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Challenges and Opportunities of Upconversion
Nanoparticles for Emerging NIR Optoelectronic Devices

Sunyingyue Geng, Hangfei Li, Ziyu Lv, Yongbiao Zhai,* Bobo Tian, Ying Luo, Ye Zhou,
and Su-Ting Han*

Upconversion nanoparticles (UCNPs), incorporating lanthanide (Ln) dopants,
can convert low-energy near-infrared photons into higher-energy visible or
ultraviolet light through nonlinear energy transfer processes. This distinctive
feature has attracted considerable attention in both fundamental research and
advanced optoelectronics. Challenges such as low energy-conversion
efficiency and nonradiative losses limit the performance of UCNP-based
optoelectronic devices. Recent advancements including optimized core–shell
structures, tailed Ln-doping concentration, and surface modifications show
significant promise for improving the efficiency and stability. In addition,
combining UCNPs with functional materials can broaden their applications
and improve device performance, paving the way for the innovation of
next-generation optoelectronics. This paper first categorizes and elaborates
on various upconversion mechanisms in UCNPs, focusing on strategies to
boost energy transfer efficiency and prolong luminescence. Subsequently, an
in-depth discussion of the various materials that can enhance the efficiency of
UCNPs and expand their functionality is provided. Furthermore, a wide range
of UCNP-based optoelectronic devices is explored, and multiple emerging
applications in UCNP-based neuromorphic computing are highlighted.
Finally, the existing challenges and potential solutions involved in developing
practical UCNPs optoelectronic devices are considered, as well as an outlook
on the future of UCNPs in advanced technologies is provided.
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1. Introduction

Optoelectronic devices are fundamental
to modern technology, playing a pivotal
role in various fields, including infor-
mation communication,[1,2] environmen-
tal monitoring,[3] display technology,[4]

storage,[5–7] energy,[8] healthcare,[9] and
even quantum information processing.[10]

Advances in material composition and
device structures have driven remarkable
progress in the field of optoelectronics.[11,12]

Notably, near-infrared (NIR) responsive
optoelectronic devices have garnered sub-
stantial scientific interest and potential
due to the unique advantages of NIR
light, including strong penetration abil-
ity, high signal-to-noise ratio, and low
optical loss.[13,14] These properties make
them particularly well-suited for special-
ized scenarios such as remote sensing,[15]

satellite communications,[16] military
encryption,[17] night vision,[18] wearable
health monitoring,[19] biomedical imag-
ing, quantum communication,[20] and
multilevel data storage.[21] Nevertheless,
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conventional NIR optoelectronic devices face challenges in
efficiently converting low-energy NIR photons into electrical
signals.[22] Under such circumstances, narrow-bandgap semi-
conductors, such as PbS quantum dots (QDs) and black
phosphorus nanosheets, have been explored to address these
challenges.[23,24] Although these materials show certain poten-
tial, they also face inevitable limitations, including environmen-
tal instability, the use of toxic elements,[25] and insufficient pho-
ton conversion efficiency, which hinder their further applica-
tion in next-generation optoelectronic devices. Therefore, devel-
oping novel strategies to achieve efficient NIR responsive opto-
electronic applications is urgently required.
One promising solution to the aforementioned challenges lies

in photon upconversion technology by upconversion nanopar-
ticles (UCNPs). Upconversion luminescence (UCL) is a typical
nonlinear anti-Stokes photoluminescence process, where two or
more low-energy photons are sequentially absorbed, followed
by the radiation transition resulting in the high-energy photon
emission.[26,27] This distinctive capability enables UCNPs to ef-
ficiently convert NIR light into visible (vis) or ultraviolet (UV)
emissions, thereby extending the responsive wavelength range of
optoelectronic devices and unlocking features beyond the reach
of traditional materials. UCNPs generally consist of a host matrix
and specific dopants. Among these, lanthanide ions (Ln3+) doped
UCNPs, characterized by their rich 4f orbital energy level,[28]

facilitate multistage excitation by absorbing multiple NIR pho-
tons, thereby improving the UCL efficiency. Moreover, rare-earth
ions, known for their long excited-state lifetimes and stable opti-
cal performance, contributed to minimizing energy losses and
enhancing emission intensity.[29,30] These intrinsic properties
make UCNPs particularly attractive for optoelectronic applica-
tions, where efficient photon conversion and precise spectral
control are crucial for device performance. Recent advances in
nanoscience and nanotechnology have considerably deepened
the understanding of UCNPs mechanisms, leading to notable
progress in fields such as NIR responsive photodetector,[31,32]

three-terminal photonic flash memory,[33–35] and two-terminal
photonic memristor.[36]

The upconversion process in UCNPs commonly involves
three mechanisms: energy transfer upconversion (ETU), photon
avalanche (PA), and energy migration upconversion (EMU).[37]

The ETU is the most widely employed mechanism, involv-
ing sequential energy transfer between sensitizer and activator
ions.[28,38] Yb3+ are typically used as sensitizers to absorb NIR
photons and transfer energy to activator ions, such as Er3+, Tm3+

,
or Ho3+, resulting in vis or UV emission. Although Ln3+ doped
UCNPs offer an effective approach for NIR detection, they still
face some shortcomings such as low upconversion efficiency and
a limited emission spectrum range, which hinder their further
advancement in cutting-edge applications. Addressing these lim-
itations requires precise control of UCNPs’ microscopic prop-
erties, including host lattice engineering,[39] high-concentration
doping,[27] photonic crystal design,[40] and core–shell nanostruc-
ture engineering,[41,42] which could reduce nonradiative losses
and optimize energy pathways.
However, significant nonradiative losses and the inherent in-

sulating nature of UCNPs hinder their widespread practical ap-
plication, particularly in light-modulated memory and neuro-
morphic devices.[43,44] These factors reduce their efficiency in

light-modulated memory and neuromorphic devices, making
integration into functional electronic systems challenging. Re-
cent efforts to combine UCNPs with other functional materi-
als, such as semiconductors, polymers and plasmonic nanos-
tructures, have opened new avenues for improving device per-
formance and enabling novel applications that surpass conven-
tional materials.[32,43] For instance, combining UCNPs with plas-
monic nanostructures, such as Au or Ag nanoparticles (NPs),
and optimizing UCL through plasma-enhanced effect can sig-
nificantly boost optoelectric performance.[45,46] In addition, the
combination of UCNPs with semiconductor materials facilitates
energy transfer between UCNPs and semiconductors, thereby
improving photon-to-electron conversion efficiency.[36,47,48] These
composites have enabled the development of high-performance
NIR-responsive photodetectors and optical memory devices. In
2014, our group prepared a NIR modulated transistor by inte-
grating UCNPs with semiconducting polymer to develop wear-
able optoelectric devices.[49] These advancements underscore im-
mense potential of UCNP-based systems for the development
of advanced optoelectronic devices. To fully realize this poten-
tial, it is crucial to tailor interface properties and optimize com-
posite material synthesis for ensuring efficient energy transfer.
Furthermore, refining integration strategies to enhance compat-
ibility with various device architectures and operational environ-
ments also deserves attention. Progress in these points will un-
lock the full potential of UCNPs composites, driving the develop-
ment for the next generation of smart, multifunctional optoelec-
tronic devices.[34,50]

This review provides a comprehensive overview of recent ad-
vancements in UCNP-based optoelectronic devices, focusing on
strategies to improve performance and broaden application sce-
narios (as shown in Figure 1). We firstly discuss diverse strategies
for improving energy transfer efficiency and luminescence sta-
bility, such as dopant concentration optimization and advanced
core–shell engineering. Besides, to solve the limitations of high
nonradiative loss and inherent insulation properties for UCNPs
alone, we review various UCNP-based composites which can en-
hance the efficiency of UCNPs and expand their functionality.
Moreover, we explore a wide range of UCNP-based optoelectronic
devices, including photodetectors, three-terminal photonic flash
memory, and two-terminal photonic memristors, underscoring
the significant progress in harnessing UCNPs’ unique proper-
ties for diverse applications. We also examine the emerging roles
of UCNPs in neuromorphic computing, including convolutional
neural networks (CNNs) and reservoir computing (RC). Finally,
we propose some targeted solutions to the challenges of inte-
grating UCNPs into practical applications and offer a forward-
looking perspective on the role of UCNPs in the future develop-
ment of advanced optoelectronic technologies.

2. Mechanisms of Upconversion Emission Process
in UCNPs

The upconversion emission mechanisms in UCNPs are critical
determinants for their emission efficiency, stability, and overall
performance, directly influencing their applicability in diverse
optoelectronic and photonic applications.[26,51] A thorough un-
derstanding of these mechanisms is essential for the rational
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Figure 1. Fundamental mechanisms of UCNPs, and their roles in optoelectronic devices as well as advanced applications.

design and optimization of UCNPs as well as UCNP-based op-
toelectronic devices, enabling the development of materials that
meet the specific requirements of emerging technologies. In this
section, we delve into the primary mechanisms responsible for
upconversion in UCNPs, focusing on the ETU, PA, and EMU.

