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The development of all-inorganic lead-free Cs3Cuxls perovskite materials has garnered
significant attention due to their non-toxic nature and unique optoelectronic properties,
especially in the field of X-ray detection. However, the stability of perovskites remains a major
concern for their optical applications. In this study, highly stable Cs3;Cuxls-in-glass composite
(Cs3Cwals@Borosilicate) was fabricated by spark plasma sintering (SPS), a rapid and low-
temperature sintering process. The Cs;Culs@Borosilicate composite exhibits strong
photoluminescence even after prolonged immersion in various polar solvents, whereas Cs3Cuals
perovskite loses its photoluminescence within seconds. Moreover, the Cs3Culs@Borosilicate
composite demonstrates robust radio-luminescence under X-ray irradiation, and its potential as
a scintillator material is validated through prototype X-ray imaging with high spatial resolution
(~7 Ip mm™). This innovative composite material holds immense potential for scintillation
applications and represents a promising approach for encapsulating perovskites in a transparent

amorphous medium.
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1. Introduction

Metal halide perovskites (MHPs) have attracted wide attention in light-emission diodes
(LEDs),l! photovoltaics,” lasers,”*! polarized light electronic devices*! and other
optoelectronic applications owing to their high photoluminescence quantum yield (PLQY),
tunable bandgap and efficient electroluminescence.l”’ Notably, MHPs have emerged as new
potential materials in scintillator-based radiation detection due to high effective atomic number
(Zetr), strong and tunable radioluminescence (RL), fast scintillation response and high-
resolution X-ray imaging.!® Recently, all-inorganic ternary copper lead-free halide perovskite,
Cs3Cuals, has gained attention for its high PLQY and light yield (LY), environment-friendly
and large Stokes shifts.[”) These perovskites have shown potential in scientific research and
practical applications such as radiation detection,'® X-ray imaging!® and nuclear batteries.!'"’
However, the low formation enthalpy of perovskites makes them prone to damage, as they can
be easily formed or decomposed under certain conditions.!'!! These factors limit their practical
applications and call for further research and optimization efforts.

Various strategies have been proposed to address these challenges faced by MHPs, among
which inorganic glass matrix encapsulation is considered to be an effective method to improve
thermal and chemical stability.!'?! Inorganic glass is an excellent medium for optical application
in society, industry, and scientific research, mainly due to its unequaled optical transparency,
various efficient sensitized ions can be doped as well as prominent mechanical, chemical, and
thermal resistance.l'’! Currently, two main strategies are used to fabricate MHPs composite
glass: the “top-down” and “bottom-up” approaches.!'¥ However, to the best of our knowledge,
very few studies have reported on Cs3Cuzls composite glass due to the low crystallinity of the
in-situ crystallization method, which is the main technique for obtaining MHPs composite glass
using a top-down strategy.!'’! The main technique using a bottom-up strategy is sintering or
melting mixtures of inorganic glass and MHPs. However, conventional pressure or pressureless
sintering methods require long heating, sintering and cooling processes, which can damage the
structure of the MHPs.['®) Recently, we reported that multicomponent glasses can be reproduced
near their glass transition temperature using spark plasma sintering (SPS), and organic
molecules with low degradation temperatures have been successfully embedded in an inorganic
glass matrix.['”) Therefore, embedding MHPs in an inorganic glass matrix is possible, but has
rarely been reported.

In this work, the Cs3Culs-in-glass composite was prepared by a bottom-up strategy. By
employing SPS of crystalline Cs3Cuzls and various soft glass matrices, we were able to fabricate

Cs3Culs-in-glass composites with different particle loading ratios. It is noteworthy that
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Cs3Cuz2ls MHPs and inorganic glasses, despite their distinct chemical compositions, can be
processed using industrial MHP processes to create high-performance composites. Given the
Cs3Cu2ls MHPs’ potential as scintillator materials, the glass matrix must be suitable for
scintillator applications. Therefore, we selected borosilicate glass as the encapsulation glass
matrix due to its exceptional mechanical and chemical properties. The Cs3;Cuxls-in-glass
composites maintain the superb optical properties of the Cs3Cuxls MHPs and exhibit
exceptional stability de to the advantages of the SPS technology as well as the protection and
capping effects provided by the glass matrix.['1 These findings suggest that the
Cs3;Cuxls@Borosilicate scintillator enables high-resolution X-ray imaging with remarkable

stability, even in moist environments, under X-ray illumination.

