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ABSTRACT: Perovskite nanocrystals (PNCs) bear a huge ) & o C ° O O Si
potential for widespread applications, such as color conversion, vy ° H o N

X-ray scintillators, and active laser media. However, the poor APTES: (3-aminopropyl)triethoxysilane PA: Pentanedioic anhydride

intrinsic stability and high susceptibility to environmental stimuli Oleic acid AT §APTES'PA
including moisture and oxygen have become bottlenecks of PNC J’bi oo B \ - % -
materials for commercialization. Appropriate barrier material , ¢ % ;

design can efficiently improve the stability of the PNCs. 5 ¢

Particularly, the strategy for packaging PNCs in organosilicon $..

matrixes can integrate the advantages of inorganic-oxide-based 3 Ligand e

and polymer-based encapsulation routes. However, the inert Lok design
long-carbon-chain ligands (e.g., oleic acid, oleylamine) used in . & % R 4R & Y
the current ligand systems for silicon-based encapsulation are Insufficient encapsulation Robust encapsulation

detrimental to the cross-linking of the organosilicon matrix,

resulting in performance deficiencies in the nanocrystal films, such as low transparency and large surface roughness. Herein,
we propose a dual-organosilicon ligand system consisting of (3-aminopropyl)triethoxysilane (APTES) and (3-aminopropyl)-
triethoxysilane with pentanedioic anhydride (APTES-PA), to replace the inert long-carbon-chain ligands for improving the
performance of organosilicon-coated PNC films. As a result, strongly fluorescent PNC films prepared by a facile solution-
casting method demonstrate high transparency and reduced surface roughness while maintaining high stability in various
harsh environments. The optimized PNC films were eventually applied in an X-ray imaging system as scintillators, showing a
high spatial resolution above 20 Ip/mm. By designing this promising dual organosilicon ligand system for PNC films, our work
highlights the crucial influence of the molecular structure of the capping ligands on the optical performance of the PNC film.
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1. INTRODUCTION For example, surface decomposition and increased trap state
densities of CsPbX; PNCs are observed under oxygen-rich and

(PNCs) have attracted tremendous interest owing to their humid conditions.”” The desorption of the surface ligands can

broadly tunable photoluminescence (PL) across 400—700 nm, dest.ruct the Cou(’ifkﬂ Zintegrity of PNCs and lead to
narrow PL full-width at half maximum (fwhm), and high PL lum%ne.scence quenc}.nng. -

quantum yield (PLQY).'™ Given these appealing features, Aiming at enhancing the stability of PNCs, valuable efforts
CsPbX3 NCs demonstrate great potential, especially for have been devoted by numerous researchers using the

applications in optics and photonics, including light-emitting following three strategies: (1) compositional manipulation,
diodes (LEDs) 5=7 displays 89 lasers, 't single-photon such as heterojunction structures (e.g., composite structures of
) ) )

All-inorganic CsPbX; (X = Cl, Br, or I) perovskite nanocrystals

source,"”"* and X-ray scintillators."*'®  Furthermore, the

relatively low formation energy and the high defect tolerance Received: November 30, 2023
of the lead-halide PNCs enable the preparation of highly Revised:  February 16, 2024
fluorescent materials at low temperatures and low cost, hence Accepted: February 23, 2024
greatly broadening its application prospects.'” However, the Published: March 25, 2024
labile surface and metastable ionic structure of PNCs cause

poor stability against heat, moisture, and UV radiation."®™*
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Figure 1. Ligand design for enhancing the compatibility in film-forming systems to improve the film performance. Schematics of the ligand
molecules and illustrations of the condensation reactions of (a) conventional APTES/OA ligand system, and (c) proposed APTES/APTES-
PA ligand system. Cross-sectional SEM images (with a tilting angle of 45°) of the PNC/silicone films with (b) APTES/OA ligands, and (d)
APTES/APTES-PA ligands. e) Photographs of the corresponding PNC/silicone films under white light and UV radiation. (f) Transmittance
spectra, and (g) Haze spectra of PNC/silicone films with APTES/APTES-PA ligands and APTES/OA ligands, respectively.