2.1. Energy Transfer Upconversion

The ETU is a well-established mechanism in UCNPs that
involves a sequential energy transfer process between sensi-
tizer and activator rare-earth ions embedded in a host matrix
(Figure 2a). Yb3+ ions are commonly employed as sensitizers due
to their efficient absorption of NIR photons at around 980 nm,[52]

while activator ions such as Er3+, Tm3+, or Ho3+ are responsi-
ble for vis or UV emission. Notably, the excited state absorption
(ESA) process involves an activator ion absorbing multiple pho-
tons sequentially to reach higher energy states, contributing to
enhanced upconversion emission in certain systems.[53] The ESA
may coexist with the ETU to increase overall emission intensity.
However, compared to the ETU, the ESA typically requires higher
excitation power, which limits its efficiency. In addition, the ESA
is prone to inducing increased nonradiative losses, potentially
further reducing the overall upconversion performance.
The efficiency of ETU is governed by several key factors, in-

cluding the host matrix’s crystal field environment, the ions

concentration, and the sensitizer-to-activator ion ratio.[54–56] Se-
lecting host materials with low phonon energies is crucial for
minimizing nonradiative decay by reducing vibrational coupling.
NaYF4, particularly in its 𝛽-phase (hexagonal phase), is highly fa-
vorable due to its superior upconversion efficiency.[57] Chen et al.
utilized hexagonal-phase 𝛽-NaYF4 as the core matrix to exam-
ine the relationship between the active domain size (i.e., inter-
mediate shell thickness) and the ETU efficiency.[39] From the ab-
sorption spectrum in the range from 300 to 700 nm (Figure 2b),
it can be observed that with the increase in the thickness of
the intermediate shell doped with Yb/Tm, both the absorbance
and the UCL intensity are enhanced. The upconversion quan-
tum yields (UCQY) of UCNPs smaller than 50 nm reached 13.0
± 1.3%, approximately four times greater than that of conven-
tional micrometer-sized bulk crystals, as shown in Figure 2c.
Meanwhile, the measured UCQY rises as the value of shell thick-
ness increases, with the enhancement being particularly pro-
nounced at higher Yb3+ concentrations. Benefiting from a rel-
atively high UCQY, these small-sized UCNPs achieve brightness
comparable to that of highly efficient single-photon fluorophores,
such as semiconductor QDs.
In addition to the conventional NaYF4 host matrix, recent

advancements have led to the development of various novel
low-phonon-energy host materials, such as sulfide-based sys-
tems and double perovskite systems, aimed at further en-
hancing the energy transfer efficiency. Tian et al. designed a
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Figure 2. a) Schematic illustration of the ETUmechanism. b) UCL and absorbance spectra of NaYF4@NaYF4:Yb/Tm@NaYF4 core–shell–shell nanopar-
ticles with different shell thicknesses. c) UCQY curves plotted against power density for different shell thicknesses. d) Crystal structure diagram of the
ternary sulfide NaYS2. e) Schematic diagram of upconversion mechanism of NaYS2:Er

3+ crystal under 1550 nm excitation. f) PLQY of Cs2NaHCl6 under
different doping conditions. g) Schematic depiction of the energy transfer from the emitting core to surface quenchers in Yb/Tm@Y UCNPs. h) UCL
spectra of NaYbF4:Tm@NaYF4 core–shell UCNPs with varying doping concentrations under 980 nm excitation. i) The ratio of integrated emission inten-
sity at ≈808 nm relative to those at ≈289, ≈345, and ≈450 nm. b,c) Reproduced with permission.[39] Copyright 2024, Springer Nature. d,e) Reproduced
with permission.[58] Copyright 2023, Elsevier. f) Reproduced with permission.[59] Copyright 2023, Wiley. g–i) Adapted with permission.[62] Copyright
2024, Elsevier.

ternary sulfide NaYS2 phosphor doped with Er
3+ (Figure 2d).[58]

The UCL efficiency and brightness reached twice that of com-
mercial 𝛽-NaYF4:Yb

3+/Er3+ phosphors under 980 nm excita-
tion. This significant UCL enhancement can be attributed to
the low phonon energy (279 cm−1) of the NaYS2 host ma-
trix and its highly asymmetric trigonal crystal structure, which
also mitigates the quenching effect caused by the S2−→Yb3+

charge transfer state (Figure 2e). Besides, a holmium-based
double perovskite of Cs2NaHoCl6 was reported, which achieves
efficient red NIR emission with a large unit cell and low
phonon energy.[59] By doping Bi3+ and Ag+ at the crys-
tal sites, the photoluminescence quantum yield (PLQY) un-
der 450 nm excitation was significantly enhanced to 82.3%
(Figure 2f), which can be attributed to the improved crystal
field environment that alleviates the parity-forbidden rule and
suppresses nonradiative recombination losses. These advance-
ments highlight the critical role of tailored structural engi-

neering and host matrix strategies in exploring photophysical
properties.
Regarding doping concentration, although incorporating mul-

tiple ions can enhance the sensitization process of UCNPs, plac-
ing the ions too close (higher Ln3+ doping) can increase nonra-
diative losses, such as cross-relaxation or quenching, due to ex-
cessive energy overlap, ultimately reducing overall emission ef-
ficiency. Therefore, developing some methods to achieve high
photon quantum yield while increasing doping concentration
has become the current research focus. Recently, advancements
in nanoparticle research have driven the creation of diverse ap-
proaches to mitigate energy loss at heavy doping.[60,61] In a study
conducted by Xie et al., a NaYbF4:Tm@NaYF4 core–shell struc-
ture was proposed, as shown in Figure 2g.[62] The introduction
of a thick inert shell effectively minimized excitation energy dis-
sipation while enhancing absorption, thereby ensuring high en-
ergy transfer efficiency. As depicted in Figure 2h, theUCL spectra

Adv. Mater. 2025, 2419678 2419678 (4 of 25) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of the PA mechanism. b) Schematic illustration of the fully reversible NIR photoswitching behavior of ANPs. The
emission undergoes photodarkening upon exposure to 1064 nm light, while photobrightening is achieved using light in the 400–840 nm range.
c) Fitting results of emission intensity versus excitation intensity curves based on differential rate equations, illustrating distinct “bright” and “dim”
states under varying excitation conditions. Recovery of photobrightening in a photo-darkened 20% Tm3+ core–shell ANP ensemble film sample, an-
alyzed based on d) irradiation wavelength and e) exposure time. f) Schematic illustration of the EMU mechanism. g) Schematic representation of
outside-in, inside-out, and local energy transfer configurations. The straight black arrows indicate the dominant energy migration pathway. Er3+ are
shown as orange spheres, Yb3+ as blue spheres, and Lu3+ as gray spheres. h) UCL spectra of the UCNPs with core–shell structure under a 980 nm laser
(7.3 W cm−2). b–e) Adapted with permission.[69] Copyright 2023, Springer Nature. g,h) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[76] Copyright 2022, The Authors, published by Springer Nature.

demonstrate that the individual Tm3+ emissions from the core–
shell nanoparticles exhibit distinct variations as the doping con-
centration (x%) increases. Furthermore, for core–shell UCNPs
with high doping concentrations, the NIR emission becomes in-
creasingly dominant (Figure 2i), and the overall UCL intensity
remains largely unchanged. This work provides general design
principles to overcome the limitations of traditional heavily dop-
ing and to develop UCNPs with high luminous intensity capa-
ble of meeting the demands of diverse applications. As a result,
incorporating a heavily doping of Ln3+ in core–shell structured
UCNPs has emerged as a feasible approach to enhance photon
upconversion emission intensity.[63]

Overall, the ETU plays a pivotal role in enabling efficient, sta-
ble, and high-intensity UCL across diverse excitation regimes.
Its high energy transfer efficiency at relatively low excitation
power densities, along with the flexibility in precisely tailoring
dopant ion concentrations and host matrix environments, under-
scores its significance in advancing optoelectronic and photonic
technologies.[29,64] In current UCNP-based optoelectronic de-
vices, the ETUprocess is ubiquitously integrated as a coremecha-
nism to achieve tunablemulticolor emission and enhanced quan-
tum yields. Furthermore, the ETU serves as the foundational
mechanism that supports and enhances various synergistic up-
conversion processes, such as PA and EMU.[41,50,65] These addi-
tional mechanisms build upon the efficient energy transfer pro-
vided by the ETU, allowing for further improvements in upcon-
version performance and enabling the customization of lumi-
nescence properties tomeet specific requirements optoelectronic
device.

2.2. Photon Avalanche

Beyond the well-established ETU process, several other upcon-
version mechanisms exist that rely on the synergistic interaction
of multiple dopant ions to enhance the overall efficiency of UC-
NPs. Each of these mechanisms possesses unique features that
contribute to improving different aspects of upconversion per-
formance. The PA is a highly nonlinear mechanism character-
ized by an initial weak photon absorption that triggers a positive
feedback loop of energy transfer, leading to rapid and significant
amplification of upconversion emission.[66,67] The schematic di-
agram of the PA mechanism is shown in Figure 3a. This mech-
anism requires a threshold excitation power, beyond which the
emission intensity increases dramatically, making it particularly
suitable for applications that demand on-off switching behaviors
or high-intensity emission outputs, such as optical sensors and
memory devices.[68] Figure 3b shows a switching process of light-
controlled switch based on Tm3+ doped avalanching nanoparti-
cles (ANPs).[69] The mechanism of such optical switch involves
modulating the threshold intensity of PA using NIR-I (700–
900 nm) and NIR-II (1000–1700 nm). Impressively, after over
1000 repeated optical switching cycles, the emission intensity of
ANPs in this light-controlled switch exhibited negligible attenu-
ation (Figure 3c), demonstrating excellent stability and durabil-
ity. This stability makes ANPs a promising candidate for 2D/3D
multicolor optical information storage. Figure 3d confirms the
dependence of luminescence recovery on the illumination wave-
length, with peaks at 800 and 700 nm directly corresponding to
the Tm3+ 3H4 and

3F2,3 transitions, while the peak at 530 nm

Adv. Mater. 2025, 2419678 2419678 (5 of 25) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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is attributed to color centers. Moreover, boosting the exposure
duration or irradiation intensity could further promotes photo-
brightening. When exposed to 700 nm light, almost full lumi-
nescence recovery can be attained within seconds (Figure 3e).
This PA-based devices could achieve precise multicolor emission
control, enabling high-density, multidimensional optical storage
with remarkable durability.[70] In addition, by optimizing dopant
concentration and host materials, the excitation threshold can be
further reduced, enhancing the energy efficiency of PA-based de-
vices and adaptability to diverse practical applications.[71]

2.3. Energy Migration Upconversion

The PA mechanism involves the direct interaction of photoex-
cited states with target sites, while the EMU mechanism re-
lies on cooperative energy migration between multiple excited
states.[72] As shown in Figure 3f, the EMU occurs when the ex-
citation energy migrates through a network of sensitizer ions
before reaching an activator ion capable of emitting a photon.
This mechanism is particularly effective in multilayer core–shell
UCNPs, where a sensitizer-rich core allows efficient energy mi-
gration, which is then transferred to an activator-doped shell for
emission.[73–75] The EMU supports effective long-range energy
migration, enhancing emission uniformity and boosting over-
all efficiency. Liu et al. designed three types of core–shell struc-
tured UCNPs (Figure 3g), with different energy migration direc-
tions, to investigate the factors influencing energy loss during the
EMU process.[76] As illustrated in Figure 3h, the luminescence
spectra indicates three structures’ UCL emission. The peaks at
521, 541, and 654 nm correspond to the radiative transitions of
Er3+ from the 4I11/2,