2. Results and Discussion

Cs3Cu2ls MHPs were synthesized using an anti-solvent method, resulting in particles
ranging from nanometers to microns, as confirmed in Figure S1. Energy dispersive X-ray
spectroscopy (EDS) analysis revealed an average atomic ratio of Cs, Cu, and I in Cs3Cuzls of
3.06 : 2 : 4.83, which aligns closely with the stoichiometric results (Figure S2 and Table S1).
X-ray diffraction (XRD) confirmed the structure of the synthesized Cs3Cuxls MHP, which
closely matched the orthorhombic Cs3Cuzls structure (PDF#01-072-9850), as shown in Figure
1a. Earlier studies have reported that Cs3Cuzls chemically decomposed to CsCuzl3 under high-
temperature and polar solvent induction (Figure S3).l'"1 Consequently, embedding Cs3Cuals
into inorganic glass ensures both chemical and thermal stability, thereby enabling the possibility
of long-term operation of equipment in extreme environments and broadening its application
scope in optical and scintillation fields. !

To ensure successful embedding of the Cs3Cuxls MHPs into the glass matrix, an
investigation into the thermal stability of the Cs3Cuxls MHPs was conducted. The
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
were conducted in a nitrogen atmosphere. As shown in Figure 1b, the melting point of the
Cs3Cuzls MHPs is 662 K, and the thermal event observed at 623K may be caused by a eutectic
reaction occurring between residual traces of Csl and Cs3Cuzls MHPs.2Y) The TGA results
present that the weight loss of Cs3Cuzls MHPs was negligible in the range of 303 K to 771 K,
indicating that the Cs3Cuzls MHPs show good thermal stability in nitrogen atmosphere. In
addition, the structural evolution of Cs3Cuzls MHPs in a vacuum was further investigated using
in-situ XRD. The Cs3Cuxls MHPs were heated from RT to 643 K, as shown in Figure S4. As

the temperature increases, the lattice expands and the diffraction peak shifts to a lower angle,
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consistent with previous reports.*!! Through in-situ XRD observation, it was found that the
crystal structure of Cs3Cuzls MHPs remains stable at various temperatures. Overall, Cs3Cuals
MHP exhibits good thermal stability in an inert atmosphere, there is a large processing
temperature window for embedding it into the glass matrix.

Based on the thermal properties of Cs3Cuzls MHPs, borosilicate glass was chosen as the
matrix material. Borosilicate glass has a suitable glass transition temperature, good mechanical
properties, and stable chemical properties. The thermal properties of the borosilicate glass are
shown in Figure 1c, and the glass transition temperature (Ty) is estimated to be 660 K. A series
of borosilicate glasses embedded with Cs3Cuzls MHPs were rapidly fabricated at 598 K under
vacuum condition using SPS, with the manufacturing process depicted in Figure 1d. Compared
with other sintering methods, SPS technology has multiple advantages for the preparation of
composite glass, including fast heating speed, low sintering temperature, vacuum sintering, and
short overall production time, which ensure the preservation of the functional materials against
potential damage throughout the fabrication process.!'”-2?! The optimal sintering parameters that
do not require powder preforming or prolonged heat treatment are displayed in Figure le. The
temperature applied to the borosilicate pellets increased from room temperature (RT) to 598 K
within 5 minutes, with a maximum heating rate of 80 K min™'. The applied pressure gradually
increased from 8.7 MPa to 18.7 MPa. The composite glass can be produced after 3 minutes of
insulation and pressure retention, noted as Cs;CuxIs@Borosilicate. Hence, the preparation of

composite glass using SPS technology holds significant promise and potential.
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Figure 1. a) XRD patterns of Cs3Cuzls MHPs. TG-DSC of b) Cs3Cuz2ls MHPs and c)
borosilicate glass matrix. d) Schematic illustration for the synthesis of Cs3Cuzls embedded into

