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The majority of current research on organic room-temperature phosphorescence (RTP) materials
focuses on film or powder forms, with limited exploration into the fabrication of complex 3D structures
with high precision and enhanced RTP properties. Herein, a general strategy is proposed to construct
3D RTP models with precise structures and ultralong lifetimes by micro-doping carbazole-based
chromophores into photocurable standard resins (SRs) and combining them with photocurable 3D
printing technology. The highly cross-linked and rigid microenvironment formed after the curing of SRs
endows the carbazole-doped SRs with a long RTP lifetime of up to 1.8 s. Utilizing digital light processing
3D printing technology, a series of multidimensional RTP models with precise structures and ultralong
lifetimes are constructed based on these carbazole-doped SRs. Given the superior tunability of 3D
printing blueprints and the excellent RTP properties of the printed models, these multidimensional
models demonstrate great application prospects in advanced anti-counterfeiting and encryption

rsc.li/frontiers-materials applications.

Introduction

Organic room-temperature phosphorescence (RTP) materials have
attracted significant attention in diverse fields such as display
technologies, information encryption, anti-counterfeiting, organic
light-emitting diodes (OLEDs) and bioimaging, owing to their
unique advantages including large Stokes shifts, prolonged lumi-
nescence lifetimes, and good biocompatibility."® However, the
inherent spin-forbidden nature of singlet-to-triplet transitions
typically results in low RTP efficiency.” ™" Moreover, the suscepti-
bility of long-lived triplet excitons to quenching by environmental
factors, such as water and oxygen, presents a significant
challenge in achieving persistent and bright phosphorescence
emissions.">'® To address these limitations, many strategies such
as crystal assembly,"” > host-guest encapsulation,>’ and poly-
mer doping”®>* have been developed to enhance the intersystem
crossing (ISC) efficiency and mitigate triplet exciton quenching in
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organic RTP materials. Among these strategies, the polymer dop-
ing strategy, which capitalizes on the rigid microenvironment
created by van der Waals forces and hydrogen bonding interac-
tions within the polymer matrix to suppress non-radiative triplet
energy losses, has attracted extensive attention from researchers
due to its simple material preparation, excellent processability,
and good versatility.**"”

A wide range of conventional polymers, including poly-
(methyl methacrylate) (PMMA),***° polyvinyl alcohol (PVA),**™**
and sodium alginate (SA),**™*° have been extensively explored as
polymer matrices to construct RTP materials. Although these
linear polymer-based systems achieve effective phosphorescent
emission, their RTP performance remains suboptimal due to the
limited confinement effect of the matrix on chromophores—a
critical factor in suppressing non-radiative decay pathways.”*>*
Moreover, current research on RTP materials predominantly
focuses on film or powder forms,>® with scant exploration into
the fabrication of high-precision complex structures, particularly
three-dimensional (3D) architectures.””™° Consequently, there
is a pressing need to develop novel polymer-based RTP systems
that simultaneously enhance phosphorescence efficiency and
enable high-precision fabrication of complex 3D structures,
thereby bridging advanced material design and practical
applications.

As an innovative rapid prototyping technology, 3D printing
offers unparalleled capabilities for fabricating complex geometric
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structures tailored to designers’ requirements, making it particu-
larly advantageous for constructing 3D RTP models.®*®> For
instance, Wu et al.®® achieved the construction of 3D RTP models
by combining direct ink writing 3D printing technology with
polysaccharide-based RTP materials. Nevertheless, the current
application of 3D printing for constructing RTP models predomi-
nantly relies on material extrusion techniques, which are limited
by low printing precision. In contrast, photocuring 3D printing
technology, renowned for its high precision, has garnered sig-
nificant attention in the field of material fabrication.®”””" This
technique operates by selectively irradiating photosensitive resins
with ultraviolet light, inducing layer-by-layer polymerization and
cross-linking reactions that transform the liquid resin into a solid
structure.”*”® Despite its widespread adoption in material mold-
ing, the application of photocuring 3D printing in the construc-
tion of 3D models with outstanding RTP performance remains
underexplored.