4S3/2, and
4F9/2 states, respectively. Notably,

the “outside-in” structure demonstrates the strongest UCL, sug-
gesting that interfacial energy transfer plays a crucial role in en-
hancing UCL. This designed structure leverages directional en-
ergy migration through topological optimization, providing an
innovative strategy to enhance EMU efficiency. This approach
not only increases single-particle brightness but also minimizes
back-transfer energy losses at the interface. Regulating the en-
ergy migration pathways through topological structure breaks
away from the traditional design paradigm of upconversion ma-
terials, offering a new perspective for developing high-efficient
upconversion systems.
Overall, the interplay between these synergistic upconver-

sion mechanisms allows for precise tuning of UCNPs’ emission
characteristics.[77,26] By carefully optimizing dopant concentra-
tions, selecting appropriate host matrices, and designing core–
shell structures, precise control over the upconversion efficiency
and emission spectra can be achieved.[78]

3. Hybrid Materials Based Upconversion System

In the previous chapter, we have explored the fundamentalmech-
anisms of UCNPs and discussed various strategies to enhance
the energy transfer efficiency. While UCNPs exhibit great poten-
tial in awide range of applications, their integration into optoelec-
tronic devices, particularlymemory-type devices, still faces signif-
icant challenges due to their substantial nonradiative losses and

inherent insulating nature. These limitations make them less ef-
fective in advanced applications like high-sensitivity photodetec-
tors and neuromorphic devices.
Many studies have focused on integrating UCNPs with other

functional materials to form composites that not only improve
UCL intensity but also expand their application scope, overcom-
ing their inherent limitations and fulfilling the specific require-
ments of emerging optoelectronic applications. In this section,
we classify UCNP-based composites into two main categories:
(1) those that enhance the absorption capability of UCNPs and
improve UCL intensity, such as nanometallic particles and or-
ganic dyes,[45,79] and (2) those that broaden the absorption spec-
trum and expand UCL functionality, such as QDs, 2D materials,
and metal–organic frameworks (MOFs).[48,80–82]

3.1. Materials for Enhancing UCL Intensity

The intensity of UCL is a critical factor in enhancing the perfor-
mance of UCNP-based optoelectronic devices, as it directly af-
fects their efficiency, sensitivity, and functionality. However, UC-
NPs are inherently limited by low photon absorption efficiency
and significant nonradiative losses, which restrict their effective-
ness across various applications. Incorporating certain materials
such as metallic NPs or organic dyes into UCNPs can enhance
the NIR absorption of UCNPs, optimize energy upconversion
processes, and reduce nonradiative decay, thereby boosting over-
all UCL efficiency.
Metallic NPs such as Au, Ag, or Cu NPs are among the most

effective materials for improving UCNPs performance through
plasmon-enhanced upconversion (PEU).[83] In the PEU process,
the energy from the metallic NPs is transferred to the UCNPs
via nonradiative coupling, which increases the photon absorp-
tion capability in the NIR region. Furthermore, these plasmonic
nanostructures are known for their ability to concentrate light
through localized surface plasmon resonances (LSPR), which sig-
nificantly increase the electromagnetic field near the nanoparti-
cles surface when illuminated by incident light (Figure 4a).[45]

This local field enhancement results in a higher excitation rate of
UCNPs. For instance, the LSPR of Au and Ag NPs can strongly
interact with the UCNPs, enhancing their light-harvesting capac-
ity and significantly boosting the upconversion emission inten-
sity. In addition, the localized electromagnetic fields generated
by plasmonic NPs can suppress the nonradiative decay pathways,
which further contributes to the improvement of UCL efficiency.
Therefore, this interaction not only enhances the photon absorp-
tion but also reduces nonradiative losses by facilitating the effi-
cient transfer of excitation energy from metallic NPs to the UC-
NPs.
In most metal–UCNPs composites, metallic NPs are typ-

ically attached to the surface of UCNPs. Therefore, the size
of the metallic NPs are essential contributors to the lumi-
nescence efficiency of UCNPs, as it indirectly influences the
thickness of the metal shell on the UCNPs surface. Díaz et al.
investigated how the size of the Au NPs affects plasmonic
excitation mechanisms.[84] Larger Au-NPs strengthen the emis-
sion intensity through PEU, but the peak of LSPR gradually
shifts away from the UCNPs emission region (Figure 4b).
While small-sized Au-NPs cannot effectively generate
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Figure 4. a) The principle of LSPR and a schematic illustration of the upconversion process in UCNPs combined with metallic NPs. b) Emission spectra
of UCNPs ethanol dispersions combined with Au-NPs of different sizes. c) UCL quenching efficiency of UCNPs combined with different sizes and ratios
of Au-NPs. d) Chemical structure diagram of the dye and the schematic illustration of the energy transfer mechanism. e) The frontier molecular orbitals
of cyanine dyes, incorporating sulfonate groups on their aromatic components, which consist of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). f) The optimized geometric configuration of cyanine dyes coordinated with Yb3+, where the distance
between the fluorescent core and the Yb3+ on the UCNPs surface is 0.41 nm. g) Integrated intensity of pure UCNPs and UCNPs combined with various
dyes under excitation by 980 and 808 nm lasers. h) Integrated intensity of pure UCNPs and disulfo-ICG modified UCNPs with different shell thicknesses
under excitation by 980 and 808 nm lasers. a) Reproduced with permission.[45] Copyright 2023, Elsevier. b,c) Reproduced with permission.[84] Copyright
2019, Royal Society of Chemistry. d–h) Reproduced with permission.[89] Copyright 2023, Wiley.

plasmon-resonance-enhanced UCL and are prone to quench-
ing. Only in an intermediate size range (41–52 nm), two
plasmon-induced phenomena roughly compensate each other,
resulting in a quenching efficiency (QE) close to zero (Figure 4c).
Furthermore, the combination of UCNPs with metallic NPs
has shown exceptional performance in various optoelectronic
applications, including photodetectors and biosensors, signif-
icantly enhancing sensitivity and lowering detection limits.
Meanwhile, these composites have also demonstrated im-
proved stability and reproducibility in NIR based devices,
making them ideal for advanced imaging sensors and sys-
tems. Furthermore, the versatility of metallic NPs allows for
tuning the excitation wavelength and emission intensity in

UCNPs, making these composites highly adaptable for different
applications.
Another effective approach to enhance UCL intensity is to

formUCNPs/organic dyes composites, in which organic dyes act
as sensitizers to promote energy transfer via Förster resonance
energy transfer (FRET).[85] Organic dyes absorb low-power pump
light and transfer the energy nonradiatively to the sensitizer ions
of UCNPs (such as Yb3+ or Er3+), potentially enhancing upcon-
version luminescence and energy conversion efficiency, depend-
ing on the energy transfer efficiency and system design. Dyes
such as rhodamine B,[86] coumarin,[87] andNile blue[88] have been
successfully integrated with UCNPs to boost their efficiency in
medical diagnostics, luminescent sensors, and solar cells. These
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dyes can also tune the emission spectra of UCNPs, providing a
way to tailor the upconverted light for specific applications. Liu
et al. reported a specially designed NIR dye, disulfo-indocyanine
green (disulfo-ICG), which enhances the emission intensity of
UCNPs.[89] The chemical structure of dye and energy transfer
mechanism are presented in Figure 4d. Cyanine molecules are
anchored to the surface of UCNPs via coordination bonds formed
between Ln3+ and carboxylate or sulfonate functional groups, en-
hancing the functional integration of thematerials. Notably, alkyl
chains increase the distance between the fluorescent core and the
UCNPs surface, which in turn reduces the energy transfer ef-
ficiency. Therefore, this work modifies the coordinating groups
on the conjugated structure to reduce the distance between the
fluorescent core and Ln3+, thus enhancing the heavy-atom ef-
fect of the Ln3+ on the dye (Figure 4e,f). Two sulfonate-modified
disulfo-ICG on the aromatic portion produces an exceptionally
strong dye-sensitized UCL emission (Figure 4g), which is 2413
times higher than the pure UCNPs emission. In addition, the up-
conversion emission enhanced by dye sensitization is also influ-
enced by the thickness of the UCNPs active shell, as presented in
Figure 4h. As the thickness of the outer shell increases, the dye-
sensitization enhancement factor first rises and then gradually
declines, with the maximum enhancement observed at 2.7 nm.
This work broadens the scope of NIR upconversion sensitiz-
ing dyes and introduces a new approach to modifying dye lig-
ands, providing valuable insights into the development of ef-
ficient upconversion composite systems. Furthermore, organic
dyes, known for their high molar extinction coefficients and pho-
tochemical stability, are ideal for improving the quantum yield
of UCNPs. By using dyes that can strongly absorb in the NIR re-
gion and efficiently transfer energy to UCNPs, it is possible to
achieve higher UCQY and increase the luminescence intensity,
making these composites highly efficient for low-power optical
applications.[90–93]

3.2. Materials for Expanding UCL Functionality

While improving the intensity of UCL is a crucial step, inte-
grating them with other materials to expand their functional-
ity is equally important for establishing a robust foundation for
advanced NIR optoelectronic devices. Combining UCNPs with
materials such as QDs, 2D materials, and MOFs can introduce
some novel properties that UCNPs alone cannot achieve. These
composites improve energy transfer, facilitate efficient photon–
electron conversion, and provide functionalities like high me-
chanical flexibility and improved charge transport. Such syner-
gies between these materials have further propelled the develop-
ment of multifunctional optoelectronic devices.
One of the most commonmaterials used to augment the func-

tionality of UCNPs is QDs, known for their high quantum yield
and vibrant fluorescence across a wide spectrum. Among QDs,
perovskite have gained prominence due to their tunable physical
properties and cost-effective synthesis, making them ideal for ap-
plications in photodetectors, and optical sensors. Since UCNPs
generally limited by their narrow absorption spectrum and low
energy conversion efficiency, integrating them with perovskite
QDs can obtain great benefits. The key advantage of combin-
ing UCNPs with perovskite QDs lies in their complementary en-

ergy levels for efficient energy transfer.[43] UCNPs transfer en-
ergy to perovskite QDs through their NIR UCL properties, with
the perovskite QDs utilizing this energy for light emission. This
combination improves optical responses and luminescence effi-
ciency. Furthermore, the wide tunability of perovskite QDs allows
for tailoring emission spectra from the UCNPs, making these
composites highly versatile for a variety of applications.[94] Van
et al. reported an effective strategy for NIR pumping of CsPbBr3
QDs via energy transfer from BaYF5:Yb/Tm UCNPs.[95] The up-
conversion mechanism is presented in Figure 5a, where the 5F3
level of Ho3+ and the 1D2 and