borosilicate glass composites. €) SPS sintering parameters.
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The photophysical properties of the Cs3Cuz2ls@Borosilicate composite were examined.
Both the Cs3Cuzls MHPs and Cs3CuxIs@Borosilicate composite exhibited a photoluminescence
(PL) peak at approximately 445 nm, while the photoluminescence excitation spectrum (PLE)
peak occurred at 305 nm, indicating a significant Stokes shift, as shown in Figure 2a. Figure
S5 displays the PL decay of the Cs;Cuxls@Borosilicate composite and Cs3Cuxls MHPs
measured using excitation from a 280 nm pulse laser at room temperature. The corresponding
decay curves were well fitted by a single exponential function and suggested an average lifetime
of 966.1 ns (Csz3Cuzls@Borosilicate) and 1086.7 ns (Cs3Cuzls MHPs), respectively. Previous
research has established that such broadband, large Stokes shift and long lifetime emission
mechanism of Cs3Cuzls MHPs are dominated by self-trapped excitons (STEs).?3! The exciton
self-trapping processes for Cs3Cuxls MHPs can be depicted in the coordinate diagram, as shown
in Figure 2b.?*! The PL intensity of the CssCuzls@Borosilicate composite increased with the
concentration of Cs3Cuxls MHPs, as shown in Figure 2¢. The photograph in the inset of Figure
2c displays the Cs3Cuzls@Borosilicate emitting bright blue light under UV lamp irradiation.
These results indicate that Cs3Cuxls@borosilicate composite exhibits similar optical properties
to Cs3Cuxls MHPs. The XRD patterns of a series of Csz3Cuxls@Borosilicate composites with
different Cs3Cuz2ls MHP concentrations are presented in Figure 2d. An amorphous hump was
observed due to the as-sintered host glass, which obscures the diffraction peaks of Cs3Cuzls
MHPs.!?’! The prominent diffraction peak at angles of 26.3° corresponding to the (222) lattice
plane becomes more apparent as the content of Cs3Cuzls MHPs increases, indicating that the
Cs3Cuzls MHPs have successfully incorporated into the glass matrix.

The scanning electron microscopy (SEM), EDS and high-resolution transmission electron
microscopy (HRTEM) were used to characterize the micro-morphology of the
Cs3Cuxls@Borosilicate composite, as shown in Figure 2e and S6. The HRTEM image shows
clear lattice fringes, and the lattice spacing of Cs3;Cuzls@Borosilicate is 0.216 nm,
corresponding to the (206) planes of Cs3Cuzls MHPs, as shown in the inset of Figure 2e.
Scanning electron microscopy-cathodoluminescence (SEM-CL) can better explore the
distribution of Cs3Cuzls MHP in borosilicate glass. Clear white dots observed in CL mappings
are Cs3Cuzls MHP that enable us to distinguish perovskite from glass substrates (Figure 2f).
The surface luminescence distribution image and CL spectra of Cs3;Cuzls@Borosilicate are
shown in Figure 2g and 2h, respectively. Points 1 and 2 show different emission spectra, which
are distinguished by blue and dark, respectively. Point 1 shows a strong emission band detected

at 445 nm, which is attributed to the Cs3Cu2ls MHP. However, for point 2, it is difficult to detect
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the intensity of emission, therefore, it must belong to the host glass. These findings provide
strong evidence for the stability of the Cs3Cuzls MHPs within the glass matrix. Therefore, it is
expected that the optical properties of the Cs3Cuzls MHPs will be fully maintained within the

glass matrix.
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Figure 2. a) The photoluminescence spectra of the Cs;Cuxls@Borosilicate and Cs3Cuazls
MHPs. b) Configuration coordinate diagram for the formation mechanism of STE state in the
Cs3Cuzls MHP. ¢) The photoluminescence spectra of the Cs3CuxIs@Borosilicate with different
Cs3Cuzls content excited by 310 nm monochromatic light (the inset presents its photograph). d)
XRD patterns of CszCuzls@Borosilicate composites with different Cs3Cuxls contents. e)
HRTEM image of Cs3;Cuxls@Borosilicate. f) SEM-CL image of Cs3Cuxls@Borosilicate. g)
Partial magnification of CL spectrum of the Cs;CuzxIs@Borosilicate. h) The point CL spectra

of different single particles and glass corresponding to points from the marked area in (g).

