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A B S T R A C T

Two-dimensional CsPbX3 perovskite nanosheets serve as unique platforms for polarized emission modulation. 
However, the integrated control mechanism of bandgap engineering and polarized optical properties remains 
largely unexplored. In this study, we demonstrated a halogen gradient strategy using iodine-doped CsPbBr3-xIx 
nanosheets with polymer encapsulation, enabling simultaneous band structure modification and optical 
anisotropy regulation. The iodine gradient enabled continuous tuning of the degree of polarization (up to 0.39) 
across a broad-spectrum range of 520–677 nm. Notably, radiation-induced polarized emission was observed in 
perovskite nanostructures under X-ray excitation, revealing directional transport behavior under high-energy 
stimulation. This work presents a detailed systematic investigation into X-ray-induced linearly polarized lumi
nescence from perovskite nanosheets. The polarization-sensitive response detector exhibited enhanced current 
ratios, which can be attributed to iodine-induced defect suppression. This work not only advances the field of 
polarized optoelectronics but also establishes new opportunities for the detection of X-ray polarization response.

1. Introduction

In recent years, lead halide perovskite nanocrystals (NCs) have 
emerged as a subject of in-depth research in the field of materials science 
owing to their unique structural and optoelectronic properties [1–3]. 
The anisotropic structures (quantum dots (QDs), nanorods (NRs), 
nanosheets (NSs), and nanowires (NWs)) and chiral induction mecha
nisms (chiral carbon dots, supramolecular assembly) exhibit significant 
linearly polarized and circularly polarized luminescence properties, 
which have broad application prospects in polarized optoelectronic 
devices, high-resolution displays, optical communications, quantum 
information encryption, and dynamic anti-counterfeiting labels [4–7]. 
Specifically, the formation of band-like triplet excitonic states with 
orthogonal polarization components governs the polarized photo
luminescence emission of these materials.

While existing methods predominantly employ lasers as excitation 
sources for polarization modulation, the polarization dynamics remain 
largely uncharted under high-energy photon excitation, particularly 
within the X-ray spectral range. Lead halide perovskites exhibit efficient 
photon conversion upon exposure to high-energy X-ray photons, 

effectively converting the incident radiation into directionally polarized 
visible light. This polarized light emission mechanism induced by high- 
energy particles shows considerable promise for high-sensitivity X-ray 
response detection applications, leveraging the unique coupling be
tween radiation excitation and anisotropic optical responses [8]. Cur
rent reports on the polarization luminescence of perovskite NCs mainly 
focus on the study of QDs, NWs, and supercrystals (SCs). Wang et al. 
synthesized full-inorganic CsPbX3 (X = Br, I) perovskite QDs exhibiting 
excellent photoluminescence and highly polarized emission, demon
strating exceptional potential for low power, wide color gamut displays 
[2]. Li et al. developed highly aligned 2D layered perovskites incorpo
rating 1D CsPbBr3 NWs arrays with exceptional crystallinity and optical 
anisotropy, employing organic hydrophobic encapsulation to ensure 
environmental stability during optoelectronic characterization [9]. 
Meanwhile, Zhou et al. achieved substrate-controlled synthesis of 
β-CsPbI3 NWs through a one-step self-assembly process on Si/SiO2 
substrates, demonstrating photocurrent anisotropy ratios up to 2.68 
upon transfer to flexible polyethylene terephthalate substrates [10]. Ye 
et al. achieved direct 74.4 % linearly polarized electroluminescence from 
CsPbI3 nanoplatelet superlattice LEDs by controlling nanocrystal 
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orientation via solvent vapor pressure during self-assembly. This 
solution-processable system enables filter-free polarized light sources 
for 3D displays [11]. However, current research on perovskite NS po
larization has prioritized efficient circularly polarized luminescence 
(CPL). Wen et al. achieved tunable deep-blue-to-sky-blue CPL (glum =

− 8.0 × 10− 3) in electrospun quasi-2D chiral perovskite NSs/polymer 
nanofibers, with enhanced stability from polymer encapsulation [12]. 
Hubley et al. enabled efficient CPL in MAPbBr3 wvia precise chiral/non- 
chiral ligand ratio control, linking CPL-CD correlation to optoelectronic 
design [13]. Chen et al. demonstrated ligand-chirality-directed two- 
photon upconverted CPL (glum = 7.0 × 10− 3, σ2 = 3.68 × 104 GM at 800 
nm) in chiral α-methylbenzylamine-modified CsPbBr3 NCs [14].