1G4 levels of Tm
3+ are energetically

higher than the conduction band of CsPbBr3 QDs. Furthermore,
there is a strong spectrum overlap between the absorption spec-
trum of the QDs acceptor and the emission spectrum of the UC-
NPs donor, which enables high transfer efficiency from UCNPs
to QDs via photon reabsorption (PR) or FRET. The UCL spectra
of UCNPs/QDs composites with different doping ratios under
975 nm excitation (Figure 5b) confirm this. Figure 5c illustrates
the variation in integrated UCL intensities of different compo-
nents from Figure 5b as the UCNPs/QDs ratio changes. With
the increase in perovskite QDs concentration, the overall emis-
sion intensity of the CsPbBr3 band shows a roughly linear in-
crease. Furthermore, at a 1:0.125 ratio, the integrated intensity
of the Tm3+ 1G4–

3H6 transition decrease by ≈98%, and it com-
pletely vanish in the sample with the maximum acceptor concen-
tration, indicating an energy transfer efficiency of nearly 100%
from BaYF5:Yb/Tm to CsPbBr3. These composites also benefit
from the high stability of perovskite QDs, and the synergy be-
tween UCNPs and perovskite QDs improves both the stability
and quantum yield of the resulting devices.[96] The UCNPs/QDs
composites have shown great promise in solar energy harvesting,
where they can be used in photodetectors devices.
Recent years, 2Dmaterials have gained attention for their high

surface area and remarkable electronic properties. These materi-
als also exhibit tunable optical, electrical, and mechanical char-
acteristics, making them ideal for integration with UCNPs. This
combination addresses inherent limitations of UCNPs, includ-
ing low charge transport efficiency and poor photon–electron
conversion.[48,97] Among them, MoS2 has gained attention due
to its high electronic conductivity and direct bandgap in mono-
layer form, which allows for effective energy transfer and charge
separation in optoelectronic devices. By integrating MoS2 with
UCNPs, the charge transfer efficiency between the UCNPs and
MoS2 is significantly improved, resulting in enhanced photode-
tectors and sensor performance.[36] In addition, these compos-
ites exhibit photobleaching resistance, minimal background flu-
orescence interference, excellent biocompatibility, and high pho-
tothermal conversion efficiency. Furthermore, the combination
of UCNPs with MoS2 also enhances the material’s optical ab-
sorption in NIR wavelength, complementing UCNPs’ capabil-
ity to convert NIR into visible light, which makes the compos-
ites highly suitable for high-performance imaging, sensing, and
energy harvesting applications. Huang et al. designed a hollow
MoS2 architectures on the NaYF4:Yb/Er microtubes, which fa-
cilitated efficient resonance energy transfer and significantly en-
hanced the UCNPs’ response.[98] The transmission electron mi-
croscope (TEM) and high-resolution TEM images of the MoS2
thin layers and the NaYF4:Yb/Er coating are shown in Figure 5d,
where MoS2 is evenly distributed on the microtubes surface.
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Figure 5. a) Schematic energy level diagram of the upconversion process and energy transfer mechanism in BaYF5:Yb/Ln-CsPbBr3 composites un-
der 975 nm laser excitation. b) UCL emission spectra of BaYF5:Yb/Tm-CsPbBr3 QDs at different ratios under 975 nm laser excitation. c) Variation
in the integrated UCL intensities of the components in (b) as a function of the doping ratio of BaYF5:Yb/Ln-CsPbBr3. d) TEM and HRTEM images
of NaYF4:Yb/Er-MoS2 composite. e) Absorption spectra of MoS2 microtubes and nanosheets, and UCL spectra of NaYF4:Yb/Er (980 nm laser ex-
citation). f) Diagram illustrating the energy transfer process between NaYF4:Yb/Er and MoS2 during the upconversion process. g) Schematic dia-
gram of the dual CPL switch for upconversion and DS in UCNPs-MOFs@DAEC activated by optical stimuli. h) The absorption spectra of DAECo
(black dashed line) and DAECc (orange dashed line), along with the UCL emission spectra of PVP-modified UCNP-Tm under 980 nm laser excitation.
i) Normalized UCL spectra of UCNPs-MOFs@DAEC with varying proportions under 980 nm laser excitation. a–c) Reproduced with permission.[95]

Copyright 2019, Royal Society of Chemistry. d–f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0).[98] Copyright 2020, The Authors, published by Wiley-VCH. g–i) Reproduced with permission.[103] Copy-
right 2021, Wiley.

The absorption spectrum of MoS2 and the emission spectrum
of NaYF4:Yb/Er (excited at 980 nm) exhibit nearly complete spec-
tral overlap, indicating the efficient nonradiative energy transfer
between these two components (Figure 5e). Figure 5f illustrates
the energy transfer process during the upconversion process in
the composite structure, where the energy fromUCL emission is
efficiently transferred to the tightly bound MoS2 thin layers, sig-
nificantly reducing radiative energy losses and providing a solid
performance foundation for subsequent optoelectronic devices.
Moreover, the high flexibility and mechanical properties of 2D
materials, exemplified by MoS2, provide significant advantages
for the development of wearable optoelectronic devices and flexi-
ble photodetectors. This ability to design stretchable or bendable
UCNP-based devices makes them highly attractive for bioelec-

tronics and environmental sensing applications, where flexibility
is crucial.[99,100]

In addition to 2D material, the UCNPs-MOFs heterostruc-
ture demonstrates promising potential in applications such as
biosensors and imaging, drug delivery, and photodynamic ther-
apy (PDT).[101] MOFs are a class of materials characterized by
their high surface area, tunable porosity, and exceptional chem-
ical and thermal stability. These materials consist of metallic
ions or clusters bonded to organic ligands, creating a 3D net-
work structure. The synergy effect between MOFs and UCNPs
is primarily attributed to the ability of MOFs to act as both en-
ergy donors and structural scaffolds.[92,102] On the one hand,
MOFs can absorb low-energy photons, such as those in the NIR
range, and transfer this energy to UCNPs through nonradiative
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interactions, resulting in efficient upconversion emissions. On
the other hand, the porous structure of MOFs facilitates seam-
less integration with UCNPs, enhancing charge separation and
minimizing nonradiative losses. Furthermore, the high surface
area and tunable porosity of MOFs, including factors such as
pore size, play a crucial role in enhancing light harvesting and
charge transport. These structural characteristics, when com-
bined with the high quantum efficiency of UCNPs, not only im-
prove photodetection sensitivity and response speed but also in-
fluence the fluorescence lifetime and enhance photon yield by
modulating energy transfer dynamics and minimizing nonra-
diative losses. In short, combining MOFs with UCNPs signifi-
cantly improves dispersibility, stability, and, most critically, en-
ergy transfer efficiency, along with improved charge separation
and transport, thereby enhancing the overall performance of
UCNP-based optoelectronic devices. Moreover, the incorporation
of MOFs into optical storage devices improves both the stability
and storage capacity, providing new possibilities for data storage
and security applications. Duan et al. reported a dual-switch sys-
tem demonstrating both upconversion and downshifting (DS)
circularly polarized luminescence (CPL) in the solid state was
developed by integrating diaryl ethylene derivatives (DAEC) and
NaYF4:Yb/Tm UCNPs into chiral MOFs (Figure 5g).[103] The iso-
mers of DAEC can switch between the open-ring form (DAECo)
and the luminescent closed-ring form (DAECc), a process that
can be triggered by the application of Vis and UV/NIR light.
Figure 5h shows the normalized absorption spectra of DAECo
and DAECc, along with the UCL emission spectra of UCNPs-
Tm. The emissions of UCNPs-Tm at 346 and 362 nm align with
the absorption bands of DAECo, while the UV emissions at 450
and 476 nm can be absorbed by DAECc. Thus, the transforma-
tion of DAECo to DAECc is attributed to the UV emission from
UCNPs-Tm under NIR 980 nm laser excitation. As the DAECc
content in the UCNPs-MOFs@DAEC composite increases, the
relative UC emission intensity of DAECc gradually rises, while
the UCNPs-Tm emission decreases, further demonstrating the
high energy transfer efficiency between UCNPs-Tm and DAECc
(Figure 5i). By tuning the chemical composition and porous
structures of MOFs, it is possible to optimize the energy trans-
fer dynamics and emission properties of UCNPs, thereby im-
proving their efficiency and versatility in various technological
fields. These composites are anticipated to serve a pivotal role
in the development of next-generation smart devices for appli-
cations in light sensing, photodetectors and optical information
storage.
Overall, the integration of various composite materials signif-

icantly enhances UCNPs’ performance, improving the UCL in-
tensity and overcoming limitations such as poor charge transport
and high nonradiative losses. In addition to the materials dis-
cussed earlier, others like poly(3-hexylthiophene-2,5-diyl) (P3HT)
and graphene oxide (GO) can also be combined with UCNPs to
further improve their properties.[104,105] P3HT, a conductive poly-
mer, helps to facilitate energy transfer and charge separation, en-
hancing the efficiency of devices like photodetectors and photo-
electronic memory. Meanwhile, GO, a 2Dmaterial, improves the
charge transport properties and adds flexibility, making UCNPs-
GO composites more suitable for wearable and flexible optoelec-
tronic devices. These advanced UCNP-based composites provide
a robust foundation for the development of NIR optoelectronic

devices, where efficient energy management, high sensitivity,
and fast response times are essential for next-generation smart
systems.