Although Cs3Cuzls MHP shows greater stability than traditional lead-based MHPs, its
durability is still a challenge due to its similar ionic properties to traditional perovskites.2®!

When Cs3;Cuzxls MHPs encounter polar solvents, for example, water, chemical reaction



processes may occur Cs3Cuzls — 2Csl + CsCuals,?”) as shown in Figure 3a. The PL spectra of
Cs3Cuz2ls MHPs suggest their structural stability, so the PL spectra of Cs3Cuzls MHPs and
Cs3;Cwls@Borosilicate in a variety of polar solvents were investigated, as illustrated in Figure
3b and 3c. As shown in Figure 3b, when Cs3Cuzls MHPs were directly immersed in deionized
water and ethanol, their blue PL intensity decreased to zero within minutes or hours,
respectively. Although previous researches demonstrated that the process Cs3Cuzls — CsCuzlz

is reversible, orange emission belonging to CsCuzlz was still observed when the polar solvent
was removed. The inset of Figure 3b shows digital photographs of Cs3Cuzls MHPs before and
after treatment with polar solvents under excitation at 310 nm. The luminescence of the samples
exhibits a blue coloration before treatment with polar solvents and transitions to an orange hue
after treatment, indicating the formation of CsCuxls MHPs. This was also confirmed by the
corresponding normalized PL spectra at 310nm excitation (Figure 3d). In addition, the XRD
patterns also confirm the existence of the CsCuzlz phase, and the ethanol-immersed powders
with stronger orange PL intensity show stronger CsCuxls diffraction peak, as displayed in
Figure S7 and S8.*”2%! In contrast, when Cs3Cuzls@Borosilicate is stored in deionized water
and ethanol, its PL intensity is hardly reduced, as shown in Figure 3¢ and 3d. Figure 3e presents
the experimental data on Cs3;Cwls@Borosilicate stability in deionized water, which always
maintains bright blue luminescence. Similarly, when Cs3Cuzls MHPs encounter dimethyl
sulfoxide (DMSO), N, N-dimethylformamide (DMF) and methanol (MeOH), the
corresponding PL intensity decreases to zero in minutes, as shown in Figure 3f. Notably,
Cs3Cuxls@Borosilicate still has ultra-high stability and maintains high PL intensity in DMSO,
DMF and MeOH for more than 10 days, as displayed in Figure 3g.



()

Polar solvent: C:HsOH H:O...

/7 *
y ATl

SO <

>

g

& &

8

Cs3Cuzls
(b)

~
()
~—
=

@° o °°

CsCu:ls

o°g 6900608
% o ©°

@ Cs,;Cu,l; in alcohol
Cs;Cu,l; in water

e
%

g
o

After

Before

Intensity (a.u.)
g
-

Relative Intensity (a.u.)
=
o

Time (minute)

*1

9 Cs,;Cu,l@Borosilicate in Alcohol
Cs,Cu,I;@Borosilicate in Water

(d),

Normalized Intensity (a.u

Cs,Cu,l5-Alcohol
Cs,Cu,I;-Water
= Cs;Cu,l;@Borosilicate-Water

80 120

Time (hour)

200 30 40

Time (day)

10

50

S =
n =

@ Cs,Cuyl in DMF

(*] ] o ] 9o

me
X

S
n

Cs,Cuylg in DMSO

me
X

Fd
n

Relative Intensity (a.u.) =

Cs,Cuyl in McOH

30 days 40 days 50 days

3 6 9
Time (minute)

(g

Relative Intensity (a.u.) ~="

e
=

|t G g
o wm o

=
n

me
X

Fd
n

400 450 500 550 600 650

Wavelength (nm)

700

Q 4 C

o

@ Cs;Cu,l@Borosilicate in DMF

Cs,Cu,I;@Borosilicate in DMSO

Cs,Cu,I;@Borosilicate in MeOH

0 3 6 9
Time (day)