Although CsPbX3 NSs have been extensively studied for their CPL 
properties, research on their linearly polarized luminescence and 
polarization-sensitive response detection remains scarce. Moreover, the 
synergistic modulation mechanism between bandgap engineering and 
the polarization characteristics of CsPbX3 NS systems has rarely been 
documented. To address this knowledge gap, we propose a halogen 
gradient strategy using controlled iodine doping to synthesize CsPbBr3- 

xIx NSs, enabling concurrent band structure modification and optical 
anisotropy regulation. Moreover, although previous studies have over
looked the directional carrier transport characteristics in NCs under 
high-energy excitation, we systematically examined the polarization- 
dependent luminescence behavior under X-ray irradiation [15–24]. 
Although polymer encapsulation has been shown to effectively enhance 
the stability of CsPbX3 NSs, the critical correlation between the thickness 
of the encapsulation layer and the polarization generation efficiency 
remains unexplored.

In this work, we systematically investigated the polarization lumi
nescence of anisotropic two-dimensional CsPbBr3-xIx perovskite NSs, 
revealing their structure–property relationships. We achieved broad
band polarized emission (520–677 nm) via an iodide gradient strategy 
using polarization performance enhancement by means of synergistic 
control of bandgap engineering and polarized optical properties. We 
demonstrated radiation-induced polarized emission under X-ray exci
tation, representing the systematic investigations into X-ray-induced 
linearly polarized luminescence from perovskite nanosheets. These 
findings establish the transformative potential of CsPbX3 NS composite 
films for X-ray polarization-sensitive response detection systems and 
advanced polarization imaging technologies.

2. Experiment

2.1. Materials

Cesium acetate (CsAc, AR, 99 %), lead bromide (PbBr2, AR, 99 %), 
and lead iodide (PbI2, 98 %) were purchased from Macklin Chemicals. 
Propanol (1-PrOH, AR, 99 %), n-hexane (Hex, AR, 97 %), octanoic acid 
(OcAc, AR, 99 %), octylamine (OcAm, AR, 99 %), and polystyrene (PS) 
were purchased from Aladdin. Toluene (TOL) was purchased from 
Nanjing Reagents. All chemicals were used without further purification.

2.2. Synthesis of CsPbX3 NSs

2.2.1. Synthesis of CsPbBr3 NSs
The CsPbBr3 NSs were synthesized through a two-step precursor 

reaction with a molar ratio of 4:1 (Cs: PbBr2). Initially, the cesium 
precursor solution was prepared by completely dissolving 96 mg of ce
sium acetate in 3 mL of 1-propanol in a 50 mL beaker. Subsequently, 6 
mL of 1-PrOH and 18 mL of hexane were sequentially added to the so
lution with continuous stirring. Simultaneously, the lead bromide pre
cursor was formulated by dissolving 735 mg of PbBr2 in a ternary solvent 
mixture containing 1.35 mL 1-PrOH, 1.35 mL OcAm, and 1.35 mL OcAc 
mixture. The mixture was subjected to vigorous magnetic stirring at 
90 ◦C until a transparent homogeneous solution was obtained. The 
synthesis was initiated by the rapid injection of the PbBr2 precursor into 

the cesium precursor solution, followed by 30 s of intense stirring to 
yield a characteristic green colloidal suspension. The resulting CsPbBr3 
NSs were isolated via centrifugation at 4,000 rpm for 3 min and sub
sequently redispersed in 2 mL of toluene via ultrasonic treatment for 
long-term storage.

2.2.2. Synthesis of CsPbI3 NSs
CsPbI3 NSs were synthesized using a controlled anion exchange 

protocol. First, the PbI2 precursor solution was prepared by dissolving 
924 mg of lead iodide (PbI2) in a ternary solvent system containing 1.35 
mL 1-PrOH, 1.35 mL OcAm, and 1.35 mL OcAc. The mixture was 
vigorously stirred at 90 ◦C until complete dissolution, yielding a trans
parent homogeneous solution. The anion exchange reaction was initi
ated by injecting the PbI2 precursor solution into a pre-synthesized 
CsPbBr3 NS colloidal solution (prepared via the method described 
earlier) at a predetermined stoichiometric ratio. An immediate color 
transition to red occurred within seconds under vigorous stirring, indi
cating successful halide substitution. The resultant CsPbI3 NSs were 
isolated by centrifugation at 4000 rpm for 3 min and redispersed in 
toluene for further characterization. To systematically tune the halide 
composition (Br/I ratio), CsPbBr3-xIx NSs were synthesized by adjusting 
the molar ratio of the PbI2 precursor to the CsPbBr3 NSs while main
taining identical processing parameters. I/Br stoichiometric control was 
achieved through systematic variation of the precursor feed ratios, 
following the same synthesis protocol.

