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ABSTRACT: Multimaterial luminescent fibers featuring inte-

grated organic, inorganic, or hybrid nanoemitters are essential

elements within a multitude of photonic systems. These systems

encompass critical applications, such as single photon sources,

high-energy radiation and particle sensors, and wireless optical

communication networks. However, the integration of highly

e cient luminescent nanomaterials into fibers with predefined

geometries, materials, and functionalities remains challenging.

This work reports on a process for fabricating indefinitely long

multimaterial polymer fibers that can be doped with di erent

organic—inorganic hybrid emitters, such as Cs;Cu,l; nano-

particles, Cu,l, nanoclusters, and Mn-doped Cs,CdBi,Cl;,

phosphors. This versatility allows for the creation of fibers with

tunable emission colors, which enable the realization of large-

area, high-performance scintillation surfaces by additive manufacturing, weaving, or rolling. These conformal scintillator
screens have been used to demonstrate X-ray imaging of nonplanar complex shapes without the image distortion and
resolution degradation associated with rigid planar scintillator configurations. Additive manufacturing of sophisticated three-
dimensional scintillators with nanoemitters o ers opportunities for personalized medical imaging platforms, particularly for
breast cancer screening, as well as applications in large-area high-energy radiation and particle detection.

ince their first demonstration about 20 years ago, X-rays provide a unique opportunity for nondestructive and
multimaterial fibers and in-fiber devices have unlocked noninvasive testing due to their significant penetrability into
unique opportunities for advancements across elec- the human body and other materials. Therefore, X-rays have
tronics, photonics, electromechanics, and optogenetics.'™*° been extensively used for medical diagnostics and therapy,
Luminescent multimaterial fibers with integrated nanoemitters industrial material testing, scientific research, and security
are indispensable components of many photonic systems inspection.”~*® Among di erent X-ray device architectures,
including single-photon sources for quantum information indirect flat-panel X-ray detectors are currently one of the most
technologies, high-energy radiation (X-ray and y-ray) and common in use.** 72! These detectors usually consist of a

particle (a particle and cosmic ray) sensing and imaging, and
wireless optical communications. However, the integration of
highly e cient quantum emitters into fibers with predefined
geometries and functionalities is still challenging. The
introduction of highly stable and e cient organic, inorganic,
or hybrid luminescent nanomaterials into a polymer matrix and

planar scintillator coupled with an array of photodetec-
tors.>7?* Although flat-panel scintillation detectors can
provide detailed two-dimensional projection images, these
images often face distortion, because they are formed by

the subsequent drawing of such multimaterial composites into Received: November 5, 2023
functional flexible fibers o er opportunities for the emergence Revised:  February 16, 2024
of the above-mentioned applications. In particular, the Accepted:  February 22, 2024
realization of highly e cient scintillation fibers opens new Published: April 3, 2024

possibilities for constructing three-dimensional (3D) con-
formal X-ray imaging systems.

© 2024 The Authors. Published by : .
American Chemical Society https://doi.org/10.1021/acsmaterialslett.3c01359

v ACS Publications 1779 ACS Materials Lett. 2024, 6, 1779—1789



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bedil+M.+Saidzhonov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khursand+E.+Yorov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saidkhodzha+Nematulloev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Azimet+Akber+Karluk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taimoor+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taimoor+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+F.+Mohammed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Osman+M.+Bakr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mehmet+Bayindir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialslett.3c01359&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01359?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01359?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01359?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01359?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01359?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amlcef/6/5?ref=pdf
https://pubs.acs.org/toc/amlcef/6/5?ref=pdf
https://pubs.acs.org/toc/amlcef/6/5?ref=pdf
https://pubs.acs.org/toc/amlcef/6/5?ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsmaterialsletters.org?ref=pdf
https://www.acsmaterialsletters.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Materials Letters

www.acsmaterialsletters.org

Figure 1. Production of multimaterial X-ray scintillation fibers. Schematic illustration of the preform structure and fiber drawing scheme for
fibers designed for (a) additive manufacturing of 3D scintillators and (b) woven scintillation fabric production. (¢) Photographs of a
consolidated Cs,CdBi,Cl;,:Mn-PC preform under visible light and UV illumination. (d) Cs,CdBi,Cl;,:Mn-PC fibers under visible light and
UV illumination. Images of the fibers designed for (e) additive manufacturing and (f) fabric production under visible light, UV and X-ray
irradiation. Scale bars in panels (e) and (f) are 5 mm and 2 mm, respectively. (g) Fluorescence microscopy images of the cross-section of
Cu,l,-PC fibers. (h) SEM (left) and elemental mapping (right) images of the cross-section of Cs;Cu,ls-based fibers.