CsPbBr,/CsPb,Br;);*>** (2) surface modification, such as the
introduction of multidentate surface ligands,24’25 (3) matrix
encapsulation, such as embedding PNCs in transparent
1n0rgan1c oxides or organic polymers (e.g, silicon oxide,*
alumina,”” polystyrene (PS),” and poly(methyl methacry-
late)**3?). Among the above strategies, encapsulation based on
a solid matrix can provide effective physical isolation of PNC
materials from environmental stimuli, including moisture and
oxygen, thus significantly improving their stability.

Polymers and inorganic oxides are the most commonly used
matrixes for the solid-state encapsulation of PNCs.”"** The
encapsulation based on inorganic oxides normally enables
outstanding stability against heat and UV radiation for PNCs
owing to the high bonding energy of the inorganic oxide
matrix.>*** However, the PNCs encapsulated with an
inorganic oxide matrix are prone to exist as insoluble and
crumbly solid-like powders, which limits their processability
and application prospects.”*® In contrast, organic polymer
matrix provides excellent solution-processability and film
quality for PNCs. Nevertheless, the widely used long carbon
chain ligands, including oleic acid (OA) and oleyl amine
(OLA), are incompatible with a polymer matrix due to the lack
of molecular affinity, resulting in significant aggregations of
PNCs and deficient performance of the PNC films.””** In
addition, polymer-encapsulated PNCs demonstrate poorer
thermal stability and photostability than oxide-encapsulated
PNCs, as the polymer matrix itself commonly suffers from
aging and yellowing in harsh environments.*”

10055

In contrast, as an organic—inorganic hybridization, organo-
silicon-based encapsulation is capable of integrating the
advantages of inorganic oxide and organic polymer matrixes,
which provides firm protection for PNCs while maintaining
good processability for the forming or patterning of PNC
films.*>*' Compared to polymeric encapsulation, the organo-
silicon matrix enables a firmer connection with the PNCs and
superior stability due to the high-density network of the O—
Si—O bonds. Compared to inorganic oxide encapsulation,
organosilicon molecules can cross-link with each other through
condensation reactions, providing competitive processability
and compactness for the PNC film. Despite the affecting
advantages above, current ligand systems of organosilicon-
encapsulated PNCs widely incorporate inert long-chain ligands
(e.g, OA), which is necessary to these systems for the
synthesis and stabilization of colloidal PNCs.** However, the
inert long-chain ligands are incompatible with the cross-linking
of the organosilicon matrix for film formation.*”** In a detailed
manner, the long-chain ligands are inert in the condensation
reaction of the silicate ligands and their large molecular length
potentially suppresses the cross-linking of the organosilicon
matrix. Thus, the presence of long-chain ligands ultimately
leads to low transparency and a large surface roughness of the
PNC film, inhibiting the full potential of the organosilicon-
based encapsulation strategy.

To tackle the challenges above, we propose here a double-
organosilicon ligand system based on (3-aminopropyl)-
triethoxysilane (APTES) and (3-aminopropyl)triethoxysilane
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with pentanedioic anhydride (APTES-PA) for fabricating high-
performance PNC films. In the system, the inert long-carbon-
chain ligands (e.g, OA, OLA) are replaced by the designed
APTES-PA ligand to improve the compatibility of the whole
colloidal system. The APTES-PA molecule contains multiple
silicon-based functional groups that enable its participation in
the condensation reactions among silicate bonds to form a
well-cross-linked matrix meanwhile contributing to the
stabilization of the colloidal PNCs.

With the proposed ligand system, strongly fluorescent PNC/
silicone films with high transparency and reduced surface
roughness were successfully prepared. Owing to the compact
encapsulation of the organosilicon matrix, the obtained PNC
films showed decent stability in various harsh environments.
The optimized PNC films were eventually applied in an X-ray
imaging system as radioluminescence (RL) scintillators,
achieving a high spatial resolution above 20 line pairs per
millimeter (Ip/mm). In our work, we designed a dual-
organosilicon ligand system for enhancing the performance
of organosilicon-encapsulated PNC films. Moreover, it high-
lights the important influence of the molecular structure of the
surface ligands on the film formation and film performance of
PNCs.