4. UCNP-Based Optoelectronic Devices

The excellent optical properties of UCNP-based composites sig-
nificantly enhance signal strength and clarity, making their
reliable integration with optoelectronic devices an important
topic for diversifying optical device functionalities. For exam-
ple, the successful integration of UCNPs with CdS semicon-
ductor has produced a high-performance NIR photodetector,
which not only improves the photoresponsivity and external
quantum efficiency by 14-fold and 140-fold, respectively, but also
overcomes the wavelength limitation of traditional CdS based
photodetectors.[106] In addition, encapsulating UCNPs within a
WO3 hydrogel matrix with photochromic properties circumvents
polarization dependence issues of conventional silicon-based op-
tical switches, effectively reduces energy cross interference, and
improves the purity and controllability of optical signals.[107] Fur-
thermore, optoelectronic devices based on UCNPs and P3HT
exhibit higher ON/OFF ratios, wider storage windows (6.3%–
34%), and longer retention times, enabling the development of a
photonic neuromorphic device with multilevel storage and tun-
able conductivity.[49] These advancements illustrate the potential
of synergistic UCNP-based composites for next-generation op-
toelectronic applications. To clearly illustrate the importance of
UCNP-based composites in various optoelectronic device, this
section reviews the latest advancements of UCNP-based photode-
tectors, three-terminal photonic flash memory, and two-terminal
photonic memristors. Moreover, we provide a detailed sum-
mary of the relationship between materials properties and de-
vice performance, offering both theoretical and empirical guid-
ance for the development of high-performance optoelectronic
devices.[108,109]

4.1. Photodetector

Photodetectors are devices that convert light signals into electri-
cal signals through the photoelectric effect, making them cru-
cial in fields such as detection and imaging.[110,111] When the
energy of photons exceeds the band gap of semiconductor ma-
terials, electron–hole pairs are excited, causing changes in cur-
rent or voltage within the circuit.[112,113] A high-performance pho-
todetector should feature wide spectral range; however, the tradi-
tional photodetectors are typically limited to vis[114,115] or UV[116]

light and exhibit limited sensitivity to long-wavelength NIR light.
Therefore, integrating UCNPs with other functional materials
has emerged as a promising strategy for achieving advanced NIR
photodetectors.[17,117] In the research process, the key parameters
of photodetectors determine their sensitivity, speed, and over-
all performance, such as response/recovery time, quantum ef-
ficiency, and sensitivity. For the response/recovery time, incor-
porating 2D materials (such as graphene and MoS2) with UC-
NPs accelerates the separation of photogenerated electron–hole
pairs, significantly enhancing response speed.[118,119] In terms
of quantum efficiency, coupling UCNPs with high-absorption

Adv. Mater. 2025, 2419678 2419678 (10 of 25) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202419678 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

N
G

 H
O

M
 - E

A
L

0000776, W
iley O

nline L
ibrary on [27/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

materials (e.g., GaAs) improves quantum efficiency, especially
under low-light conditions, resulting in greater photosensitiv-
ity and a lower detection limit.[120] For the sensitivity, engi-
neering heterojunctions with larger barriers enhances charge
carrier separation, suppresses recombination losses, and ex-
tends exciton lifetime, increasing charge collection efficiency
and boosting the signal-to-noise ratio in photodetection. To as-
sess material performance, techniques like time-resolved pho-
toluminescence (TRPL) analyze exciton dynamics, such as ex-
citon lifetimes and carrier recombination rates, which are cru-
cial for efficiency and response.[121] The integration of UCNPs
with these functionals materials not only extends the detection
spectrum but also improves performance, making it particu-
larly advantageous for applications with high NIR sensitivity and
responsivity.
The performance of NIR-responsive photodetectors typically

depends on the NIR absorption capability, the absolute UCL in-
tensity of the UCNPs, and the film quality of the electron trans-
port layer. As mentioned earlier, one of the most effective ap-
proaches to enhance the light absorption capability of UCNPs is
throughmodification withmetallic NPs, leveraging the plasmon-
enhanced upconversion effect to improve both detection effi-
ciency and response time. This enhancement is mainly related to
ETU. In the current photodetectors using UCNPs, the vast ma-
jority of researchers choose to use Yb3+ as sensitizers, absorb-
ing NIR light and transferring energy to Er3+ activators to pro-
duce visible or ultraviolet emissions. Park et al. reported high-
performance two-terminal photodetector based on ternary nanos-
tructured UCNPs-Au-PB (Prussian Blue) (Figure 6a,b).[122] The
incorporation of Au NPs induces LSPR, significantly enhancing
the single-photon absorption capability of Er3+ in the UCNPs
and thereby improving light absorption efficiency. In addition,
PB, as a broadband absorption material, extends the absorption
range across the Vis and NIR regions and facilitates photoin-
duced charge transfer, increasing the carrier density of the device.
The synergistic interaction among these three materials enables
this photodetector to exhibit superior cost-effectiveness, excep-
tional sensitivity, and outstanding responsivity compared to other
similar nanocomposite devices. Under irradiation with various
wavelengths (432–980 nm) at the same power density (3.184mW
cm−2), the UCNPs-Au-PB based device achieves a photocurrent
of 29 μA, nearly ten times greater than the 3.3 μA observed in
the original PB-based photodetector (Figure 6c,d). In additional,
Ko et al. proposed that energy transfer from UCNPs to Au core–
satellite nanoassemblies (CSNA), driven by both radiative and
nonradiative modes, significantly facilitates the efficient sepa-
ration of electron–hole pairs and their effective channeling.[123]

By incorporating Au NPs, the NIR absorption of UCNPs are
enhanced, and this composite is integrated into indium tin ox-
ide (ITZO) transistors, setting a precedent for the development
of NIR imaging sensor systems based on metal oxide semicon-
ductors. This enhancement arises from the energy transfer be-
tween UCNPs and Au NPs, which facilitates the effective sepa-
ration of electron–hole pairs generated within the Au upon the
application of drain voltage and directs these charge carriers into
the conduction band of the ITZO semiconductor. This mecha-
nism significantly improves the efficiency of the device, allowing
for the successful development of a NIR imaging system. No-
tably, regardless of the shape of the metallic NPs, the plasmon-

enhanced upconversion effect can efficiently increase the UCL
intensity.
Moreover, combining UCNPs with semiconductors is also an

outperform strategy, where UCNPs serve as the light absorbers,
while the semiconductor materials act as efficient charge trans-
porters. However, the roughness of the UCNP-based composites
directly affects the film formation quality of the electron trans-
port layer, which in turn impacts the performance of the photode-
tector. Dong et al. designed a three-phase self-assembly method,
which differs from simple spin-coating technique, to fabricate
large-area, flat, and dense monolayers of Au@Ag nanorods and
UCNPs, as shown in the TEM image (Figure 6e).[124] Thismethod
can effectively reduce the roughness of the UCNPs layer, thereby
enhancing the electron mobility in the MAPbl3 film. Further-
more, the incorporation of Au@Ag nanorods significantly im-
proves the UCL peak compared to pure UCNPs (Figure 6f).
Through the combined optimization of these two methods, the
response performance of the photodetector can be improved by
two orders of magnitude. In addition, Song et al. employed UC-
NPs/perovskite arrays to construct lateral heterostructured pho-
todetector sensitive to both vis–NIR light (Figure 6g,h).[125] Due to
the overlap between theUCL spectrumofUCNPs and the absorp-
tion spectrum of the CsPbI2.2Br0.8 array, the UCNPs/perovskite
heterostructure can respond to both Vis and NIR. Therefore,
this device demonstrates excellent light-harvesting ability of vis–
NIR light and ultra-higher photocurrent under 980 nm illumi-
nation (Figure 6i). These studies demonstrate that UCNPs not
only enhance the intrinsic optical sensitivity of other materi-
als, but also broaden the response range into the infrared spec-
trum, significantly expanding the potential applications of NIR
photodetectors.

4.2. Optoelectronic Memory Device

With the rapid growth of data volume, traditional memory tech-
nologies are struggling to meet the increasing demand for high
density and low power consumption. Photonics facilitate data
storage and processing through optical methods, providing ex-
ceptional bandwidth and speed.[126] Photonic memory systems
replace conventional electrical wiring with on-chip optical in-
terconnections to connect memory units and central process-
ing units (CPUs).[127] This approach addresses the von Neu-
mann bottleneck by lowering power consumption and improv-
ing data communication speed. These photonicmemories can be
directly integrated into processor chips, thereby enhancing the
efficiency of optical data transfer. However, as Moore’s law be-
comes increasingly obsolete, further miniaturization to incorpo-
rate more memory cells is hindered by the complexities of fabri-
cation and photolithography. An alternative strategy involves de-
velopingmultilevel memory cells with high storage density, shift-
ing the focus to achieving distinct and stable states. In photonic
memories, light signals act as an additional terminal in memris-
tor devices, ensuring awidememorywindow and significant vari-
ation margin across multiple storage levels. UCNPs provide new
possibilities for optoelectronic memory devices that utilize NIR
optical signals for regulation and computation, offering promis-
ing prospects for advanced brain–computer interfaces and bio-
logical neural network simulations in the future.
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Figure 6. The UCNP-based photodetectors. a) 3D schematic of the NC/EG/SiC-based hybrid photodetector. b) Side view of the NC/EG/SiC based
hybrid photodetector. c,d) Photocurrent as a function of applied VDS for PB/EG/4H-SiC and NC/EG/SiC hybrid devices under broad-range wave-
length illumination (432–980 nm). e) TEM image of Au@Ag nanorods. f) The typical upconversion emission of Er3+ under illumination at 980 nm
of different structures. g) Schematic diagram of the vis–NIR CsPbI2.2Br0.8/UCNPs photodetector arrays. h) Cross-section SEM images of the 1D side-
wrapped CsPbI2.2Br0.8/UCNPs structure (scale bars, i: 200 nm, ii: 100 nm). i) Dark current and photocurrent of CsPbI2.2Br0.8 photodetectors and
CsPbI2.2Br0.8/UCNPs photodetectors under the illumination of a 980 nm laser. a–d) Reproduced with permission.[122] Copyright 2022, Wiley. e,f) Repro-
duced with permission.[124] Copyright 2022, Royal Society of Chemistry. g–i) Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license (https://creativecommons.org/licenses/by/4.0).[125] Copyright 2022, The Authors, published by American Chemical Society.