projecting three-dimensional objects onto a two-dimensional
plane. Additionally, the uneven spatial distribution of X-ray
dose and the unavoidable oblique incidence of X-rays on flat
scintillation screens lead to a considerable reduction in image
quality.”®*>?° Obliquely incident X-rays on flat scintillation
screens result in a significant decrease in the spatial resolution
of X-ray images.”® Consequently, planar scintillators cannot
provide details on the actual shape, spatial location, and size of
nonplanar objects, even though such details are crucial for
medical diagnostics, therapy, and materials inspection.
Computed tomography can provide detailed information on
objects of any shape, but it requires significantly longer X-ray
exposure times (and dosages), which are known to increase
cancer risk.?” Computed tomography also requires costly and
complicated device architectures and image processing
compared to flat-panel X-ray detectors used in radiography.*’
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In this regard, X-ray imaging using a scintillator that closely
matches the shape of the object being imaged, conformal
imaging, can eliminate image distortion and give valuable
insights into the actual structure, size, and location of the
object. So far, nonplanar X-ray imaging systems have been
limited to bendable scintillators*®**~*" and direct detec-
tors.?>?°32 To the best of our knowledge, there have been
no reports on the production of 3D scintillators with highly
e cient quantum emitters of a given shape for conformal X-ray
imaging.

In this work, we introduce scalable approaches to
manufacture scintillators of arbitrary shapes for conformal X-
ray imaging using polycarbonate/perovskite-related active
material composite scintillation fibers. We demonstrate the
integration of several X-ray active materials in the composite,
namely, solution-processable Cs;Cu,ls nanoparticles, Cu,l,

https://doi.org/10.1021/acsmaterialslett.3c01359
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nanoclusters, and Cs,CdBi,Cl;,:Mn phosphors. The trans-
formation of composite multimaterial preforms into fibers by
means of thermal drawing resulted in uniform scintillation
fibers hundreds of meters long, without adversely a ecting the
X-ray active materials. The structure and dimensions of the
fibers were then optimized to meet the requirements for
additive manufacturing and woven fabric production. By using
multilayered scintillation fibers as filaments for additive
manufacturing, prototypes of 3D scintillators of di erent and
complex shapes were successfully printed. Large-area flexible
woven scintillation fabrics composed of cladding-free fibers
were also successfully produced. The woven scintillation
fabrics can be reversibly bent, stretched, and twisted, enabling
their integration into 3D scintillators for conformal X-ray
imaging. Conformal X-ray imaging with these 3D scintillators
revealed their capability to serve as a hard-to-achieve imaging
tool, o ering precise information on the structure, shape, and
dimensions of nonflat objects. The developed approaches,
which are based on using inexpensive solution processable
highly e cient X-ray active materials and scalable production
technologies, provide a platform for manufacturing low-cost
high-performance scintillators of arbitrary shapes and wearable
scintillation fabrics important for the realization of personal-
ized conformal X-ray imaging systems.

The selection of Cs;Cu,ls nanoparticles, Cs,CdBi,Cl;,:Mn
microcrystals, and Cu,l, nanoclusters as active materials was
driven by their superior stability and unique photophysical
properties, including high photoluminescence quantum yields
(PLQY), large Stokes shifts, and high scintillation light yields
(LYs). However, due to the compatibility of the polycarbonate
(PC) matrix with various materials, the developed method can
also be employed to incorporate other classes of materials,
such as organic scintillators,**7*® metal—organic frame-
works,>’~*° “and other inorganic scintillators,**~** into
composite fibers, thereby expanding the range of potential
applications.

The composite scintillation fibers described here were drawn
from macroscopic preforms using the thermal size reduction
technique.®* As X-ray active materials, we selected several
materials with di erent size regimes: a few atoms containing
Cu,l, nanoclusters, Cs;Cu,ls nanocrystals, and
Cs,CdBi,Cl;,:Mn microcrystals. These materials were chosen
to demonstrate the applicability of the developed methods to
di erent material systems. In addition, these materials o er
high scintillation LYs and easy solution-based synthesis.**?%>
The materials synthesis and characterization, preform prepara-
tion, and fiber drawing procedures are provided in the
experimental section and Supporting Information (SI).