Herein, we present a universal strategy for fabricating high-
precision 3D RTP models with ultralong lifetimes through
micro-doping carbazole-based chromophores into commercially
available photocurable resins, coupled with advanced photocur-
able 3D printing technology. The cross-linked polymer network
architecture formed upon curing of the photocurable resin
exhibits remarkable rigidity,”*”® which effectively suppresses
non-radiative transitions of the embedded chromophores.
Furthermore, the cross-linked network serves as an efficient
barrier against oxygen and moisture-induced triplet exciton
quenching, thereby facilitating robust RTP emission. The
selected commercial photocurable resins, primarily composed
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of acrylate monomers, photoinitiators, and crosslinkers, offer
distinct advantages including superior rigidity, low cost, and
excellent processability.”” The chromophore series, comprising
9H-carbazole-2,7-dicarboxylic acid (Cbda), 5H-benzo[B]-
carbazole (5Bcz), 7H-benzo[c]carbazole (7Bcz), 11H-benzo[a]-
carbazole (11Bcz), 9H-dibenzo[a,c]carbazole (9Dbcz), and 7H-
dibenzo[c,g]carbazole (Dbcz), are structurally characterized by
carbazole cores functionalized with diverse substituents. Utiliz-
ing the doping approach, a series of photocurable RTP resins
(Cbda-SR, 5Bcz-SR, 7Bcz-SR, 11Bcz-SR, 9Dbcz-SR, and Dbcz-SR)
were successfully engineered by incorporating these carbazole
derivatives into UV-curable standard resin (SR) at optimized
ratios (Fig. 1). Following UV curing, these resins demonstrate
remarkable afterglow emissions spanning cyan to red, with
phosphorescence lifetimes (75,) extending up to 1.8 s. Through
the synergistic utilization of digital light processing (DLP) 3D
printing, one of the photocurable 3D printing technologies,
complex 3D and 2D RTP models with ultralong lifetimes and
high precision are successfully fabricated.”®®® Notably, these
photocurable RTP resins demonstrate full compatibility with
commercial photocurable 3D printing systems, requiring no
hardware modifications or specialized equipment. The printed
RTP models exhibit superior mechanical integrity and optical
transparency, making them suitable for practical applications.
Capitalizing on their exceptional multicolor afterglow charac-
teristics, these RTP models have been successfully implemen-
ted in advanced anti-counterfeiting and information encryption
applications, demonstrating their potential for real-world tech-
nological applications.

Cbda

\__ PAchain

5Bcz 7Bcz

o ! YD
5%
11Bcz

i Dissolved in standard resin

UV curing

* ®

Colorful 3D
printing

9Dbcz Dbcz

ii Drop-coating

Fig. 1 Design strategy of multicolor 3D RTP models by micro-doping various carbazole-based chromophores into photocurable resins with subsequent

UV curing treatment.
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Results and discussion
The photophysical properties of chromophore molecules

Prior to doping into the photocurable resins, the optical properties
of 9H-carbazole-2,7-dicarboxylic acid (Cbda), 5H-benzo[B]-car-
bazole (5Bcz), 7H-benzo[c|carbazole (7Bcz), 11H-benzo[a]car-
bazole (11Bcz), 9H-dibenzo[a,c|carbazole (9Dbcz), and 7H-dibenzo-
[¢,g]carbazole (Dbez) were first investigated. The UV-visible absorp-
tion and steady-state photoluminescence (PL) spectra of these six
chromophores in N,N-dimethylformamide (DMF) are shown in
Fig. 2a—f. The black lines in the figures indicate that the absorption
of these chromophores ranges from 305 nm to 373 nm, indicating
a broad absorption range.

Upon excitation at 312 nm, these six chromophores exhibit
fluorescence peaks ranging from 376 nm to 420 nm, which is
consistent with their blue-purple color (Fig. 2a-f). Similarly,
under 365 nm excitation, the chromophore solutions also display
blue-purple fluorescence, with the fluorescence peaks shifting
from 380 nm to 425 nm (Fig. S1, ESIt). The fluorescence lifetimes
of the chromophore solutions were also measured under 375 nm
excitation, revealing lifetimes between 4.3 ns and 16 ns (Fig. S2
and Table S1, ESIt). To investigate the differences in fluorescence
between the chromophore powders and solutions, the fluores-
cence spectra and lifetimes of the solid powders were also
characterized. As shown in Fig. S3 and S4 (ESIt), under 312 nm
and 365 nm excitation, the fluorescence peaks of the solid
powders (Cbda, 5Bcz, 7Bcz, 11Bcz, 9Dbcz, and Dbcz) range from
400 nm to 490 nm. Besides, the fluorescence lifetimes of these
solid powders range between 2.3 ns and 9.6 ns (Fig. S5, ESI{),
demonstrating typical fluorescence behavior. Notably, the fluores-
cence peaks of the solid powders exhibit a red shift compared to
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those of the solutions. This observation can be preliminarily
attributed to the varying degrees of conjugation in carbazole
molecules connected to different functional groups, which are
influenced by their molecular states and ultimately modulate
their emission characteristics.®"