2. RESULTS AND DISCUSSION

To enhance the compatibility of the film-forming compounds
for organosilicon-encapsulated PNCs, we designed and
synthesized a dual-silicone ligand system for the stabilization
of PNCs to replace the OA and OLA ligands (Figure 1). The
dual-silicone ligand system, which consists of APTES ligands
with an amino headgroup and APTES-PA ligands with a
carboxyl headgroup, was designed with the inspiration of the
classical OA/OLA ligand system. The APTES ligand with an
amino headgroup can provide sufficient surface passivation for
the PNCs but is unable to provide sufficient colloidal stability
for the PNC dispersion.””*® The APTES-PA ligand with a
longer carbon chain was introduced to impart PNCs to
sufficient colloidal stability in weakly polar solvents, as shown
in Figure S1 and Figure S2. The designed silicone ligands are
attached on the surface of PNCs spontaneously during the
synthesis based on ligand-assisted coprecipitation (Figure S3).
The function of the APTES-PA ligand as a stabilizer for PNCs
is well demonstrated in Figure S4, which proves that it is
indispensable in the proposed colloidal systems. After a stable
PNC dispersion was obtained, the fine film-forming properties
of organosilicon-stabilized colloidal PNCs were demonstrated
by a facile solution-casting strategy. The volatilization of
solvents and the condensation of the silicate bonds were
induced by heating to obtain silicone-encapsulated PNC films
(see details in the Experimental Section). The thickness of the
PNC film can be altered ranging from submicron scale to
micron scale by simply adjusting the concentration of the PNC
dispersion and the drop-casting volume (Figure SS). The
performance of APTES-PA/APTES-capped PNCs was com-
pared to the conventional APTES/OA ligand group under the
same film-forming conditions. In the APTES/OA ligand
system, as illustrated in Figure 1la, the long-chain OA ligands
cannot participate in the condensation reaction that creates the
solid organosilicon matrix and contributes only to the surface
passivation of PNCs. Moreover, due to the large length of the
ligands, the presence of the long-chain OA molecules
suppresses the contact and cross-linking among APTES ligands
during condensation, resulting in rough surface morphology

and poor compactness of the PNC/silicone film (Figure 1b
and Figure S6). As exhibited in Figure lc, the designed
APTES-PA molecule is shorter than the OA molecule and
contains multiple silicone functional groups. In the con-
densation process, the ethoxy-silane-ether groups of APTES
and APTES-PA ligands are triggered by trace moisture in the
solvent or ambient air and then creating massive cross-linking
Si—O—=Si bonds which form the solid matrix for the CsPbBr;
NCs.*”** The dense cross-linking joints enable superior film
quality (Figure 1d). In addition, compared to the OA ligand,
owing to the reduced molecule size and higher cross-linking
efficiency of the APTES-PA ligand, a relatively lower quantity
of the capping ligands is demanded to provide sufficient
encapsulation, which potentially elevates the maximum PNC
loading in the film. Compared to the OA-capped PNC film, the
enhanced transparency and reduced scattering of the APTES-
PA-capped PNC film are visually demonstrated in Figure le.
By replacing the OA ligand with the APTES-PA ligand, the
transmittance of the silicone-encapsulated PNC film is
significantly improved and its overall haze value greatly
diminishes in the nonabsorbing region (Figure le, f). Here,
PNC films with a thickness of around S ym were deposited on
glass substrates for the measurement. The deficient trans-
mittance of the APTES/OA sample is attributed to the rough
surface and microscale protrusions of the film, which generate
massive light scattering and reflection. The APTES-PA
encapsulation method based on the condensation of the
surface ligands can effectively avoid the aggregation problem of
PNCs caused by the introduction of exogenous packaging
matrix (e.g., polystyrene), as shown in Figure S7. In addition,
with good affinity of the capping ligands and compact
encapsulation, the fabrication of flexible PNC/silicone thin
films is possible. An example of coating a PNC/silicone film on
a polyethylene terephthalate foil is shown in Figure S8. The
flexible PNC/silicone film exhibits strong fluorescence under
UV radiation in a curved state. In all, compared with the
conventional APTES/OA ligand system, the proposed
APTES/APTES-PA ligand system significantly improves the
quality of the PNC/silicone film for better compactness, higher
transmittance, and reduced scattering. These enhanced optical
performances are critical for lasing, 250 X-ray imaging,5 and
other applications where good packaging and optical quality
are needed. A characterization of the amplification of
spontaneous emission (ASE) of the PNC/silicone film was
conducted, and the PL spectra are shown in Figure S9. With
the pumping of a femtosecond laser (peak wavelength: 342
nm), the PNC/silicone film obtained an ASE threshold of
between 17.1—34.2 uJ/cm®. The proposed high-performance
PNC/silicone film with high transparency and outstanding
stability is thus promising for a wide range of optical
applications.