Figure 3. a) Schematic diagram of Cs3Cuxls chemical decomposition process in polar

solvent. Time-dependent PL intensity of b) Cs;Cuzls MHPs and c) Cs;Cuzls@Borosilicate

stored in deionized water and ethanol for different times, the inset presents digital photos of

Cs3Cuzls MHPs before and after exposure to polar solvents under excitation at 310 nm. d) The

normalized PL spectra of Cs3Cuxls MHPs and Cs3;CuxIs@Borosilicate following dehydration

and dealcoholization. e) The photograph of Cs;Cuxls@Borosilicate immersed in deionized

water for different days. Time-dependent PL intensity of f) Cs3Cuxls MHPs and g)
Cs3Cuxls@Borosilicate stored in DMF, DMSO and MeOH for different time.

Moreover, the thermal stability of Cs;Cuzxls MHPs under different atmospheres was

studied. The XRD pattern of the Cs3Cuxls MHPs with heat-treatment at 643 K for 1 hour in air

is shown in Figure 4a. It can be seen that the XRD pattern is mainly dominated by Csl,

indicating that the structure of Cs3Cuzls MHPs is destroyed. The XRD pattern of the Cs3Cuals

MHPs with heat treatment at 643 K for 1 hour in a vacuum is shown in Figure 4b. Notably, the

Cs3Cuzls MHPs maintain their structure, which is further confirmed by the XRD refinement, as



shown in Figure S9. As mentioned above, since the PL spectra could also provide some useful
information about the structural transformation of a luminescent material, the PL spectra of the
Cs3Cuzls MHPs after heat treatment in air and vacuum were investigated, as shown in Figure
4c. Compared with the PL intensity of Cs3Cu2ls MHPs heated in air, the PL intensity of
Cs3Cu2ls MHPs heated in vacuum is significantly higher. In addition, the photographs of
Cs3Cuz2ls MHPs with heat treatment in air and vacuum under daylight and UV light are
presented in the inset of Figure 4c. Specifically, air-heat-treated Cs3Cuz2ls MHPs turn grey in
daylight and have a much weaker PL intensity under UV light compared to vacuum-heat-treated
Cs3Cuzls MHPs. Moreover, the PL spectra of Cs3Cuzls MHPs after heat treatment at different
temperatures in air were studied, as shown in Figure S10. It is clear that the Cs3Cuzls MHPs
heated to higher temperatures show weaker PL intensity. According to our results, the thermal
decomposition product of Cs3Cuzls MHPs in air is only Csl without intermediate products
CsCuzls, which is different from the decomposition process of Cs3Cuzls MHPs in polar solvent
(Figure S7). Although the detailed reaction process is not clear yet, we speculate that Cs3Cuals
MHPs are more likely to thermally decompose into Csl and Cul in the air, and then most of the

Cul is volatilized and a small portion is oxidized to CuO,?"]

changing the remaining powder
from white to black, with a possible schematic depicted in Fig. 4d. Therefore, encapsulating
may help to avoid the decomposition of Cs3Cuzls MHPs.

To validate this conclusion, the temperature-dependent PL pseudocolor map of Cs3Cuzls
MHPs and Cs3;Cuxls@Borosilicate were investigated, and the results were shown in Figure 4e
and 4f, respectively. Figure 4g displays the plots of temperature-dependent (from 300K to
480K) PL relative intensity. The PL intensity of the Cs3Cuxls MHPs decrease monotonically,
indicating that lattice expansion and more phonons coupling with excitons occur at higher
temperatures, leading to the activation of nonradiative recombination processes. Similarly, the
Cs3Cuxls@Borosilicate composite also exhibits a monotonic downward trend in PL intensity.
It is worth noting that at a temperature of 348 K, the PL intensity of the Cs3Cuzls@Borosilicate
composite still has 56.7 % of the initial value, whereas the Cs3Cuzls MHPs only has 43.2 % of
the initial value, as shown in Figure 4g. This may be due to the tendency of decomposition of
Cs3Cu2lsMHPs at high temperatures in air. In contrast, the Cs;CuIs@Borosilicate composite
prevents air from penetrating the glass matrix, providing a vacuum-like condition for Cs3Cuals
MHPs. Overall, these results indicate that encapsulating can avoid the decomposition of
Cs3Cuz2ls MHPs (Figure 4h), improve its stability, and verify the potential of the composite

material in practical applications.
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The high PLQY, broadband blue emission and zero self-absorption make the Cs3Cuals