4.2.1. Three-Terminal Photonic Flash Memory

Three-terminal flash memory shares a similar architecture with
the class field-effect transistor, with the key difference being the
addition of a floating gate layer into the gate-dielectric layer. Dur-
ing the programming operation, charges tunnel from the chan-
nel region into the chargeable floating gate or trapping layer.[128]

The stored charges are released back to the semiconductor chan-
nel by applying a reverse bias to the gate electrode, realizing the
erase operation.[129] These two processes primarily rely on charge
tunneling effects, such as Fowler–Nordheim tunneling or direct
tunneling. Thismechanism allows for optical control of data stor-
age, enabling multilevel memory.[130] For three-terminal flash
memory, the selection of materials has a crucial impact on per-

formance, reliability, and cost. First, the proper height and width
of the barrier can effectively regulate the injection and release of
charges in the floating gate, ensuring reliable data storage.[108] In
addition, the material should have excellent charge trapping ca-
pability to prevent the stored charges in the floating gate from
escaping, thereby maintaining long-term nonvolatility. Key pa-
rameters such as memory window, data retention time, and pro-
gramming/erasing speed further determine the storage capacity,
stability, and operational speed of the device, making them es-
sential considerations in material and device design.
Moreover, in three-terminal photonic flash memory, the

charge state of the floating gate can be modulated not only
by gate-voltage-induced charge tunneling but also by photo-
generated carriers under optical signals.[131] With high speed,
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broad bandwidth, and optical information storage and process-
ing capabilities, photonic flash memory addresses limitations of
traditional memory, such as speed bottlenecks, low energy effi-
ciency, and encryption challenges.[7] These advantages position
photonic flash memory as a promising technology for optical
sensing, image capture, and photonic neuromorphic computing.
However, most photonic flash memories currently rely on short-
wavelength light excitation, highlighting the significant applica-
tion potential of UCNPs capable of sensing NIR in photonic flash
memory devices.[34] By combining with other materials such as
P3HT, UCNPs can harness the energy generated by NIR to in-
duce the formation of electron–hole pairs, which in turn mod-
ulate the charge state of the floating gate, enabling optical gate
control.
To enable NIR-excited data writing, our group utilized

NaYF4/Er@NaYF4 doped P3HT as the semiconductor layer
of the transistors.[49] Since the absorption band of P3HT
(400–700 nm) overlaps with the main emission peak of
NaYF4/Er@NaYF4 UCNPs, upon NIR excitation, the UCNPs
emit photons that are absorbed by P3HT, generating electron–
hole pairs within the semiconductor. As a result, 980 nm laser-
assisted programming process can expand the memory window
and realize robust multilevel storage. Furthermore, to extend this
NIR-modulatedmultilevelmemory to retinomorphic devices that
simultaneously perceive and encode narrow IR spectral infor-
mation, our group recently further modified the device config-
uration and successfully simulated synaptic responses using a
UCNPs@SiO2/P3HT transistor (Figure 7a).

[44] The spectral char-
acterization in Figure 7b,c further validates the efficient radia-
tive energy transfer between the UCNPs and P3HT, as previously
discussed. During the programming process, a sufficiently large
positive bias drives electrons from the P3HT layer to the SiO2,
where they are ultimately captured by the UCNPs. These cap-
tured electrons generate a built-in electric field that accelerates
the accumulation of holes in the semiconductor layer, leading
to a threshold voltage shift. According to the energy-level struc-
ture, the SiO2 barrier at the interface blocks the trapped electrons,
functioning as a potential well and ensuring long-term memory
storage. By optimizing the silica shell thickness, a delicate bal-
ance is struck between enhancing programming speed and data
retention. In addition, as the programming time increases, the
number of generated charge carriers also increases, and the stor-
age window expands, demonstrating the device’s potential for
multilevel storage (Figure 7d).Moreover, whenNIR pulses are ap-
plied to the device, the generation of photo-induced charge carri-
ers leads to typical short-term potentiation behavior. Notably, the
programming process of the device can influence the response
to NIR light. We explore the synergistic effect of NIR irradiation
and electrical programming operations (S1–S8) on synaptic re-
sponse, further confirming that the physical reservoir exhibits
high-dimensional storage characteristics through electrical pro-
gramming as presented in Figure 7e.
In another study, we utilized MoS2 as the photo-sensitive

material to design a NIR-responsive flash memory based on a
UCNPs-MoS2 floating-gate phototransistor (Figure 7f).

[35] In this
device, under NIR illumination, the upconversion process excites
holes in MoS2 are transferred to pentacene due to band bending
(Figure 7g), while the remaining electrons are localized in MoS2
by the interfacial barrier, achieving effective carrier separation.

The absorption spectrum and the PL spectrum further demon-
strated a good spectral match between MoS2 and Ln3+ doped
NaYF4 UCNPs (Figure 7h), which is consistent with the analy-
sis in the previous chapter. As shown in Figure 7i, this synaptic
transistor exhibits a stable photoelectric response, enabling NIR-
driven writing and electrical erasing capabilities. Besides, similar
to MoS2, the organic material pentacene also exhibits excellent
performance in optoelectronic conversion and light sensing, with
a broad absorption spectrum.[33] Figure 7j proves that when com-
bined with UCNPs, pentacene also demonstrates charge carrier
capture and multilevel data storage capabilities. This heterojunc-
tion design not only enhances the device’s sensitivity to NIR light
but also enables a persistent photocurrent effect, paving the way
for multilevel storage and efficient information retention, mak-
ing it an ideal choice for the fabrication of three-terminal pho-
tonic flash memory.

4.2.2. Two-Terminal Photonic Memristor

Two-terminal memristors feature a switching medium sand-
wiched between electrodes, enabling compact integration and ef-
ficient on-chip implementation.[5] The switching medium layer
can be dynamically reconfigured in response to external stim-
uli, such as electric fields, magnetic fields, or light, resulting in
changes of conductivity or resistance state.[132,133] In recent years,
the development of memristors has made rapid progress, which
exhibit a wide range of resistive switching behaviors, including
abrupt (digital) or gradual (analog) processes.[134] These resis-
tance switching behaviors make memristors ideal candidates for
neuromorphic systems that mimic the way the human brain pro-
cesses and stores information.[135] The resistive switching mech-
anism primarily relies on the formation and rupture of con-
ductive filaments or charge trapping/detrapping at the interface,
while in photonic memristors, optical excitation further modu-
lates these processes via the photovoltaic effect, photogating ef-
fect, or photon-assisted carrier migration.[136] Key performance
parameters include the ON/OFF ratio, which determines the
contrast between resistive states, retention time and endurance,
which indicate memory stability, and response speed, which de-
fines the switching efficiency.
Compared to traditional electrical memristors, photonic mem-

ristors offer faster switching speeds, higher energy efficiency, and
greater flexibility through light-controlled conductance, enabling
multi-channel information processing.[6,137] This is particularly
beneficial for optical computing and high-speed data processing,
where the integration of optical and electrical signals provides
higher bandwidth and lower latency, driving the advancement of
optoelectronic neuromorphic computing.[138] While, a common
limitation of photonic memristors is their lower NIR sensitivity
compared toUV–vis sensitivity.[139] By incorporatingUCNPs into
the memristor field, the conductance of the memristors can be
precise modulated using NIR light signals, not only broadening
the memristor’s photon absorption capability, but also enhanc-
ing the memristor’s functionality for optoelectronic applications.
For example, by using three different organic dyes (sensitizers I,
II, III) to absorb light of different wavelengths and sequentially
transfer energy, the energy is efficiently transferred to UCNPs,
significantly expanding their light absorption ability in the vis-
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Figure 7. UCNP-based three-terminal photonic flash memory. a) Schematic diagram illustrating the device structure and radiative energy transfer pro-
cess from UCNPs@SiO2 to P3HT. b) Absorption spectrum of the P3HT film compared with the PL spectrum of UCNPs@SiO2. The PL spectrum of
UCNPs@SiO2 embedded within the P3HT film. d) Transfer curves of the device after writing and erasing operations (VDS = −20 V). The devices’ transfer
characteristic curves exhibited a positive shift with increasing programmed time due to the enhanced carrier capture state. e) Response current as a
function of the number of applied light pulses under varying storage states. f) Schematic representation of a NIR artificial synaptic device utilizing a
UCNPs-MoS2 floating gate phototransistor. g) Analysis of programming process. h) UV–vis absorption spectrum of MoS2 (red line), the PL spectrum
of UCNPs (blue line), and UCNPs-sensitized MoS2 system (purple line) under 980 nm NIR excitation. i) The source–drain current (IDS) plotted as a
function of time during 980 nm NIR programming process, accompanied by erasing operations at different gate pulse (20 and 60 V). j) Retention per-
formance of a multilevel NIR photonic memory device. a–e) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0).[44] Copyright 2024, The Authors, published by Wiley-VCH. f–i) Reproduced with permission.[35]

Copyright 2019, Elsevier. j) Reproduced with permission.[33] Copyright 2021, Royal Society of Chemistry.
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ible to NIR range.[85] These sensitized UCNPs combined with
UV-responsive photoacid generators (PAG) form a memristor
that acts as a light-triggered chemical destruction layer. Upon ex-
posure to UV, vis, or NIR, the PAG is activated to release acid,
rapidly corroding the storage device and ensuring the data be-
comes irrecoverable (Figure 8a–c).
Furthermore, our research group reported a NIR-responsive

photonic memristor based on MoS2-NaYF4:Yb/Er UCNPs as the
memristive layer, and the top and bottom electrodes are Al and
ITO, respectively (Figure 8d).[36] According to the energy band
alignment as shown in Figure 8g, the hole injection barrier is
much lower than the electron injection barrier. At low applied
voltage, only a small number of free charge carriers can cross the
barrier and are trapped in the MoS2-UCNPs. However, under the
combined action of NIR light and large voltage, the photogener-
ated excitons are separated in theMoS2-UCNPs interface. A large
number of additional holes quickly fill the trapping sites and al-
low carriers to move freely, thereby switching the device from
high-resistance state (HRS) to low-resistance state (LRS). Notably,
as the NIR intensity increases, more photogenerated carriers are
generated, resulting in higher conductivity and a lower set volt-
age (Figure 8e). Therefore, by integrating UCNPs into memris-
tive devices, the device’s resistance states are modulated using
NIR light, enabling multilevel storage and ensuring stable mem-
ory performance (Figure 8f). In summary, distinguished from
traditional neuromorphic devices, the integration of UCNPs en-
ables NIR-modulated neuromorphic devices. By combining UC-
NPs with other materials, these novel neuromorphic devices can
perform complex computation and storage operations under di-
verse external stimuli, including NIR light and electricity. Most
importantly, the use of noninvasiveNIR provides a foundation for
implantable synaptic devices and biological neuromorphic com-
puting in the future.