Fourier transform infrared (FTIR) measurements were
conducted to characterize the chemical bonds of the PNC
composite films. As shown in Figure 2a, the FTIR spectra
reveal a dramatic increase of the Si—O—Si and Si—O—C bonds
for APTES/OA and APTES/APTES-PA samples compared to
the OLA/OA ligand group, verifying the occurrence of the
hydrolysis and the practical wrapping of the silicon matrix for
PNCs. Besides, the APTES/APTES-PA sample shows an
obvious weakening of the characteristic peak of the C—H bond
due to the absence of OA ligands. The results of X-ray
diffraction (XRD) indicate that both APTES/APTES-PA and
APTES/OA encapsulated PNCs have only the CsPbBr; phase
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Figure 2. Surface chemistry of designed silicone ligands. (a) FTIR
spectra, and (b) absorbance and emission spectra of the PNC
composite films with different ligands. (c) Time-resolved PL decay
curves and the corresponding biexponential fitting curves of the
PNC films. (d) Results of the DFT calculations of the charge
density redistribution of the optimized CsPbBr;-001 surfaces
capped with APTES/OA and APTES/APTES-PA ligand groups,
respectively.

without other nonluminescent phases (Figure S10). The as-
prepared PNCs exhibit a cubic structure with a particle size of
~11 nm, as shown in the TEM images (Figure S11). The
dense and well-separated PNCs homogeneously distribute in
the organosilicon matrix network without agglomeration. The
absorbance spectra of the composite films have the typical
shape of CsPbBr; NCs. The emission peak of the PNC/
APTES/APTES-PA film is centered at 526 nm with a fwhm of
23 nm. The PLQY of the sample is measured to amount to
80.6% with a high PNC concentration of around 36 wt %
based on the 3 M measurement procedure (Figure S12).°* By
reducing the film thickness, the PLQY of the PNC/APTES/
APTES-PA sample can be further improved (Figure SS). This
can be attributed to a diminished influence of reabsorption and
thus more complete outcoupling. The APTES/OA sample
shows a lower PLQY of 71.7% with the same PNC loading but
obtains a smaller fwhm of 20 nm. The high PLQY of the PNC/
APTES/APTES-PA sample indicates the robust surface trap
passivation and improved dispersibility brought by the
APTES/APTES-PA ligands, while the slightly broadened
emission peak can be attributed to the enhanced hydrolysis
capability and efliciency. As illustrated in Figure S13, the dual-
organosilicon ligand system could generate a small number of
undesired silica nanospheres during the synthesis of PNCs.
The spatial confinement effect of the silica nanospheres to the
precursor solution and crystal growth would lead to the size
inhomogeneities of PNCs, resulting in a broadening of the
emission peak of PNC film. The time-resolved PL decays are
measured to explore the carrier dynamics in the NCs (Figure
2c). The corresponding biexponential fitting curves are
exhibited as well and are applied for the calculation of the
average PL lifetime. In detail, the fitted intensity average PL
lifetimes of the APTES/APTES-PA sample, the APTES/OA
sample, and the OLA/OA sample are 22.7, 20.0, and 17.7 ns,
respectively. Combined with the PLQY values, the radiative
recombination rate (K,) and the nonradiative recombination