MHPs

promising candidates for scintillators.
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coefficients of Cs3Cuzls, CsPbBr3;, CdTe, BisGe3O12 (BGO) and carbon dots over a broad range
of photon energies, and the results are shown in Figure 5a. The results indicate that the
attenuation coefficient of the Cs3Cuzls perovskites across the entire energy region is close to
that of CdTe and slightly lower than that of CsPbBr3, which is proportional to the value of their
Zi.*%! Figure 5b shows the radioluminescence (RL) spectrum of the Cs3;Cuzls@Borosilicate
composite measured at an X-ray source tube voltage of 50 kV, and the RL intensity increases
with the increase of the Cs3Cuzls MHPs concentration. Due to the lack of a self-absorption
effect in Cs3Cuals, the RL intensity is observed to incrementally rise with an increase in MHPs
concentration up to 50 wt%, as illustrated in Figure S11. The digital photograph of the
Cs3;Cwls@Borosilicate composite under X-ray excitation is depicted in the inset of Figure 5b.
The decay kinetics under X-ray excitation of the Cs3Cuxls perovskite and
Cs3Cuxls@Borosilicate composites were profoundly investigated. The scintillation decay
profiles of Cs3;Cwls@Borosilicate composite and Cs3Cuzls MHPs were measured as shown in
Figure 5c. The RL decay of Cs;Cuzls@Borosilicate and Cs;Cuzls MHPs is well-fitted and
suggested an average lifetime of 755 ns and 892 ns, respectively, which are in close proximity
to the reported values.*!! The mechanism of RL in Cs3Cuzls MHPs can be explained by the
photoelectric ionization effect, as previously reported in halide perovskite scintillators.[6]
Similar to PL decay, the RL decay of the Cs3Cuzls@Borosilicate composite is shorter than that
of Cs3Cuzls MHPs. We speculate that it may be due to the bonding between a small part of
Cs3Cuals and the borosilicate glass network, which leads to the change of Jahn-Teller distortion
of the 0D electronic structure of [Cuzls]*" octahedral, resulting in the change of scintillation
decay.’?l Cs;Cuals@Borosilicate composite and Cs3Cuzls MHPs show the same radiation
response, under a tube current range of 100-200 pA and a tube voltage of 50 kV, both the
Cs3Cu2ls MHPs and Cs3;Culs@Borosilicate composite displayed a linear response to the
current (Figure 5d). The RL intensity of both Cs3Cuzls MHPs and the Cs3;Cuxls@Borosilicate
composite shows a positive correlation with the applied voltages, over a range of 10-60 kV at
a constant electron tube current of 200 pA, as illustrated in Figure S12. Cs;Cuzls@Borosilicate
composite has a short RL decay time and linear response to the radiation can be used for rapid
radiation detection.

To demonstrate the potential of Cs3Cuzls@Borosilicate scintillation material for X-ray
imaging, a prototype projection system was established, as shown in Figure 5Se, in which X-ray
source, imaging object, Cs3Culs@Borosilicate composite and CMOS were sequentially placed.
As shown in Figure 5f, the projection images of a chip and spring placed in the capsule were