The photophysical properties of doped films

To exclude the effect of the SR’s own luminescent properties on
the doped films, the photophysical characteristics of the pure
SR film after UV curing were also investigated. The normalized
steady-state emission and delayed PL spectra of the pure SR
film are presented in Fig. S6a and b (ESIt). Under 312 nm and
365 nm UV excitation, while the phosphorescence spectrum
shows a slight redshift compared to the fluorescence spectrum,
both the fluorescence and phosphorescence peaks of the pure
SR film are observed at 440 nm. Notably, although the undoped
SR film exhibits a strong deep blue fluorescence, no significant
afterglow is observed by the naked eye after the excitation
source is turned off. The intrinsic phosphorescence lifetime
of the pure SR film is measured to be approximately 0.3 ms (Fig.
Séc and d, ESIY).

After confirming the weak phosphorescence of the pure SR
film, the photophysical properties of SR films doped with various
carbazole-based chromophores were systematically investigated.
Through systematic evaluation of 9Dbcz-SR with varying doping
ratios (9Dbcz/SR = 1/200, 1/400, and 1/600, by weight), it was
revealed that 9Dbcz-SR with a ratio of 1/400 exhibited optimal
phosphorescence performance, showing a significantly higher
emission intensity and longer lifetime (1837 ms) than 9Dbcz-SR
with other doping ratios (Fig. S7, ESIT). When trace amounts of
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Fig. 2 The absorption (black line) and steady-state PL spectra (lex = 312 nm) of (a) Cbda, (b) 5Bcz, (c) 7Bcz, (d) 11Bcz, (e) 9Dbcz and (f) Dbcz in DMF
solution. The insets show the fluorescence photographs of the corresponding chromophore solutions.
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Fig. 3 (a) Luminescence photos of doped SR films upon 365 nm UV irradiation. (b) Normalized steady-state PL spectrum of doped SR films (lex =
365 nm). (c and d) Normalized delayed PL spectrum (t4 = 1 ms) (c) under 365 nm excitation and the corresponding CIE coordinates (d) of doped SR films.
(e) Time-resolved emission-decay spectra of the doped SR films under 365 nm UV excitation.

the chromophores (chromophore/SR = 1/400, mass ratio) are
uniformly mixed with SR and cured under UV irradiation, the
resulting Cbda-SR, 5Bcz-SR, 7Bcz-SR, 11Bcz-SR, 9Dbcz-SR, and
Dbcz-SR films emit blue fluorescence under 365 nm UV excita-
tion (Fig. 3a). Upon cessation of irradiation, all six films exhibit
bright afterglow under ambient conditions, with the afterglow
colors being blue, red, yellow-green, green, cyan, and yellow,
respectively. Notably, the 9Dbcz-SR film displays an ultra-long
cyan afterglow lasting up to approximately 14 s.

The normalized steady-state PL spectra of the six doped
films under 365 nm excitation reveal fluorescence peaks
between 400 nm and 440 nm, which are consistent with the
fluorescence images (Fig. 3b), while the normalized delayed PL
spectra of these six doped films show phosphorescence peaks
ranging from 440 nm to 600 nm, often accompanied by dual-
peak features (Fig. 3c). Further analysis in Fig. S8 (ESIY)
demonstrates that, under 365 nm excitation, the 5Bcz-SR film
exhibits a short-wavelength peak at 440 nm, which is consistent
with the phosphorescence peak of the pure SR film. The Commis-
sion Internationale de I'Eclairage (CIE) coordinates of Cbda-SR,
5Bcz-SR, 7Bcz-SR, 11Bcz-SR, 9Dbcz-SR, and Dbcz-SR films are also
measured as (0.19, 0.14), (0.38, 0.32), (0.27, 0.42), (0.26, 0.34), (0.22,
0.37), and (0.39, 0.52), respectively (Fig. 3d). The time-resolved
emission-decay profiles under 365 nm excitation reveal that the 7,