rate (K,,) of the films are calculated and shown in Table S1.
The longer average PL lifetime and lower K, of the APTES/
APTES-PA sample, along with the high PLQY, suggest an
effective surface defect passivation of the organosilicon coating
with the proposed ligands.53 Here, the passivation effect of the
APTES/APTES-PA ligands on the PNCs is exhibited in two
aspects. First, the ligand capping on the surface of PNCs in the
solvent environment efficiently passivates the unsaturated
dangling bonds on the surface of the PNCs. Second, the
cross-linking of the ligands forms a dense O—Si—O barrier
around the PNCs, generating effective protection for the PNCs
toward environmental stimuli.’> The strength of the
passivation effect of the surface ligand on the surface defects
of the PNCs may be implied by the binding energy of the
ligand to the surface of PNCs.**>* The binding energies
between the ligands and the PNC surface were calculated by
employing density functional theory (DFT) methods. The
models of the calculated molecules and crystal surface are
shown in Figure S14. The charge density redistributions of the
PbBr,-rich surfaces (001) of the CsPbBr; crystal attached with
APTES/OA ligands and APTES/APTES-PA ligands are shown
in Figure 2d. In both cases, the APTES ligands attach on the
Pb atoms with similar charge redistributions, where the
electron accumulation (yellow cloud) is localized on the
ammonium group and the electron dilution (cyan cloud) is
evident along the surface Pb atoms. Moreover, the APTES-PA
ligand shows a larger electron dilution cloud than the OA
ligand on the PNC surface. As a result, the ligand combination
of APTES/APTES-PA obtains an overall binding energy of
—0.441 eV, which is higher than that of the APTES/OA ligand
group (—0.397 eV) in absolute values. The strong binding of
the proposed APTES-PA lisgand on the PNC surface indicates
better surface passivation.™

In silicone-encapsulated PNC systems, the strong O—Si—O
bond provides better protection for PNCs against environ-
mental factors relative to widely used PS-encapsulated systems.
Figure 3 shows the normalized PL intensity of the PNC/
APTES/APTES-PA films after heating to elevated temper-
atures, exposure to UV radiation, water immersion, and solvent
immersion, respectively. CsPbBr; PNC film packaged by PS
polymer and PNC/APTES/OA sample were incorporated in
the test as a reference. The PNC concentration of the PNC
films here was 36 wt % (see details in the Experimental
Section). As shown in Figure 3a, the PNC/APTES/APTES-PA
sample exhibits higher remaining PL intensity than the PNC/
APTES/OA and PNC/PS samples after being heated to
different temperatures. Specifically, the PNC/APTES/APTES-
PA film maintains 62.3% of the PL intensity after the thermal
treatment up to 180 °C, while only 36.8% of PL intensity is
maintained for PNC/PS film and 55.2% for PNC/APTES/OA
sample. The improved thermal stability of the PNC/APTES/
APTES-PA film can be attributed to the decent protection
from the organosilicon matrix that passivates the surface
defects and suppresses the phase transition of PNCs at high
temperature.”> Moreover, the thermal performance of the
matrix itself would affect the stability of PNC films as well.*®
As the glass transition temperature of the PS matrix is relatively
low, morphology defects (such as air bubbles) are generated
inside the PNC/PS film when the temperature is above 110
°C, resulting in a serious impairment to the film quality. On
the contrary, organosilicon-based encapsulation can prevent
morphology defects and deformation for this condition. Figure
3b shows the temporal evolution of the PL intensities of the
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(a)1:2 processes that incorporate organic solvents. The comprehen-
1.0 sive stability tests reveal the high robustness of the PNC/
g 08 E silicone film with the designed ligand system and the great
> > potential to be practically applied in optical systems. Besides, a
2 061 2 detailed summary of the PLQY and stability performance of
§0.4-_ I, E eArTESAPTEO PNC/organosilicon compounds from relevant literature was