5. NIR Modulated Neuromorphic Computing

Inspired by the architecture and functionality of biological neu-
ral networks, neuromorphic computing offers a revolutionary ap-
proach to processing information. It challenges the traditional
von Neumann architecture by integrating perception, memory,
and computation into a single system, minimizing the need for
complex signal exchange and enabling energy-efficient, parallel
data processing.[140,141] Neuromorphic computing has advanced
rapidly in recent years, driven by the combination of emerging
hardware technologies, such as memristors, and the develop-
ment of innovative artificial neural network architectures.[142,143]

As a result, neuromorphic computing is progressively expanded
to diversified application fields, such as real-time pattern recog-
nition, autonomous robotics, and edge artificial intelligence.[144]

Compared to traditional electrical methods, optical modulation
in neuromorphic computing utilizes the low energy consump-
tion and multimodal characteristics of light to achieve high-
speed signal transmission, enhanced bandwidth, and reduced
crosstalk.[145] It meets the demand for computing power in the
fields of artificial intelligence and deep learning in a more effi-
cient and flexible way.[146] The hardware-implemented NIR neu-
romorphic computing typically relies on advanced optoelectronic
devices, such as three terminal photonic synaptic transistors and
photonic memristors.

Three terminal photonic synaptic transistors regulate the con-
ductivity of channels through optical signals, enabling dynamic
adjustment of synaptic weights.[147] These devices integrate sens-
ing, storage, and computing functions, simulating the behav-
ior of biological synapses.[109] In addition, photonic memristors
can store multilevel weight information by modulating the re-
sistance states with optical signals, further enhancing the capa-
bility of neuromorphic systems to process and store informa-
tion efficiently.[148] NIR machine vision is essential for a range
of advanced applications, such as night vision systems for mili-
tary operations, in vitro intraoperative diagnostics, and enhanc-
ing human visual perception beyond the visible spectrum to de-
tect nighttime hazards. However, common crystalline materials
like silicon and compound semiconductors are unable to detect
infrared signals without filters due to their large bandgap. The ab-
sence of intelligent devices capable of simultaneously perceiving,
filtering, storing, and processing NIR signals has hindered the
advancement of NIR-excited neural networks. The UCNP-based
optoelectronic memory devices overcome the large bandgap lim-
itation of traditional materials, enabling direct detection of in-
frared signals without filters. This breakthrough positions it as
an ideal candidate for addressing above challenges effectively. By
modifying the composite material and structure, these devices
can be tailored to exhibit different properties, making it suitable
for different artificial neural networks (ANNs).[149]

This section explores the role of brain-inspired ANNs in neu-
romorphic computing, with a focus on three types of neural net-
works such as CNNs[150] and RC.[151] We explore how the perfor-
mance (such as response speed, nonlinear behavior, andmemory
retention) of UCNP-based devices are optimized to better meet
the requirements of these neural networks, thereby enhancing
computational efficiency, expanding functionality, and improv-
ing the capability to mimic biological functions. Our research
group have developed UCNP-based synaptic transistors with op-
toelectronic and memory functions, which demonstrated unique
advantages in CNNs and recurrent neural networks (RNNs),[152]

respectively.

5.1. Convolutional Neural Networks

CNNs are a deep learningmodelmainly used for image and video
analysis, which has the characteristics of local connections and
weight sharing.[153] Generally, CNNs consist of convolutional lay-
ers, pooling layers, and fully connected layers, which simulate the
functions of the human visual system through convolution oper-
ations and feature extraction mechanisms (Figure 9a).[154] CNNs
relying on long-term potentiation (LTP) and long-term depres-
sion (LTD) for efficient learning and memory retention.[155] LTP
strengthens neural connections, while LTDweakens them, simu-
lating the biological processes of learning and forgetting. Synap-
tic devices function as weight storage and computation units in
CNNs, primarily utilized in convolutional and fully connected
layers, effectively replacing traditional numerical storage andma-
trix multiplication operations.[156] In the optoelectronic synap-
tic devices based CNNs, the intensity, wavelength, or frequency
of optical signals can be adjusted to modulate the conductivity
state of the synaptic devices, thereby enabling effective weight
updates.[157] Meanwhile, kernel cells utilize the architecture of
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Figure 8. The UCNP-based two-terminal photonic memristors. a) Schematic illustration of the photo-induced irreversible data erasure in ultrathin
nonvolatile memory device based on UCNPs. b) Cross-sectional TEM image of the integrated system, showing the RRAM on the Si transistor coated
with UCNPs/PAG/PEO layer. c) I–V characteristic curves of the Cr/ZnO:Mn/Mg RRAM device before and after photo-induced chemical destruction. d)
Schematic illustration of the MoS2-UCNP-based RRAM device and its main fabrication process. e) Typical I–V curves of the RRAM device measured
under different NIR light intensity. f) Multilevel storage states of the RRAM device obtained through different light illuminations. g) Energy band dia-
gram of device at initial state, during LRS process under dark condition, and the LRS process under 980 nm NIR illumination. a–c) Reproduced with
permission.[85] Copyright 2016, Wiley. d–g) Reproduced with permission.[36] Copyright 2018, Wiley.
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Figure 9. a) Simplified schematic of CNNs. b) Schematic diagram of handwritten digit recognition byMP1R array based optical CNNs. c) Single LTP/LTD
triggered by 100 continuous light pulses (potentiation) and voltage pulses (depression).Temporal IDS curves in UCNPs-sensitized MoS2 with NIR light
programming. d) Multilevel storage is achieved through different light intensity programming processes. e) Temporal IDS curves in UCNPs-sensitized
MoS2 with NIR light programming. f) Calculated Gmax/Gmin value as a function of pulse number (top), and the nonlinearity degree of LTP and LTD as a
function of pulse number (bottom). g) The recognition accuracy rate of our artificial neuromorphic network. h) The accuracy rates for the case of different
weight states. b) Reproduced with permission.[160] Copyright 2024, Springer Nature. c–h) Reproduced with permission.[35] Copyright 2019, Elsevier.

synaptic arrays to perform feature extraction operations, acceler-
ating data processing through convolution with weight matrices.
Architectures based on synaptic arrays facilitate large-scale par-
allel operations, thereby efficiently implementing convolutional
and fully connected computations in CNNs.[158] Therefore, to
implement CNNs efficiently using neuromorphic devices, par-
ticularly optoelectronic devices, the following features are es-
sential: (i) Long-term retention characteristics: Devices should
demonstrate long-term retention of weight changes to main-
tain the integrity of stored information and minimize repro-
gramming frequency. (ii) High dynamic range: Neuromorphic

devices should allow for dynamic weight updates with simple
control mechanisms, reducing energy consumption and enhanc-
ing efficiency in tasks such as convolution and weighted sum-
mation. (iii) High linearity and symmetry: Conductivity modu-
lation must have high linearity and symmetry to support accu-
rate weight updates, ensuring computational precision. There-
fore, only nonvolatile synaptic devices with long-term memory
capabilities, high linearity and symmetry of LTP/LTD, and high
computational efficiency are suitable for CNNs. They can dynam-
ically update weights through simple control mechanisms and
can be effectively applied in the training process of CNNs.[159]
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The CNNs based on a multi-phototransistor and one-
memristor (MP1R) array constructed by Yang et al. successfully
achieved recognition of handwritten digits, but it is still limited
to Vis light excitation (Figure 9b).[160] To broaden the excitation
band of phototransistors to the NIR spectrum, we designed
a NIR-responsive synaptic device based on the upconversion
effect in 2020. Since UCNPs materials lack a persistent pho-
tocurrent effect, it is crucial to carefully select materials that
pair with UCNPs. These materials should possess not only
strong optoelectronic conversion capabilities but also the ability
to capture charges for nonvolatile storage, enabling the device
to demonstrate LTP characteristics. In the previous sections,
we have discussed the MoS2 material, which can facilitate
efficient charge transport within the material and minimize
recombination losses.[35] Therefore, using UCNPs-MoS2 as
the floating-gate layer in photonic flash memory allows NIR to
modulate the Vis light emitted by UCNPs, further controlling the
light absorption behavior of the MoS2. When continuous NIR
light pulses are applied, photogenerated electrons accumulate in
the MoS2 layer, while the photogenerated holes are transferred
to channel, resulting in a continuous increase in the device’s
conductivity. Conversely, when continuous negative voltage
pulses are applied, the electrons accumulated in the MoS2 layer
due to the optical grating can be erased, leading to a continuous
decrease in conductivity. These two processes correspond to
LTP/LTD behavior as shown in Figure 9c.[35] Furthermore,
photogenerated electrons can be located in MoS2 even after
switching off the light due to the energy barrier, which ensures a
long charge storage capacity, resulting a persistent photocurrent
effect (Figure 9d,e). Based on the LTP/LTD characteristics of
this optoelectronic device, a supervised learning model using
a single-layer perceptron CNNs is simulated. The network’s
output value is obtained by performing a multiplication of the
input vector and the synaptic weight matrix, followed by trans-
formation through a sigmoid activation function. By controlling
the number of LTP/LTD pulses, both the linearity and the change
rate of the conductance states can be balanced (Figure 9f),
thereby enhancing the precision of weight updates in the net-
work. These characteristics enable our synaptic devices to exhibit
high recognition accuracy in light controlled neural network.
This work offers new perspectives on the application of novel
NIR-responsive synaptic devices in neuromorphic computing
(Figure 9g,h).

5.2. Reservoir Computing

As a derivative of the RNNs model, RC has a simpler training
process, lower power consumption, and faster computation.[161]

Mainly because it utilizes the nonlinear dynamics of the reser-
voir to convert the input signal into high-dimensional space,
effectively capturing temporal features without iterative weight
updates within the reservoir itself.[162,163] The simplicity of
this training not only improves the computing efficiency, but
also makes RC very suitable for resource limited edge com-
puting, internet of things, bionic visual simulation and other
fields.[164,165] RC networks typically consist of three layers:
an input layer, a reservoir layer, and an output layer (Figure
10a).[166] Synaptic devices provide nonlinear response and state

preservation, and are the core components in the reservoir
layer that serve as dynamic processing and weight storage.[167]

However, physical RC systems for intelligent NIR sensing
are still insufficient due to their limited expressive power and
inability to directly detect NIR signals without filters.[168] There-
fore, to explore a filter free NIR device with high expressive
power, nonlinear response, short-term memory (STM), multiple
states, and large dynamic range as a dynamic reservoir with
infrared control, it is essential to exhibit the following three
features:

1) Relaxation tunability: Relaxation tunability refers to the ability
of a device to adjust the time scale over which its response sig-
nal returns to the initial state after stimulation.[169] This prop-
erty directly influences the dynamic behavior of the reservoir
layer and is crucial for effectively processing time-series in-
puts.