values of these films are 770 ms, 393 ms, 788 ms, 636 ms, 1837 ms,
and 817 ms, respectively (Fig. 3e and Fig. S9, ESIt). Given the dual-
peak phosphorescence emission, the 7, values of 5Bcz-SR, 7Bcz-SR,
9Dbcz-SR, and Dbcz-SR films at 560 nm, 530 nm, 520 nm, and
560 nm, respectively, are also characterized (Fig. S10, ESIY).
Additionally, the luminescence quantum yields of these six poly-
mer films under 365 nm excitation are calculated to be 56.01%,
50.27%, 59.36%, 59.66%, 67.24%, and 34.60%, respectively,
demonstrating the excellent luminescence properties of these
doped SR films. The results reveal that the pure SR film exhibits
a low QY of only 1.24%. In contrast, the doped films show
significantly enhanced quantum yields, demonstrating the effec-
tiveness of the doping strategy (Table S2, ESIt). Furthermore, when
the excitation wavelength is switched to 312 nm, these six doped
SR films exhibit persistent afterglow similar to that upon 365 UV
irradiation (Fig. S11-S14 and Table S3, ESIt). The ultralong organic
phosphorescence (UOP) emission of these doped SR films can be
attributed to the efficient ISC process within the carbazole-based
chromophores and the rigid environment provided by the cross-
linked polymer matrix. The rigid matrix formed after the UV-
induced curing reaction of the photocurable resin, on one hand,
effectively restricts the molecular motion of chromophores and
minimizes vibrational energy loss. On the other hand, the cross-
linked network could also suppress the quenching effect of oxygen
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and water on triplet excitons, which is also beneficial to enhance
the RTP emission.

The mechanical properties, thermal stability and printing
process of doped SRs

Given that mechanical properties are also very important for the
practical application of the RTP models, the tensile stress—strain
tests were further conducted for the doped SR films. As shown in
Fig. 4a, 5Bcz-SR, 7Bcz-SR, 9Dbcz-SR, and Dbcz-SR films all exhibit
high stress values at low strains, ranging from 30 MPa to 42 MPa.
Notably, the Dbcz-SR film achieves the highest stress value of
42 MPa at a strain of 1.4%, demonstrating exceptional mechanical
strength. Differential scanning calorimetry (DSC) analysis reveals
that the glass transition temperatures (T,) of the doped films are
nearly identical, approximately 70 °C, which could fulfill the
requirements for use under room temperature conditions (Fig. 4b
and Fig. S15, ESIt). Besides, thermogravimetric analysis (TGA) of
the doped films (Cbda-SR, 5Bcz-SR, 7Bcz-SR, 11Bcz-SR, 9Dbcz-SR,
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and Dbcz-SR) reveals that significant mass loss began around
330 °C, further confirming their excellent thermal stability
(Fig. 4c and Fig. S16, ESIt). X-ray diffraction (XRD) analysis was
also performed to evaluate the inner structure of the doped SR
films. The broad and structureless patterns suggest that the resin
formed a uniform amorphous film after curing (Fig. 4d).
Additionally, tensile stress-strain tests and thermal stability
tests were conducted for the pure SR films, which demon-
strated similar mechanical strength and thermal stability (Fig.
S17, ESIt). These results indicate that trace doping of chromo-
phores has minimal impact on the mechanical properties and
thermal stability of the resin. With the confirmation of excel-
lent RTP and mechanical properties of the doped SR film, the
application of the doped SR in DLP 3D printing was investi-
gated. The printing process, as illustrated in Fig. 4e, relies on a
light source (405 nm) to cure the liquid resin layer by layer
using photopolymerization technology, gradually constructing
a 3D object with a precise structure. Fig. 4f shows the printing
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Fig. 4 (a) Tensile stress—strain curves, (b) DSC curves, (c) TGA curves, and (d) XRD patterns of different doped films. (e) Image of the DLP 3D printing
process. (f) Image of the 3D modeling and slicing printing process. (g) Dinosaur 3D model with high transparency (thickness: 8 mm).
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process and the final models of the Eiffel Tower and a hinged
shark, both of which exhibit high precision and fine surface
details. More interestingly, the hinge structure of the hinged
shark provides a certain degree of flexibility. As shown in Fig.
S18 (ESIt), this hinge structure for hinged sharks enables
various shape transformations, breaking the limitation of
traditional phosphorescent components being confined to
fixed shapes. Besides, the printed 3D models exhibit outstand-
ing transparency (Fig. 4g), highlighting their potential for
broader applications in fields requiring high optical clarity.