& 02 —pnciapresion % 02 T pnciptesion listed for comparison and analysis (Table S2).
oo PNePS 0oL PNePs To evaluate the performance of the proposed PNC/APTES/
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os] T T tube (XT9160-DED, Viscom) as the radiation source. Here,
:m-C::: | S —— we will refer to the PNC/APTES/APTES-PA sample as a
130-8' 1& 0.5] ’ rotuene ‘ ’ PNC/Silicone film in the following. The thickness of the
G 0.6- T —— PNC/silicone film used here was approximately 25 pm. The
W | i 2 05 o chioroform RL spectra of the PNC/silicone film and a commonly used
2, ] b T aetesea| & 99 s lutetium—yttrium oxyorthosilicate (LYSO) scintillator are
’ B S 0.5 Ethanol shown in Figure 4a. The PNC/silicone film exhibits a narrow
00T T T T T T 0.0+ T 7 emission peak with a fwhm of 21 nm, while the LYSO film
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Figure 3. Stability of the PNC/silicone films. (a) Normalized PL
intensities of PNC/APTES/APTES-PA, PNC/APTES/OA, and
PNC/PS films after heating to different temperatures. The heating
process lasted 10 min at each temperature. For each data point, the
sample was cooled down to room temperature. (b) PL intensities
of PNC films under UV irradiation (365 nm) with the power of 1.5
mW/cm? (c) PL intensity for different immersion times in water
at 22 °C. The PNC films were directly immersed in deionized
water. The insets are the photographs of the PNC/APTES/
APTES-PA sample after 0 and 6 h of water immersion under white
light (upper row) and 365 nm UV excitation (bottom row),
respectively. (d) Solvent resistance of PNC/APTES/APTES-PA
film by immersing the film in acetone, toluene, chloroform, and
ethanol, respectively.

three types of PNC film under strong UV radiation (Proma
140007 UV exposer) of 1.5 mW/cm? The PNC/APTES/
APTES-PA sample reveals better photostability with a
remaining PL intensity of 78.9% after 6 h of UV radiation,
while the PL intensity of the PNC/PS sample reduces to 34.1%
and the PL intensity of the PNC/APTES/OA diminishes to
55.0%. It indicates that the compact encapsulation of the
silicone coating effectively inhibits the photodegradation of
PNCs.>® To evaluate the water resistance, a water immersion
test was conducted for the PNC films. During this test, the
sample films were taken out of water and dried at 22 °C for the
PL measurement. Since the PNC/APTES/OA sample is
crumbly and is not attaching to the substrate firmly, part of
the PNC would be removed during the immersion test, which
impairs the accuracy of the measurement. Thus, it is not
included in the immersion tests. As illustrated in Figure 3c, the
fluorescence of the PNC/APTES/APTES-PA film is steady
during 6 h of the water immersion with a maintaining PL
intensity of 99.3%, while the retained PL intensity of the PNC/
PS film is 71.7%. The PL reduction of the PNC/PS film can be
attributed to the incomplete encapsulation of the PS polymer
due to the high PNC loading. Figure 3d shows the high
resistance of the PNC/APTES/APTES-PA film to organic
solvents including acetone, toluene, chloroform, and ethanol.
In all the solvents above, the PNC/APTES/APTES-PA films
hardly show a reduction in PL intensity after 24 h of solvent
immersion, indicating the good protection of NCs by the
organosilicon matrix. The excellent resistance to the organic
solvents enables, e.g,, a better potential for further patterning