PC was used as the polymer matrix for the fabrication of
both composite films and preforms. PC was selected for this
role because of its relatively low glass-transition temperature
( 145 °C) and compatibility with numerous organic—
inorganic low-dimensional materials. By maintaining consol-
idation and drawing temperatures at relatively low levels (186
and 215—270 °C, respectively), we successfully preserved the
chemical and structural integrity of the active materials within
the polymer matrix after drawing. Video S1 demonstrates a
typical thermal drawing process of composite scintillation
fibers.

Schematic diagrams depicting the preform architecture and
fiber drawing procedures for additive manufacturing and
woven fabric fabrication are presented in Figures 1a and 1b,
respectively. Figure 1c showcases images of a consolidated
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Cs,CdBi,Clyp:Mn-PC preform for additive manufacturing.
Figure 1d depicts optical images of Cs,CdBi,Cl;,:Mn-PC
fibers for the production of woven fabric under visible light and
UV illumination. Magnified images of all obtained fibers under
visible light, UV, and X-ray irradiation are presented in Figures
1le and 1f. The fibers illustrated in Figure 1e possess a diameter
of 1.7 mm and were designed for additive manufacturing. It is
noteworthy that these fibers exhibit a hollow core and a
multilayered active material configuration positioned near the
fiber surface. The multilayered structure for the active material,
with layers of active material separated by PC layers, was
implemented to achieve compositional homogeneity of the
fibers. The uniform color of the fibers under visible light, UV,
and X-ray irradiation corroborates their compositional
homogeneity. Photographs of the fibers designed for woven
fabric production under visible light, UV, and X-ray irradiation
are presented in Figure 1f. These fibers possess a hollow core
surrounded by an active material. A thin layer of poly-
(vinylidene fluoride) (PVDF) separates the active material
from the outer thick PC layer, serving multiple purposes. First,
the resistance of PVDF to most solvents enables selective
etching of the external PC layer without disrupting the
underlying active material, leading to the formation of thinner
fibers composed primarily of the active composite material.
This is crucial for achieving fabrics comprising predominantly
active material with minimal inactive gaps between adjacent
fibers. Second, due to PVDF's exceptional mechanical strength
and toughness, the resulting fibers exhibit su cient flexibility
and resilience for fabric weaving. Third, PVDF's lower
refractive index (n = 1.4) compared to the PC-composite (n
= 1.59) significantly enhances light extraction e ciency from
the X-ray active layer. The fibers obtained in this study emit
light under both X-ray and UV excitations, rendering them
promising for applications beyond scintillation screens,
including UV detectors and down-conversion LED devices.
A multimodal approach, including fluorescence spectrosco-
py, fluorescence microscopy (FM), and scanning electron
microscopy (SEM) was used to characterize fiber composition
and cross-sectional morphology. Fibers were sectioned by
using an ultramicrotome for FM and SEM analyses. Figure 1g
presents a fusion of bright-field and fluorescence images of a
Cu,l,-PC fiber developed for additive manufacturing. The FM
images reveal a layered structure of the active material, with
individual layers separated by layers of PC. The uniform
emission emanating from the active material layers confirms
the preservation of the active material within the fibers,
implying that the drawing processes do not induce substantial
alterations in the composition and structure of the active
material. SEM images and corresponding elemental mapping
patterns of the cross-section of Cs;Cu,ls-PC, Cu,l,-PC, and
Cs,CdBi,Cl;,:Mn-PC fibers designed for additive manufactur-
ing are presented in Figure S7. Corroborating the FM data, the
fibers exhibit a circular cross-section and elemental mapping
confirms that the active material is situated near the fiber
surface and exhibits a layered structure. Uniformly distributed
aggregates of small particles and microcrystals are discernible
along the active material layers in the images of fibers doped
with Cs;Cu,ls nanocrystals and Cs,CdBi,Cl;,:Mn  micro-
crystals. Elemental mapping confirmed the presence of Cs,
Cu, and | in fibers activated with Cs;Cu,ls nanoparticles; Cu
and | in fibers activated with Cu,l, nanoclusters; and Cs, Cd,
Bi, Cl, and Mn in fibers containing Cs,CdBi,Cl;,:Mn
microcrystals. All elements were uniformly distributed