2) Fading memory: Fading memory, essential in RC, allows
a device to temporarily retain input features that gradu-
ally decay. Driven by input pulse frequency or intensity,
this nonlinearity enables time-dependent signal encoding,
linking the output state to the temporal distribution of the
input.

In NIR-light-activated synaptic devices, relaxation tunability
can be achieved through (i) photogenerated charge capture and
release, (ii) an interface heterojunction, and (iii) generation of
metastable excitons by NIR light excitation in specific materials.
UCNPs can generate metastable excitons under NIR light exci-
tation. Optimized UCNP-based devices maintain the desirable
properties of traditional UCNPs while also offering enhanced
functionalities. These devices are poised to enable low-cost, RC-
based edge learning and unlock the potential for artificial infrared
perception.
To bridge the gap in NIR-modulated optoelectronic devices

for RC applications, our team recently developed a retinal
morphology device modulated by NIR light, which can simul-
taneously perceive and encode narrow NIR wavelength data.[44]

This device is based on a core–shell structured UCNPs@SiO2
and P3HT nanocomposite materials, which serve as the channel
in phototransistors (Figure 10b). This three-terminal photonic
transistor comprises a semiconductor channel, a photosensitive
layer, a charge trapping layer, and a tunnel dielectric layer. First,
UCNPs are blended with P3HT, as illustrated in Figure 7a,b.
The strong absorption band of p-type P3HT overlaps with the
emission peaks of UCNPs@SiO2, enabling high-energy photons
upconverted by UCNPs to be absorbed by P3HT, thereby gen-
erating photoinduced electron–hole pairs. In addition, the silica
shell not only suppresses nonradiative energy loss and enhances
NIR light responsiveness but also acts as a tunnel dielectric
layer, capturing electrons to extend the storage time of photo-
generated charges. This provides temporal correlation essential
for the reservoir layer. Furthermore, the composite structure
forms a heterojunction, where the energy band barrier at the
interface prevents rapid recombination of charge carriers. This
prolongs the charge recombination time, enabling dynamic ad-
justment of the relaxation time. Devices with different electrical
properties exhibit programmed state changes in synaptic re-
sponses under NIR radiation, a characteristic ideal for achieving
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Figure 10. a) Simplified schematic of RC. b) The energy scheme of the device during an electrical programming behavior and NIR illumination operation.
The yellow area demonstrates the energy level of UCNPs and the corresponding working mechanism under NIR illumination. c) The current response
after applying NIR pulses of varying intensities under different device storage states. d) Current responses from the reservoir drained into 16 pulse
streams. e) The schematic of the task calculated using the UCNPs@SiO2-based reservoir. f) Three examples of reservoir states in the dynamic hand-
written array, illustrating differences in reservoir state. b–f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0).[44] Copyright 2024, The Authors, published by Wiley-VCH.

high-dimensional RC (Figure 10c). In summary, this study
leverages the synergistic effects of photovoltaic and photo-
chemical mechanisms to achieve photon–electron coupling
dynamics. This results in high-dimensional, nonlinear data
processing, ensuring high accuracy in subsequent RC calcu-
lations (Figure 10d). To evaluate the computational capability
of our prepared hardware implemented RC system, we used a
second-order nonlinear dynamic equation task (Figure 10e). As
a result, the recognition accuracies for the static and dynamic
handwritten digit NIR images reach 91.13% and 90.07%, re-
spectively (Figure 10f). These results underscore the potential
of NIR based in-sensor RC systems as powerful tools for future
computation and prediction in sequential tasks.

6. Conclusions and Perspective

In summary, this review highlights the latest advancements
in UCNP-based optoelectronic devices, emphasizing strategies
for designing UCNP-based composites to enhance the perfor-
mance of various optoelectronic applications, including NIR-
responsive photodetectors, three-terminal photonic flash mem-
ory, and two-terminal photonic memristors. In view of the great
potential of NIR-modulated neuromorphic devices in the in-
tegration of sensing, storage and computing, we examine the
relationship between key device characteristics (e.g., response
speed, nonlinear behavior, memory retention, etc.) and various
neural networks (including CNNs and RC). The ultimate goal
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is to facilitate the on-demand design of NIR-controlled optoelec-
tronic devices tailored to meet specific application requirements.
While significant progress has beenmade, several critical chal-

lenges remain in fully harnessing the potential of UCNPs. One
of the primary obstacles is achieving higher quantum yields
at low-power excitation,[170] which is a crucial factor for im-
proving efficiency and enabling practical applications. Overcom-
ing this challenge requires the development of novel materi-
als and innovative doping strategies that enhance the absorp-
tion and emission properties of UCNPs. Another significant hur-
dle is enhancing the stability of UCNPs, particularly under pro-
longed exposure to environmental conditions such as tempera-
ture fluctuations, moisture, and radiation.[171] Strategies to in-
crease the chemical and photostability of UCNPs, such as ad-
vanced core–shell engineering and the use of protective coat-
ings, must be explored.[74] Furthermore, minimizing nonradia-
tive losses through optimized material design will be essential in
maintaining efficient upconversion under real-world operating
conditions. Further research should also prioritize refining dop-
ing techniques and developing novel core–shell architectures, as
well as exploring the precise spatial control of dopant ions.[172]

Advanced ion-implantation methods and atomic-scale control
over doping could also pave the way for designing highly tun-
able materials with enhanced upconversion performance. These
advancements could unlock new possibilities formaximizing up-
conversion efficiency and expanding the range of UCNP-based
applications.
In parallel, the practical deployment of UCNPs in fields such

as implantable neuromorphic systems and optical communica-
tion modules requires overcoming significant challenges in ma-
terial biocompatibility.[173] Developing UCNPs that are biocom-
patible, nontoxic, and able to function effectively in living sys-
tems will be crucial for medical and health-related applications.
Moreover, the miniaturization of UCNP-based devices, while
maintaining their performance, is necessary for integration into
compact, lightweight systems. Achieving robust integration with
other functional materials will also be essential, as many real-
world applications will require UCNPs to work seamlessly in
multi-material systems, such as hybrid photonic circuits or bio-
integrated devices. Tackling these challenges will require inter-
disciplinary efforts, combining advancements in material sci-
ence, nanotechnology, and device engineering.[174] As we look to-
ward the future, UCNPs are poised to play a transformative role
in several frontier fields, including electronic eyes, implantable
devices, optical memory, and neurocomputing, leveraging their
unique properties such as NIR sensing and tunable excitation
wavelengths (Figure 11).

i. In the domain of electronic eye technologies, UCNPs hold
transformative potential for advancing vision systems, par-
ticularly in optimizing light-to-electrical signal conversion
under low-light conditions. By leveraging UCNPs’ NIR-
responsive properties, these systems could bypass direct
photoreceptor stimulation, enhance ambient light utiliza-
tion efficiency. Unlike infrared imaging, which relies on
passive thermal radiation detection, UCNPs-enhanced elec-
tronic eyes actively convert NIR into visible light, enabling
adaptive spectral tuning and localized energy transfer for im-

Figure 11. Schematic illustration of the potential applications of UC-
NPs in future technologies. Image for “Flexible Substrate”: Adapted with
permission.[180] Copyright 2024, Springer Nature.

proved visual signal processing and potential high-resolution
optical perception.

ii. In the domain of implantable photoelectric medical devices:
UCNPs demonstrate immense potential through their inte-
gration into flexible, microscale systems. Their biocompati-
bility, combined with the ability to operate under NIR excita-
tion, makes UCNPs ideal for developing minimally invasive
implantable devices. These devices could facilitate continu-
ous, noninvasive monitoring of critical health parameters or
even enable on-demand therapeutic interventions, offering
a new level of personalization in healthcare. Flexible UCNP-
based sensors could be used for a variety of applications, from
monitoring glucose levels to providing real-time feedback in
neural stimulation therapies, marking a significant step for-
ward in medical device innovation.

iii. In the field of optical memory: UCNPs present a promising
foundation for developing high-capacity, secure data storage
systems. Their ability to store and retrieve optical informa-
tion in a nonvolatile manner opens up new avenues for ad-
vancements in optical memory and secure data storage tech-
nologies. UCNP-based optical storage could offer superior
storage density, data security, and faster read–write speeds
compared to current technologies, positioning UCNPs as a
key material for next-generation storage solutions.

iv. In the realm of neuromorphic computing: UCNPs could play
a pivotal role in developing energy-efficient, light-controlled
neural network systems such as spiking neural networks
(SNNs).[175,176] SNNs process information through discrete
spike-based communication, closely mimicking biological
neural behavior.[177] A key challenge in hardware implemen-
tation is designing optoelectronic devices that can efficiently
couple optical signals with neuronal spiking dynamics.[178]

While UCNP-based devices hold great potential for
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coupling optical signals with these dynamics through
their NIR-excited response, achieving precise control over
light pulse timing and intensity remains a significant
hurdle. Future advancements in integrating UCNPs with
threshold-switching memristors and phototransistors could
enable efficient spike encoding and adaptive learning in
optoelectronic neuromorphic systems. This breakthrough
has the potential to enhance artificial intelligence and ma-
chine learning systems, driving innovations in brain-like
computing and revolutionizing fields such as robotics,
cognitive computing, and autonomous systems.[179]

Overall, UCNP-based optoelectronic devices have immense
potential to drive innovation across various technological fron-
tiers. With continued advancements in material design, dop-
ing strategies, and device integration, UCNPs are positioned to
play a pivotal role in the development of prosthetic technolo-
gies, implantable medical devices, optical memory, and neuro-
morphic computing. Addressing challenges related to stability,
biocompatibility, and efficiency will be key to unlocking their full
potential and broadening their applications in next-generation
technologies.
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