The anti-counterfeiting and information encryption applications

To demonstrate the potential of carbazole molecule-doped SRs
in 3D anti-counterfeiting and encryption applications, a series
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of 3D models were fabricated using DLP 3D printing. As
illustrated in Fig. 5a, using a computer-aided 3D printing
program and a photo-curing 3D printer, six high-precision
miniatures were successfully printed, each exhibiting distinct
afterglow colors. From left to right, these models correspond to
the doped chromophores of Cbda, 5Bcz, 7Bcz, 11Bcz, 9Dbcz,
and Dbcz. Under 365 nm ultraviolet excitation, all six models
display identical blue fluorescence. However, upon removal of
the excitation source, they exhibit unique afterglow colors,
enabling effective 3D anti-counterfeiting.

To further explore this capability, numerous 3D models with
varying afterglow colors (Fig. S19 and Video S1, ESIf) were
further prepared for applications in anti-counterfeiting. Fig. 5b
highlights the intricate details of a hollow vase, a Chinese

Fig. 5 Demonstration of the anti-counterfeiting application of multi-color afterglow 3D models fabricated by DLP 3D printing. (a) 3D miniature models
doped with different carbazole chromophores. (b) Enlarged view of the details of the hollow vase, Chinese pavilion and three-dimensional maze. (c)
Different movement trajectories of the same hinged lizard upon UV irradiation and enlarged view of the hinge structure details under daylight. (d) 3D anti-
counterfeiting model assembled with orange-red flowers (5Bcz-SR) and green vase (7Bcz-SR). (e) Colorful afterglow dinosaur 3D model with different
chromophores added to different parts (all models were photographed under 365 nm excitation).
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pavilion, and a maze, showcasing the high precision of the
printed models and their potential for real-life applications.
While immovable 3D RTP models can be printed, some mova-
ble 3D RTP models were also printed utilizing DLP 3D printing
technology.

As shown in Fig. 5¢, a 3D lizard RTP model featuring a hinge
structure (enlarged view) was printed using 9Dbcz-SR as the
photocurable resin. Owing to the hinge structure, the same
model could be presented in different shapes (Video S2, ESIT).
Thus, the different movement trajectories of the same hinged
lizard can be clearly visualized along with the fine RTP proper-
ties, further increasing the anti-counterfeiting level of the
models. Furthermore, the 3D printed structures are suitable
for creating assembled products with diverse afterglow colors.
As shown in Fig. 5d, under UV excitation, both the flowers and
the vase emit bright blue fluorescence. Upon turning off the UV
light, the vase exhibits a green afterglow lasting up to 12 s,
while the orange-red flowers fade in less than 6 s (Video S3,
ESIY). Fig. S20 (ESIT) presents additional combinations of vases
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and flowers, leveraging differences in afterglow colors and
durations to achieve multi-dimensional anti-counterfeiting
effects. In Fig. 5e, a dinosaur model with spatially resolved
afterglow emissions is designed by incorporating different
chromophores into distinct regions. The red section corre-
sponds to 5Bcz-SR, the green section to 7Bcz-SR, and the cyan
afterglow to 9Dbcz-SR, which persists for approximately 16 s,
demonstrating the longest afterglow duration (Video S4, ESIf).
This approach highlights the versatility of the material in
creating complex, multi-colored afterglow patterns for
advanced anti-counterfeiting applications.