https://doi.org/10.1021/acsmaterialslett.3c01359
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Figure 2. Optical and X-ray characterization of the scintillation films and fibers. (a) Photoluminescence (top) and radioluminescence
(bottom) spectra of the composite films and fibers. (b) PLQY and (c) light yields of the composite films and fibers. (d) X-ray attenuation
e ciencies as a function of scintillator thickness for Cu,l, nanocluster, Cs;Cu,ls, Cs,CdBi,Cl;,;:Mn, and reference samples. (e)
Radioluminescence spectrum of Cs;Cus,ls-PC fibers under various X-ray excitation doses. (f) The dose dependency of the radioluminescence

intensity for Cs;Cu,ls-PC and Cs,CdBi,Cl;,:Mn-PC fibers.

throughout the active material layers, indicating a uniform fiber
composition. This also suggests that the active material has a
single-phase composition and that the fiber drawing processes
did not alter the chemical composition of the active material.
SEM images and elemental mapping patterns of the cross-
section of Cs3Cu,ls-PC, Cu,l,-PC, and Cs,CdBi,Cly,:Mn-PC
fibers designed for fabric production are presented in Figure 1h
and Figure S7. According to the SEM images, the fibers have a
circular cross-section and the active material, PVDF, and PC
layers are sequentially arranged from the hollow core. Phase
contrast between the active material, PVDF, and PC layers is
clearly visible in the SEM images. Elemental mapping patterns
revealed the presence of the elements constituting all of the
phases. Additionally, the uniform spatial distribution of the
elements in the active material layer suggests that the
consolidation and drawing processes did not result in
intermixing among the active composite, PVDF, and PC
layers. The thin layer of PVDF separating the active material
from the outer PC layer is distinctly evident in the elemental
mapping patterns. The active composite and PVDF layers have
average thicknesses of 90 and 18 um, respectively, in fibers
with a diameter of 400 pym.

Next, we investigated the photophysical properties of
composite thin films and fibers doped with Cs;Cu,ls
nanocrystals, Cu,l, nanoclusters, and Cs,CdBi,Cl;,:Mn micro-
crystals. Photoluminescence (PL) and radioluminescence (RL)
spectra of the composite films and fibers are depicted in Figure
2a. The PL spectra reveal that both the composite films and
fibers activated with Cs;Cu,l5 nanocrystals, Cu,l, nanoclusters,
and Cs,CdBi,Cl,:Mn microcrystals exhibit emission peaks
centered at 444, 552, and 603 nm, respectively. These
findings align well with previously reported PL spectra for
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Cs;Cu,ls nanocrystals,*® Cuyl, nanoclusters,*’ and
Cs,CdBi,Cl;,:Mn microcrystals.*®**° The Cu,l,-PC composite
exhibited a red-shifted emission by 18 nm compared with its
bulk counterpart.® The position and full width at half-
maximum (FWHM) of the emission peak of the fibers closely
match those of the composite films. These results rule out any
potential modifications in the composition and structure of the
active material during the consolidation and fiber drawing
procedures. Furthermore, the positions and FWHM of the RL
peaks are similar to the corresponding PL results, and no
substantial shifts between the RL and PL emission peaks were
observed.

Figure 2b illustrates the evolution of the PLQY across the
composite fiber fabrication process. Upon incorporation of
Cu,l, nanoclusters into the PC matrix, a substantial decrease in
the PLQY is observed (from 91% to 42%). Conversely, the
inclusion of Cs,CdBi,Cl;,:Mn microcrystals exhibits a minor
reduction in the PLQY (from 41% to 34%), compared to the
bulk material (Figure S8). Interestingly, the incorporation of
Cs;Cu,ls nanoparticles into the PC matrix does not
significantly impact their PLQY. Further fiber drawing using
Cu,l,-PC composite films leads to a further PLQY decline
(from 42% to 34%), indicating that high drawing temperatures
can also influence the PLQY of Cu,l,-based composites.
Similarly, the thermal drawing of Cs,CdBi,Cl;,Mn-based
composite films induces a minor PLQY reduction (from 34%
to 32%). Finally, the integration of Cs;Cu,ls-based composite
films into fibers results in a marginal PLQY decrease (from
55% to 53%). These results highlight the sensitivity of PLQY
to the composite fabrication process and suggest that the
incorporation of Cs;Cu,ls nanoparticles and Cs,CdBi,Cl;,:Mn
microcrystals can mitigate PLQY losses during fiber drawing.

https://doi.org/10.1021/acsmaterialslett.3c01359
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Figure 3. 3D-printed and woven fabric X-ray scintillators. (a) Photographs of single-component and multicomponent 3D-printed
scintillators under visible light (top) and X-ray irradiation (bottom). (b) Images of Cs;Cu,ls-PC and Cs,CdBi,Cl;,:Mn-PC-based woven
scintillation fabrics under visible light (top) and X-ray irradiation (bottom). Scale bars are 1 cm in both panels (a) and (b).

