of plasmon-enhanced upconversion luminescence

without changing the excitation polarization. Under 980 nm excitation polarized

along the y axis, both green and red upconversion emission bands showed a consis-

tent trend of increased intensity as Ly increased, despite some fluctuations in the red

band (Figures 2B and 2C). As Lx was fixed, the resonant mode remained coupled in a

transverse direction with the green emission. When Ly was increased from 110 to

170 nm, the plasmon resonance gradually approached the excitation wavelength

of the conversion process, leading to optimized excitation enhancement effects.

As a result, the antenna with Ly of 170 nm can provide an effective enhancement ef-

fect for the longitudinal excitation process, indicating that the antenna with Ly of

170 nm is preferable for the decoupling of excitation and emission processes. The

ratio of red-to-green intensity showed a distinctive trend resembling a volcano

shape as Ly increased. The maximum ratio was observed in the sample with Ly
measuring 130 nm. This suggests that the antenna with an Ly of 130 nm provides

the most favorable enhancement effects on red emission in the longitudinal direc-

tion. Moreover, the anisotropic enhancement effects on both upconversion emis-

sions lead to the maximum ratio between red and green emission (Figure 2D).

This characteristic makes the antenna with an Ly of 130 nm an excellent choice

for effectively separating and enhancing two orthogonal upconversion decay

processes. These two antenna patterns were denoted as ‘‘antenna-130’’ and

‘‘antenna-170’’ for further polarization investigations (vide infra).

In lanthanide-mediated upconversion, long-lived intermediate excited states serve

as energy reservoirs that sequentially populate higher-energy-emitting levels. The

dependence of emission intensity (I) on excitation power density (P) can be ex-

pressed as (IfPn) in the weak excitation regime, where n represents the number of

upconversion steps involved.41 We measured power-dependent upconversion sig-

nals for UCNPs assembled on MIM nanostructures and Al film without nanoantennas

(Figure S6). Results were plotted on a double-logarithmic scale, revealing a linear

response to power density (Figure S7). Under 980 nm excitation, the slopes of green

and red emissions from UCNPs on Al film were 1.52 and 1.90, respectively. In

contrast, when UCNPs were coupled to the metasurface, the slopes of green emis-

sion decreased to 1.29 and 1.09 for antenna-130 and antenna-170 arrays, respec-

tively, while the slopes of red emission decreased to 1.65 and 1.33, respectively.

These findings suggest a significantly enhanced local electrical field that accelerates

the saturation of the excited state in patterned samples.42,43 To investigate the

pump power sensitivity of multiphoton upconversion in Yb3+/Er3+ co-doped
548 Chem 10, 544–556, February 8, 2024
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UCNPs, we developed a numerical population kinetic model involving two-photon

populations (Figure S8). The results showed that the slope of the population evolu-

tion gradually decreased with higher pump rate. When an UCNP is placed near a

plasmonic structure, the strong local electric field induced by the surface plasmon

resonance can enhance the photon flux of excitation, leading to improved energy

harvesting by sensitizer ions. Although the output power of the laser source remains

constant, UCNPs embedded in the nanocavities are likely exposed to a much higher

pumping photon flux, exciting Er3+ ions from the ground state to the emitting

excited state more effectively. As a result, the plasmon hot spots accelerate multi-

photon processes, which results in reduced slopes. Moreover, the plasmon

enhancement factor is determined by the ratio of luminescence from particles

coupled to plasmonic structures (I) to the luminescence intensity of bare particles

without a pattern (I0). We plotted the power-dependent enhancement factors by

calculating I/I0 (Figure S9). In the weak excitation regime, the enhancement effects

are more pronounced due to multiphoton process. However, as the excitation

pump increases, the intermediate energy level of the upconversion process gradu-

ally saturates, leading to less effective enhancement. The green and red emissions of

UCNPs were 50- and 66-fold higher for the sample with antenna-170 than for parti-

cles without the metasurface, while they were 8- and 30-fold higher for the sample

with antenna-130 (pump power: 1.47 mW; Figure S7).

Selective polarization modification of excited and radiative dynamics

We further verified the polarization responses of our hybrid platforms based on the

optimized nanoantenna parameters and excitation power. Hybrid nanostructures

were measured using polarization-resolved photoluminescence spectroscopy. Exci-

tation-dependent polarization measurements were performed by tuning a near-

infrared (NIR) polarization filter and a half-wave plate in front of the laser source,

while anisotropic emission features were characterized by varying a polarization

analyzer in front of the detector (Figures 2E and S5). In control experiments, we first

measured the polarization-dependent luminescence of randomly oriented UCNPs

on Al film (Figure S10). The upconversion luminescence remained almost unchanged

under varied excitation. For particle-coupled metasurfaces, we defined the polariza-

tion direction as 0� for the excitation light polarized along the long rod axis (y axis). In

the sample with UCNPs coupled to antenna-170 arrays, the detected upconversion

luminescence intensity was found to fluctuate periodically, with a change in excita-

tion polarization from 0� to 360�, resulting in a sinusoidal dependence on the polar-

ization angle (Figures 2F and 2G). The maximum (Imax) and minimum (Imin) lumines-

cence intensities occurred when excitation light was polarized parallel and

perpendicular along the longitudinal axis of the nanoantennas, respectively. Polar-

ization sensitivity can be quantitatively analyzed using the degree of polarization