To broaden the applications of RTP models with varying
degrees of dimensionality in anti-counterfeiting, a series of 2D
RTP models with high precision were also fabricated. As shown
in Fig. 6a, the 2D models doped with 5Bcz, 7Bcz, 11Bcz, 9Dbcz,
and Dbcz demonstrate orange-red, yellow-green, green, cyan,
and yellow afterglow, respectively, which is consistent with the
3D RTP models. These results clearly demonstrate that both 2D
and 3D models can achieve high precision and effective anti-
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Fig. 6 Demonstration of the application of multi-color afterglow 2D models in anti-counterfeiting and multiple information encryption under ambient
conditions. (a) The anti-counterfeiting application of 2D models with different shapes and afterglow colors. (b) Letter encryption models prepared with
different afterglow times. (c) The blue tree 3D model and the compass model for multi-color afterglow information encryption (all models were

photographed under 365 nm excitation).
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counterfeiting by utilizing chromophore-doped SRs. More intri-
guingly, taking advantage of the distinct afterglow colors and
durations of different carbazole molecule-doped SRs, a letter
encryption model (Fig. 6b and Video S5, ESIt) and an afterglow
encryption model (Fig. 6¢) were constructed. Under 365 nm UV
excitation, the letters “DISLIKE” and “DESPERATE” emit blue
fluorescence. Upon turning off the UV light, the letters “LIKE”
with an orange-red afterglow and the letters “SPE” and “RATE”
with green and cyan afterglow colors became visible within
approximately 2 s. After about 14 s, only the cyan letters “RATE”
remain, demonstrating a multi-layered encryption effect.

In Fig. 6¢, the tree and compass models exhibit uniform bright
blue emission under UV excitation. After removing the excitation
source, hidden information is revealed on the tree branches,
including cyan letters “A” and “Y” and yellow letters “X” and
“N”, while the compass model displays a yellow Chinese character
“l” and cyan characters “+”, “AK”, as well as “FE” arranged
clockwise, representing the first layer of encrypted information. As
time progresses, the yellow character “|l” gradually fades after
approximately 4 s, leaving only the cyan characters “+”, “A”, and
“E” visible after 6 s, which constitute the second layer of
encrypted information (Video S6, ESIT). These models consistently
maintain high-fidelity shapes and exhibit a wide range of after-
glow colors, including orange, yellow, green, cyan, and blue,
underscoring their practical value in multidimensional anti-
counterfeiting and encryption applications. To verify the barrier
properties of the cured SRs to oxygen and water, the afterglow
performance of the 3D RTP models under vacuum and water
immersion conditions was further investigated. As illustrated in
Fig. S21 (ESIt), the 3D RTP models exhibit remarkable water
resistance, with their afterglow color and duration in aqueous
solutions consistent with those under dry conditions.

Additionally, the afterglow duration of the 3D RTP models
remains unchanged in atmospheric environments compared to
that under vacuum conditions (Fig. S22, ESIt), further confirm-
ing the ability of the cured SRs to effectively shield against
oxygen-induced quenching. Remarkably, long-term environmen-
tal stability evaluation reveals that the 3D afterglow models still
preserve superior long afterglow performance over a 4-month
period (Fig. S23, ESIf). These superior characteristics signifi-
cantly enhance the application potential of 3D afterglow devices
in multilevel encryption and anti-counterfeiting, enabling them
to maintain stable RTP performance even in challenging envir-
onments such as water or hyperoxic environments.

Conclusions

In summary, we have developed a general strategy to construct 3D
RTP models with precise structures and ultralong lifetimes by
micro-doping carbazole-based chromophores into photocurable
resins and combining them with photocurable 3D printing tech-
nology. The highly cross-linked and rigid microenvironment
formed after the curing of SR effectively suppresses the molecular
motion-induced vibrational energy loss and minimizes the
quenching effect of oxygen and water on triplet excitons. As a
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result, the cured carbazole-doped SR exhibits an exceptionally
long phosphorescence lifetime of up to 1.8 s. By adjusting the
differences in the dopant molecular structure, multicolor after-
glow from cyan to red are successfully realized. Afterwards,
utilizing DLP 3D printing technology, a series of multicolor 3D
and 2D RTP models with precise structures and ultralong life-
times are constructed based on carbazole-doped SR. Besides, the
RTP models exhibit excellent mechanical properties and thermal
stability, and their afterglow time in aqueous solutions and air
environments is nearly the same as that under dry and oxygen-free
conditions, respectively. Given the good tunability of 3D printing
blueprints and the excellent RTP properties of the printed models,
these multidimensional models are successfully employed in
advanced anti-counterfeiting and encryption applications. Nota-
bly, more diverse and movable RTP models have also been
successfully constructed through the combination of printed
models and the introduction of hinge structures, respectively.
We believe this work represents an important step forward in the
development of 3D afterglow devices and expands the potential
applications of RTP materials in the field of 3D printing.
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