obtained by the current X-ray detection device. The projection system clearly reveals the
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interior structure of the chip and capsule. To further evaluate X-ray imaging quality, we utilized
the slanted-edge method to obtain the modulation transfer function (MTF) curve. The spatial
frequency (Ip mm™) at MTF = 0.2 is defined as the spatial resolution. The X-ray image for MTF
calculation is shown in the inset of Figure 5g. As shown in Figure 5g, the image resolution with
Cs3Cuxls@Borosilicate is ~7 Ip mm™!, which is superior to CsPbBrs; quantum dots glass (4.1 Ip
mm") B3 and traditional X-ray detector (CsI:T1 ~3 Ip mm', a-Se 4.75 Ip mm™').* Notably,
better image resolution can be obtained by reducing the refractive index difference between the
Cs3Cuzls MHPs and the glass matrix and improving the distribution of Cs3Cuzls MHPs in the
glass matrix. In addition, the RL intensity of the Cs3Cuxls@Borosilicate composite is stable
under repeated X-ray irradiation with 10s on-off cycles (Figure 5h). It can be concluded that
the Cs3Cuz2ls@Borosilicate composite exhibited excellent performance in X-ray imaging and
long-term operational stability, and demonstrates great potential in medical diagnosis and

industrial detection.

@35 (b) (c)
210 p—y : 5wt% 1 Cs,Cu,l@Borosilicate
\ arbon i
5 o\ ——BGO ~F 3wt% - 12755 ns
KA (1) = 1 wt% =
= CdTe 3 : ol
= P < ——0.5wt% < 0
S ) SPbBr, ~ « ~
210 g Glass B
S \ CsyCuyl 2
= = % 0.01
T 1o N 2 £
5 \ \ 2 e Cs,Cuyl
£ 1 N \ = = =892 ns
= \ = 2 o1
g \ \ I~ x O
2 10 N
& —_ 0.01
Z 10? ) :
102 102 10" 100 100 102 10° 350 400 450 500 550 600 0 1 2 3 4
Photon engergy (MeV) Wavelength (nm) Time (us)
(d) - -
510 Cs,Cuyl@Borosilicate Obiect 7 Scintillator
& 9 Cs,Cuyly g ] N
go‘s 3
£ 3
D
206 % -
= 2
é 0.4 i+ R2=0.99 -~
- )
>
c02 J
35 @
%00
40 80 120 160 200
Electric current (nA)
(8): (h)_ -
g 1.0 @ Cs;Cu,l@Borosilicate = >— Cs;Cu,1;@Borosilicate
e = ~ Xerayon
E] > > ¥ @
L=l
- 08 £
& g
£ 0.6 =
s =
&
£ 04 é
=
o— O)
= Z
S o S X-ray off
= 0.0 . ~ -
0 2 4 6 8 10 12 0 100 200 300
Spatial resolution (Ip/mm) Cycle (frequency)

Figure 5. a) Attenuation coefficients of Cs3Cuxls, CsPbBr3, CdTe, BGO and Carbon dots
versus photons energy. b) The RL spectra of Cs3Cuxls@Borosilicate with different
concentrations (tube voltage: 50 kV; tube current: 200 pA), the inset presents its photograph.
¢) Scintillation decay profiles of Cs3Cuzls@Borosilicate (top) and Cs3Cuzls MHPs (bottom). d)
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The response intensity of Cs3Cuxls MHPs and Cs3;CuxIs@Borosilicate as a function of electron
tube current. e) Schematic of the prototype projection system for X-ray imaging, and the
sequence is X-ray source, imaging object, Cs3Cuzls@Borosilicate composite and CMOS. f) The
photograph and the corresponding X-ray image of a chip, spring placed in the capsule. g) MTF
curves of X-ray images obtained from Cs3Cuxls@Borosilicate composite. h) The recorded RL
intensity of Cs3Cuxls@Borosilicate under X-ray irradiation for repeated on-off cycles with a

time interval of 10 s.

3. Conclusion

In summary, we report a rapid and facile approach for embedding MHPs into transparent
inorganic glass matrix through SPS technology. This technique effectively preserved the
exceptional optical properties of Cs3Cuzls MHPs and enabled the successful preparation of
Cs3Cuxls@Borosilicate composite. These composites exhibited intense blue light emission, a
higher particle loading ratio, and excellent stability. The Cs3Cuxls@Borosilicate composite is
significantly more resistant to polar solvents, extending durability from seconds or hours to
months. In addition, these composites also exhibit superior thermal stability in air compared to
Cs3Cuzxls MHPs. Furthermore, the capability of X-ray imaging was demonstrated through
prototype experiments, which successfully obtained clear projection images of a chip and the
internal spring of a capsule at an image resolution of approximately 7 Ip mm™. Based on the
aforementioned results, this novel composite, characterized by its exceptional optical and
scintillation performance as well as its outstanding stability, is bound to create unlimited

possibilities for optical devices that have been limited by existing approaches.