(DOP): DOP = (Imax � Imin)/(Imax + Imin). Calculated DOPs are up to 0.83 and 0.70

for red and green emission peaks, respectively, indicating that plasmon-enhanced

upconversion luminescence has a strong polarization sensitivity to the excitation

light (Figure 2H). Antenna-130 also demonstrated similar luminescence polarization

dependence, but with relatively lower DOPs (red emission, 0.77, and green emis-

sion, 0.43; Figure S11), plausibly because the longitudinal resonance mode of an-

tenna-130 is less optically matchable with the excitation wavelength of UCNPs.

We next used the FDTD method to simulate excitation enhancement factors ðf qex )
induced by localized resonance surface plasmons. Near-field patterns at the excita-

tion wavelength of 980 nm were simulated in different excitation orientations (Fig-

ure S12). Rod-shaped antennas acted as optical concentrators that enabled both

local-field confinement and polarization-controlled field rotation. Based on our
Chem 10, 544–556, February 8, 2024 549



ll
Article
proposed modeling (Equation 1), the total f qex of plasmon-coupled upconversion

emitters was simulated as a function of excitation orientation (Figure S13). Two

representative positions were chosen for the investigation: the positions of emitters

in the longitudinal (L) and transversal (T) directions with respect to the long axis of

rod antennas (Figure 2I). For the antenna-170 sample, the polar plots of f qex at L

and T positions showed dipole patterns polarized along the y axis and x axis of

rod antennas, respectively. Moreover, the enhancement factors at L position were

numerically much larger than those at the T position, indicating that nanoparticles

in the L regionsmostly experience the plasmon-enhanced pump field. Thus, the total

luminescence tends to obey the longitudinal polarization. The simulated polar exci-

tation pattern of antenna-130 is similar to that of antenna-170 but shows relatively

smaller enhancement factors (Figure S14). Our simulation analysis agreed well

with experimental results of longitudinally polarized upconversion luminescence

(Figure 2H), confirming that excitation polarization is due to the modified excitation

transition induced by the actively tunable plasmon hotspots.

After selectively exciting the upconversion emitter by the enhanced near-field, we

further considered how the decay channels of the emitter’s exciton energy was

modulated by the local density of photon states around the antennas. For optical

measurements, luminescence emission was recorded by varying the polarization

analyzer in front of the detector from 0� to 360�, whereas the polarization of the exci-

tation laser was either parallel or perpendicular to the long axis of rod antennas. In

the control experiments, the upconversion luminescence of randomly oriented

UCNPs on Al film showed a nearly isotropic emission response at varied polarizer an-

gles (Figure S10). In contrast, upconversion spectra showed a periodic variation as a

function of emission polarization angle due to coupling to anisotropic plasmon

modes (Figures 3A–3D). Polar plots can be well fitted with a cosine squared function.

When the antenna-170 sample was excited in the longitudinal direction, the intensity

of the red emission was greater than that of the green emission, but the two emis-

sions were both longitudinally polarized (Figure 3A). Conversely, the intensity of

the green emission became stronger than that of the red emission when excited in

the transverse direction, while both emissions adopted the polarized behavior of

plasmons and became polarized in the transverse direction (Figure 3B).

For the antenna-130 sample, the dual-resonance plasmon modes of antennas can

selectively couple with the 655 nm emission longitudinally and the 540 nm emission

transversally, decoupling polarization states of the green and red emission in

orthogonal directions (Figures 3C and 3D). The two emission bands showed distinct

variations as a function of the polarization angle of the emission. For longitudinal

excitation, the polar plot of the emission at 655 nm was polarized along the y axis

of antennas, corresponding to the case of antenna-170 (Figure 3C). Conversely,

the polar plot of the 540 nm emission was polarized along the x axis of antennas.

With transverse excitation, the red and green emissions retained the polarization

features in perpendicular directions, but the green emission became stronger than

the red (Figure 3D).