shows a much broader RL peak. The narrow emission peak is
advantageous for achieving the best read-out efficiency by
matching the emission peak with the response peak of
photodetectors, including photomultiplier tubes, photodiodes,
and CCD or CMOS cameras.””*® The integrated RL intensity
of the PNC/silicone film as a function of the dose rate of X-ray
excitation is shown in Figure 4b. A linear fitting line is
calculated based on the measured data points, and a high
linearity is shown with a coefficient of determination of 0.993.
The linear response of the PNC/silicone film enables its
practical application for X-ray detection. Herein, a custom X-
ray imaging system was built according to the scheme
illustrated in Figure 4c. The photograph and details of the
imaging system are shown in Figure S15. Based on this system,
the X-ray imaging test was conducted with a standard X-ray
line-pair test pattern (PTW L659035) for characterizing the
spatial resolution of the PNC scintillator. The imaging test
with the line-pair test pattern as the detected sample was
conducted with a tube voltage of 60 kV and a dose rate of 6.58
mGy/s, while the imaging tests with microelectronic chip and
ball-point pen as the detected samples were conducted with a
tube voltage of 30 kV and a dose rate of 3.84 mGy/s. All the X-
ray images in this figure were darkfield-corrected. Figure 4d
shows the X-ray image of the pattern chart with a 4X objective.
Owing to the reduced light scattering and the low thickness of
the PNC/silicone film, the line pairs at the positions with a
spatial resolution of up to 20 lp/mm can be clearly
distinguished. As displayed in Figure 4e, an enlarged view of
the bottom part of the line pattern was acquired by using a
10X objective lens. More details of the line pattern are
presented, and the gaps between the lines can be easily
distinguished. The white flash dots in the image are caused by
X-ray photons directly impinging on the CMOS camera. By
extracting the gray values across the line pattern from the X-ray
image, gray value profiles of the line pairs with different spatial
resolutions are obtained and depicted in Figure 4f. The X-ray
images of the line pair pattern of 6 and 10 Ip/mm can be found
in Figure S16. Clear peaks and valleys of the profile curves can
be observed up to the highest measured spatial resolution.
With smaller gaps between the lines, the gray value contrast
gradually reduces. Yet, the results indicate that the 25 ym thick
PNC/silicone film in combination with the presented imaging
system can achieve a spatial resolution of at least 20 lIp/mm
with a contrast of >0.2. For comparison, we summarize the
encapsulating matrix types and other parameters of the
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Figure 4. X-ray scintillation and imaging demonstrations. (a) Normalized RL spectra of a PNC/silicone film and a lutetium—yttrium
oxyorthosilicate (LYSO) film under X-ray excitation. (b) Integrated radioluminescence (RL) intensity of a PNC/silicone film in dependence
on the X-ray dose rate. The behavior can be well-fitted with a linear function. (c) The schematic of the X-ray imaging system with PNC
scintillator. (d) X-ray images of a resolution test pattern using PNC/silicone film (tube voltage: 60 kV, dose rate: 6.58 mGy/s) with a 4x
objective lens and (e) a 10X objective lens. (f) Gray-value profiles of the line patterns extracted from the corresponding positions in the X-
ray images in (e) and Figure S16, as well as the corresponding contrast values. X-ray images of (g) a microelectronic chip, and (h) a ball-
point pen (tube voltage: 30 kV, dose rate: 3.84 mGy/s). The inserts are photos of the respective samples.

previously reported CsPbBr; PNC scintillators in Table S3,
which indicates that the proposed PNC/silicone film in this
work is competitive with other PNC scintillators in terms of
high spatial resolution. An even better resolution could be
achievable with a more advanced optical microscope system.
As shown in Figure 4f and Figure 4e, X-ray images of an
amplifier chip (OPA 3004, Burr-Brown) and a ball-point pen
are obtained using the PNC/silicone scintillator as demos.
Clear contrasts are generated in both images to distinguish the
plastic cover and the metal part in detail. For the electronic
package, the thin metal wires (with a thickness of around 50
um) inside the component can be clearly observed in the
image, indicating the good resolution of the scintillator film.
To demonstrate the imaging performance of the PNC
scintillator on biological samples, we have included an X-ray
image of a chicken foot with an inserted syringe needle, as
shown in Figure S17. The different biological tissues, the bone,
and the metallic syringe needle are clearly visible. Moreover, a
high dose rate stability test was conducted on the PNC/
silicone scintillator by exposing the sample to continuous X-ray
radiation (60 kV/24.7 mGy/s). As illustrated in Figure S18,
the PNC/silicone sample retains 74.7% of the RL intensity
after 180 min of X-ray exposure, indicating decent stability
under X-ray exposure.

3. CONCLUSION

In summary, we presented a full organosilicon-based ligand
system for the encapsulation of PNCs and successfully
prepared a high-performance fluorescent PNC/silicone film.
The compactness of the encapsulating matrix was effectively
improved by the sufficient cross-links of the proposed ligand

system, resulting in enhanced transparency and stability of the
PNC film while maintaining high PLQY. Besides, due to the
firm encapsulation and decent passivation of the proposed
capping ligands, the PNC/silicone film showed superior
stability compared to the PS-encapsulated PNC film under
the harsh conditions of high temperature and intense UV
radiation. Good resistance toward the water and organic
solvents was revealed, as well. The PNC/silicone films were
applied as scintillators for X-ray imaging. By incorporation of
the PNC/silicone film, the imaging system obtained a high
resolution of more than 20 Ip/mm with good contrast. Overall,
the proposed ligand system for PNCs enables low-cost
fabrication of high-performance PNC films and is compatible
with various depositing and patterning techniques. Based on
this work, our next step is dedicated to extending this strategy
to other types of lead halide PNCs for achieving full-color
fluorescence.