The scintillation LYs of the composite films and fibers were
measured by using a commercial BGO crystal as a reference
(Figure 2c). The LY was determined based on the X-ray
attenuation e ciency of the active material and its
concentration within the composites (X-ray characterizations
are detailed in the SI, section S8). Figure 2c shows the
estimated LY for the composite films and fibers. The Cs3Cujls-
PC composite film exhibited a high scintillation LY of 97 000
photons/MeV. The subsequent drawing of the Cs;Cu,ls-PC
film produced composite fibers with an LY of 83700
photons/MeV, a value comparable to that of pure Cs;Cu,ls
nanoparticles (Figure $9).*° The Cs,CdBi,Cl;,:Mn-PC
composite film exhibited an LY of 25100 photons/MeV,
closely matching the LY of the bulk material (25 600 photons/
MeV). Drawing the Cs,CdBi,Cl;;:Mn-PC film yielded
composite fibers with an LY of 16 500 photons/MeV. The
alteration in LY of Cs;Cus,ls and Cs,CdBi,Cl;,:Mn-PC-based
composites during the drawing process is insignificant and
parallels the modification in their PLQY. Despite exhibiting a
high LY of 175000 photons/MeV in crystalline powder
form,*® the Cu,l,-based composite films and fibers displayed a
markedly low LY of 3000 photons/MeV. This substantial
decrease in PLQY and LY compared to Cu,l, crystalline
powder is attributed to the gradual disappearance of
aggregation-induced emission after dissolving nanoclusters in
dichloromethane (DCM) prior to mixing with the PC matrix.
We observed that the incorporation of nanoclusters into
polymer matrices resulted in minimal changes to the PLQY
and LY of fibers after high-temperature fiber drawing
procedures.

Figure 2d illustrates the X-ray attenuation e ciencies, also
known as stopping power, of Cs;Cu,ls nanocrystals, Cu,l,
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nanoclusters, and Cs,CdBi,Cl;,:Mn microcrystals, in compar-
ison to two commonly used scintillating crystals, LYSO:Ce and
BGO. The X-ray stopping abilities of Cs;Cu,l; and
Cs,CdBi,Cl;,:Mn are comparable to those of LYSO:Ce and
BGO (Figure S10). This implies that these materials have
similar stopping powers, which is a crucial factor for their
potential applications in radiation detection.

Subsequently, we explored the correlation between the X-ray
excitation dose and the RL of the scintillation fibers. Figure 2e
depicts the dose dependency of the RL spectrum for fibers
activated with Cs;Cu,l; nanocrystals. As the dose rate
increases from 25 to 250 pGy/s, a significant enhancement
in the RL intensity is observed. This dose-rate-dependent
evolution of the RL spectrum was consistently observed for
fibers activated with Cus,l, nanoclusters and Cs,CdBi,Cl;,:Mn
microcrystals. A strong linear correlation between the RL
intensity and X-ray excitation dose was observed for all three
samples (Figure 2f and Figure S12). The fibers activated with
Cs;Cu,ls nanocrystals exhibited the lowest detection limit of
5.2 uGy/s, determined from the fitting line at a signal-to-noise
ratio of 3. For the fibers activated with Cs,CdBi,Cl;,:Mn
microcrystals and Cu,l, nanoclusters, the detection limit was
29 and 340 pGy/s, respectively. The significantly higher
detection limit for Cu,l,-based fibers is attributed to their
reduced scintillation LY. The photophysical properties of few-
atom Cus,l, nanoclusters and other related structures are highly
sensitive to their surroundings due to their extremely increased
surface area and potential interactions through ligands.*’>*>2
These interactions between the polymer matrix and Cul,
nanoclusters likely contribute to the weak RL response of the
Cu,l,-based composites.

https://doi.org/10.1021/acsmaterialslett.3c01359
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