To elucidate how the geometrical engineering of the Al-rod nanoantennas influ-

ences the polarization responses of the radiation process, we simulated plasmon-

modified radiative decay dynamics (Figure 3E). The emission enhancement (fem) of

an emitter has two contributors: decay rate enhancement (Purcell factor, Frad ) and

antenna-accelerated efficiency (sa).
39 Figure 3E shows the polar plots of f qem as a func-

tion of dipole orientation q for two characteristic wavelengths. For the antenna-170

sample, the dependencies of f qem (655 nm) and f qem (540 nm) were mainly polarized
550 Chem 10, 544–556, February 8, 2024



Figure 3. Upconversion luminescence with programmable multicolor emission and polarization states

(A and B) Upconversion emission variation and the corresponding peak intensity polar plot as a function of emission polarization angle for the antenna-

170 sample. The excitation is oriented in the longitude direction (A) and transverse direction (B), respectively.

(C and D) Upconversion emission variation and corresponding peak intensity polar plot as a function of emission polarization angle for the antenna-130

sample. The excitation is oriented in the longitude direction (C) and transverse direction (D), respectively.

(E) Simulations of polarization-dependent emission enhancement factors (f qemÞ for dipole emitters located longitudinally (L) and transversally (T) with

respect to rod antennas (column I and column II). Simulations of polarization-dependent average emission enhancement factors, f qem(average), and total

enhancement factors (f qtotalÞ for dipole emitters with the emission wavelength at 540 and 655 nm (column III and column IV). The gray numbers on the

polar pattern represent enhancement factors. The separation distance between the emitters and antennas is set to 5 nm. The polar pattern of

f qem(average) was plotted by calculating the average value of f qem at T and L locations, f qem ðaverageÞ = f qemðLÞ+f qemðTÞ
2 , which showed a dominant polarization

state along the transverse direction for the sample of antenna-170 and showed obvious anisotropic polarization properties in orthogonal directions for

the sample of antenna-130. The total enhancement factors (f qtotalÞ were calculated by integrating excitation and emission enhancements in both T and L

positions, f qtotal =
f q
total

ðLÞ+f q
total

ðTÞ
2 . The symbol q represents the orientation angle of the dipole source. qex represents the excitation polarization angle.
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transversely due to resonance coupling at position T. This means that transverse po-

larization can effectively boost both green and red emissions. In contrast, for an-

tenna-130, the polar plot of f qem (655 nm) at position L is largely polarized in the lon-

gitudinal direction, while f qem (540 nm) at position T is much more polarized in the

transverse direction. As a result, the f qem polar pattern of red emission is predomi-

nantly polarized in the longitudinal direction, while the green emission is polarized

in the transverse direction. This anisotropic enhancement effect thus allowed selec-

tive modification of the polarization of different spectral components in UCNPs by

near-field anisotropic techniques. These results suggest that antenna-130 is best

suited to efficiently decouple two upconversion radiation channels into orthogonal

polarization directions.

The total emission polarization originates from the synergistic effect of the plasmon-

enhanced excitation polarization and the plasmon-coupled decay process. Thus, the

upconversion polarization behaviors may vary depending on the synergistic effects

of the excitation and emission enhancement. Meanwhile, polarization signals from

the emitters distributed outside specific areas (T and L positions) change the final

polarization patterns. To exploit the synergistic effects on polarization modification,

we consider two extreme situations in theory (e.g., excitation-dominated or emis-

sion-dominated conditions) and conduct a comparative analysis with the experi-

mental measurements. In the situation where the emission manipulation dominates,

the excitation interference would be neglected. We directly plotted the polar

pattern of f qem (average) by calculating the average value of f qem at both T and L po-

sitions (Figure 3E). For the sample of antenna-170, f qem (average) showed a dominant

polarization state along the transverse direction, while f qem (average) for the sample

of antenna-130 showed obvious anisotropic polarization properties in orthogonal

directions. Moreover, the selective manipulation of the excitation by active tunning

of plasmonic hotspots was considered (Figures 2I and S14). After combining the

excitation enhancement factors, the total enhancement factors (f qtotal) of antenna-

170 showed a polar pattern that varied with excitation orientation. The polarization

directions remain fairly consistent with the experimental results of antenna-170

(Figures 3A and 3B). In this situation, the longitudinal resonance mode coincides

well with the excitation light at 980 nm, leading to a theoretically large excitation

enhancement factor (the maximum value of 87.7 for f qex ; Figure 2I). Although the

simulated f qem shows a dominant polarization state along the transverse direction,

it is much lower than f qex , indicating that the excitation resonance is much more

crucial for photon-plasmon coupling in this case and thus imparts upconversion

luminescence with parallel polarized features inherited from the dominant excitation

coupling (Figures 3A and 3B). For the antenna-130 sample, the total enhancement

factors (f qtotalÞ after combining the excitation manipulation also showed a polar

pattern that varied with the excitation orientation (Figure 3E).