4. EXPERIMENTAL SECTION

Synthesis of APTES-PA Ligands. GA (0.6 g S mmol) was
dissolved in THF (10 mL), and APTES (1.35 g, S mmol) was added
slowly in succession at 65 °C under stirring. After reacting for 12 h,
the red crude product was extracted by using a rotary evaporator and
directly used without further purification. A small part of the obtained
sample was dissolved in deuterated DMSO solvent for measuring its
hydrogen-1 nuclear magnetic resonance spectrum.

Synthesis of PNC Dispersion. In a typical synthesis of APTES-
PA capped PNCs, the 0.2 mmol of PbBr, and 0.2 mmol of CsBr were
mixed in $ mL of DMF with stirring until totally dissolved. After that,
120 uL of APTES and 110 yuL of compound APTES-PA were added
into precursors. After S min of stirring until clarification, 500 yL of the
precursor solution was added into 10 mL of the solvent mixture of
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DCM and toluene (volume ratio of 1:1) with vigorous stirring. A clear
and bright green PNC colloidal dispersion was obtained for
subsequent film formation. The colloidal dispersion was drop-cast
onto clean glass slides and then dried in a vacuum oven at 65 °C to
form a solid film. The film thickness was adjusted by the casting
volume and the amount of the casting cycle. The calculated
concentration of the PNCs in the solid film is about 36 wt %. For
the synthesis of PNCs capped with APTES and OA ligands, the
APTES-PA ligand was replaced by OA ligand with the same amount.

Preparation of PNC/PS Films. Oleic-acid-capped PNC dis-
persion in toluene solvent with a concentration of 10 mg/mL was first
prepared. Subsequently, 128 mg of PS (Sigma-Aldrich, 96 000 Da)
powder were added into 7.2 mL of the PNC dispersion followed by 4
h of magnetic stirring to completely dissolve the PS polymer and
obtain a homogeneous mixture. Consequently, the solution mixture
was drop-cast on clean glass substrates with a volume of 180 uL and
dried at room temperature. PNC/PS films were obtained after total
evaporation of the toluene solvent.

Stability Tests. The PL measurements in the stability character-
ization were conducted in an integrating sphere in the glovebox and
excited by a UV-LED chip (NCSU276A, Nichia) driven by a precise
power supply (Source Meter 2450, Keithley) with a current of 20 mA.
For the thermal stability test, the sample films were heated on a hot
plate at different temperatures for 10 min in the glovebox for each
heating round and measured after their cooling down to room
temperature. The UV aging test was conducted with a UV exposure
box (Proma 140007) with a power of 1.5 mW/cm? in the atmosphere.
The resistance tests against water and organic solvents were tested by
directly immersing the sample films into the corresponding liquid in
the atmosphere and drying by a nitrogen gun before the PL
measurement.

X-ray Scintillation and Imaging Tests. The RL and imaging
measurements were conducted using an X-ray tube (XT9160-DED,
Viscom) with a tungsten target and aluminum filtration (0.4 mm) in a
dark room. For the RL and linearity measurements, a 3D-printing
holder for the sample films and a UV—vis spectrometer (USB200+,
Ocean Optics) were utilized. During the measurement, the tube
voltage was fixed to 30 kV and the tube current was varied from 0.2 to
24 mA. The exact dose rate of the excitation was valued by a
dosimeter (MagicMaX, IBA) equipped with an RQA detector (IBA).
A monochrome CMOS camera (DMK21BZU04, Imaging Source)
with a pixel size of 5.6 pgm X 5.6 um, objective lens (Newport
Corporation), and test pattern (PTW L659035) were used for the
imaging. The exposure time of the X-ray images in the imaging test
was S s. The contrast of the gray value image was calculated as the
following equation: Contrast = (I, — Inin)/ (Inax + Imin); Where the
maximal and minimal intensity were marked on the line profiles as
dots.
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