4. Experimental Section

4.1. Chemicals

Cesium iodide (Csl, 99.999%), Cuprous iodide (Cul, 99.95%) and dimethyl sulfoxide
(DMSO, 99.8%) were purchased from Aladdin. Borosilicate glass powder (LX45) was
purchased from Anywhere Powder company. Isopropanol (AR) was purchased from

MACKLIN.

4.2. Synthesis of Cs3Cuz2ls MHPs
Csl (1.2 mmol), Cul (0.8 mmol), and dimethyl sulfoxide (1.0 mL) were added to a small
bottle (3 mL). The resulting mixture was heated to 333 K under vigorous stirring for 3 h, after

which the powder was completely dissolved. Every 100 puL of the precursor was extracted into
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3 mL of isopropanol and vibrated vigorously. Cs3CuxIs MHPs were obtained by centrifugation
at 10,000 rpm for 5 min and the supernatant was discarded. After the third centrifugation at
10,000 rpm for 5 min, the substrates were transferred to an oven and baked at 333 K until

dryness.

4.3. Synthesis of Cs3Cuz2ls@Borosilicate by SPS technology

First, 0.05 g Cs3Cu2ls MHPs and 0.95 g borosilicate glass powder were uniformly mixed
by mechanical milling. Then uniformly mixed composite powder loaded into the graphite die
of 10 mm diameter using a sheet of flexible graphite sheet and carbon diffusion barrier to ensure
the release of the solid and to protect the diffusion of the graphite component from the mold.
The sintering process, as shown in Figure 1e, involved sintering at about 598 K under 18.7 MPa
pressure for 3 min, which can obtain the best densification effect. Different concentrations were

prepared following the same procedure.

4.4. Characterization Methods

The microstructure and chemical composition of the sample were analyzed by high-
resolution transmission electron microscopy (HRTEM, FEI Tecnai G2F20 S-WTINE) and
scanning electron microscopy (SEM, SU8010, Hitachi Ltd., Tokyo, Japan) coupled with an
energy dispersive spectrometer (EDS). The crystal phases were examined by X-ray diffraction
(XRD) with Cu Ka radiation (Rigaku SmartLab SE, Japan). The thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) scans were performed using NETZSCH
STA 449F3 at a heating rate of 10 K min™'. Steady-state PL spectra were obtained by using an
Edinburgh Instruments (FLS1000) spectrometer. Time-resolved PL spectra were measured by
the time-correlated single-photon counting method with an Edinburgh Instruments FLS1000
spectrometer after excitation with a 280 nm pulsed diode laser. Cathodoluminescence (CL)
measurements were performed using a field emission scanning electron microscope (SEM)
equipped with a CL system by SEM-CL Goldenscope Rainbow (CL-SEM, Gatan Mono CL4).
In-situ X-ray diffraction (XRD) measurements were performed in air and vacuum, respectively,
heated to 643K at a heating rate of 10 K min™! and recorded every 20 K (PANalytical Empyrean,
Netherlands). The X-ray photoelectron spectroscopy (XPS) spectra were obtained using
Thermo Scientific K-Alpha. The RL spectra were measured by a grating spectrometer (Omni-
A300i, Zolix, China). The scintillation decay curves were determined by an oscillograph
(Tektronix DPO 5140). The tested samples were irradiated with 662 keV y-rays from a '3’Cs

source, and their scintillation photons were detected with the PMT (Hamamatsu R2059).
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4.5. X-ray imaging experimental device system

In a typical procedure for X-ray imaging, The X-ray source (Pmax = 12 W, Vmax = 60
kV, Imax = 200 pA) was a miniature x-ray tube produced by Amptek company, which was
vertically placed on the measured object and the film. The light path was finally collected by
the CMOS with high sensitivity (Photometrics, Prime 95B).
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