However, in experiments, the plasmon-coupled upconversion emitters exhibited

anisotropic properties regardless of whether the laser excitation was perpendicular

or parallel to the long axis of the rod antenna (Figures 3C and 3D). In contrast, the

experimental polarization results of antenna-130 closely matched the simulated po-

lar pattern of f qem(average) rather than the total enhancement effects, suggesting that

the emission manipulation was indeed dominant. This is because, in the case of the

130 nm antennas, the decomposed f qem is comparable or even slightly larger than f qex
(the maximum value of 15.6 for f qem and 9.7 for f qex ) (Figures 3E and S14), indicating

that the effect of emission enhancement has the potential to overcome the excita-

tion interference. The relatively lower ability of antenna-130 tomanipulate excitation

may lead to a situation where emissionmanipulation dominates. However, it is noted
552 Chem 10, 544–556, February 8, 2024



Figure 4. Polarization-controlled upconversion multiplexing

(A) Schematic showing the information coding by patterning antenna-170 and antenna-130 in

orthogonal directions. The hidden information can be decoded by switching the excitation or the

detection polarization angles.

(B) An image pattern composed of four sets of English characters, which are fabricated using

UCNP-coupled antenna-170 and antenna-130 in orthogonal directions.

(C) The maximal luminescence intensity and red-to-green (R/G) emission ratio obtained from

antenna-170 and antenna-130 samples, demonstrating that distinct image patterns can be resolved

by imaging luminescence intensity (channel 1) and differentiating emission ratiometry (channel 2).

(D) Bright field, upconversion luminescence intensity (channel 1) and R/G-ratiometric (channel 2)

imaging of UCNP-coupled plasmon patterns. Image patterns can be programmed by switching the

excitation or the detection polarization angles. Scale bars, 30 mm.
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that the experimental green polar pattern under longitudinal excitation and the red

polar pattern under transverse excitation exhibit a much lower DOP, which may be

caused by the excitation interference. Although the polarization direction did not

change, the shape of the polar pattern was obviously modified. Notably, there are

some differences between the numerical results and the measured enhancement

factor, which are due to the imperfect dielectric environment in the plasmonic cavity

and the complicatedmultiphoton processes in the ESA-mediated theoretical model.

To examine the distance effect on enhancement factors, the same simulations were

performed for the emitters located at a distance of 10 nm from the rod antennas

(Figures S15–S17). The simulated results showed a similar enhancement pattern

compared with those with 5 nm spacing (Figure 3E). However, the numerical

enhancement factors are completely lower than the corresponding value in a nearby

case. The results indicate that the value of the total enhancement factors changes as

a function of distance, but the effects on the polarized emission remained similar.

Therefore, the dominant features, such as the emitting wavelengths and polarization

states, should remain the same.

Programmable upconversion multiplexing

Taking advantage of the polarization-controlled multi-level upconversion response,

we demonstrated a scheme for optical information multiplexing in different

frequencies and polarizations using our plasmon-emitter system (Figures 4A and

4B). Polarization-dependent luminescence intensity imaging and luminescence
Chem 10, 544–556, February 8, 2024 553
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ratiometry were used as two channels to transmit distinct information. The polariza-

tion alignment (e.g., the excitation orientation and the detection polarization angle)

was used as the key to decode the information. Multiplexed information can be

resolved by selecting the thresholds for both intensity and ratiometry by comparing

luminescence intensity and red-to-green emission ratiometry in antenna-170 and

antenna-130 samples (Figure 4C). To demonstrate the concept, four words were

constructed by coupling antenna-170 and antenna-130 orthogonally, resulting in

16 letters hidden in the image (Figure 4D). It is possible to resolve TRUE and

FALSE words by imaging luminescence intensity and interconverting them by

altering the polarization of the incident wave (Figure 4D). The emission ratiometry

can be used to differentiate between two other words (GOOD and BAD), based

on different excitation and detection polarization angles.
Conclusions

Our experimental data and simulations have shown that anisotropic plasmon engi-

neering offers a solution to surpass the constraints of crystalline symmetry in

isotropic upconversion nanocrystals, enabling multi-level polarized upconverted

signals. By precisely modulating the optical density of states in subwavelength

gap-mode-supported metasurfaces, we have achieved effective control over the

population kinetics for nonlinear light generation. This control allows us to actively

manipulate the emission intensity, frequency, and polarization states of upconver-

sion luminescence. Our investigations provide valuable insights into the design prin-

ciples for advanced nonlinear quantum systems, offering tailored frequency and po-

larization behavior at the nanoscale. This study opens up new possibilities in

nanoscale light polarization control, with potential applications including all-optical

integrated circuits, polarized color generation for optical security and pattern

display, polarized light-emitting diodes, and ultrasensitive polarimetry.37,44,45
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