2.3. Preparation of CsPbX3 NS films

The composite film was synthesized through solution processing, and 
a typical preparation procedure was carried out according to the 
following steps. Initially, 1 g of polystyrene was dissolved in 4 mL of 
toluene via magnetic stirring at 60 ◦C until complete homogenization. 
Subsequently, 100 mg of CsPbX3 NSs were incorporated into the poly
mer matrix under continuous stirring until molecular-level dispersion 
was achieved. The homogeneous precursor solution was deposited onto 
glass substrates using a doctor-blade coating technique (gap height: 250 
μm) to create films with controlled thicknesses. Immediate thermal 
treatment at 60 ◦C facilitated controlled solvent evaporation, followed 
by a two-stage curing process: 1) vacuum-drying to remove residual 
solvent, and 2) thermal annealing at 45 ◦C for 2 h under vacuum (–0.095 
MPa) to enhance polymer chain entanglement. The freestanding com
posite films were ultimately detached from the glass substrate by me
chanical peeling for subsequent characterization.

2.4. Measurements and characterization

X-ray diffraction (XRD) analysis was performed using an Empyrean 
X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å). The photo
luminescence (PL) and radioluminescence (RL) spectra of both CsPbX3 
NSs and CsPbX3-embedded polymer films were recorded using an Agi
lent Cary Eclipse fluorescence spectrometer. The optical absorption 
characteristics of the perovskite materials were quantitatively evaluated 
using a UV–Vis-NIR spectrophotometer (OPTOSKY UV3610). The linear 
polarization characteristics were investigated using a JCOPTIX thin-film 
linear polarizer (400–700 nm spectral range), with polarization- 
dependent measurements conducted through systematic rotation of 
the polarizer orientation. Morphological characterization was achieved 
using field-emission high-resolution transmission electron microscopy 
(FE-HRTEM) for transmission electron microscopy (TEM) imaging and a 
LYRA3-GMU scanning electron microscope for scanning electron mi
croscopy (SEM) analysis. The electrical output performance of the 
response signal in the polarization response detection was systemati
cally evaluated under controlled irradiation conditions using a Keithley 
2636A digital sourcemeter. External quantum efficiency (EQE) analysis 
was performed using a certified quantum efficiency measurement sys
tem (QE-R, ENLITECH) compliant with the ASTM E1021 standards.
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3. Results and discussion

3.1. Preparation and characterization of CsPbX3 NS films

CsPbBr3 NSs were prepared at 25 ◦C via a room-temperature co- 
precipitation method using a conventional octanoic acid (OcAc)-octyl
amine (OcAm) ligand system. In contrast, CsPbI3 NSs were fabricated 
using an anion displacement strategy. The thin-film preparation process 
is illustrated in Fig. 1a, where the NS suspension was homogeneously 
blended with polystyrene (PS) dissolved in toluene under vigorous 
magnetic stirring to facilitate the rapid diffusion of the NSs into the 
polymer matrix. Subsequently, a controlled volume of the resulting NS- 
PS colloidal dispersion was deposited on a glass substrate using a doctor 
blade coater. After naturally cooling to room temperature, the free
standing films were readily delaminated from their substrates. Addi
tionally, CsPbBr3-xIx NSs with different Br/I molar ratios were 
successfully synthesized using the same strategy (Fig. S1; Supporting 
Information). The fabrication process for the corresponding polymer 
composite films is illustrated in Fig. 1a. Specifically, the physical image 
of the CsPbX3 NS polymer film prepared by us is shown in Fig. S2, 
including a comparison of luminescence under indoor light and ultra
violet (UV) light.

Notably, during the preparation of the CsPbX3 NS colloidal solutions, 
rapid phase separation with substantial precipitation was evident within 
three minutes of aging. This behavior is in stark contrast to that of 
polymer-encapsulated composite films, which demonstrate remarkable 
colloidal stability over several months of storage without detectable 
phase separation or nanoparticle aggregation. The synergistic combi
nation of enhanced colloidal stability and well-preserved optoelectronic 
characteristics endows these polymer-integrated NS systems with 
remarkable competitiveness in radiation-related applications. This dual 

advantage makes them particularly suitable for RL, radiation imaging, 
and X-ray response detection.

XRD analysis revealed distinct structural differences among the 
CsPbBr3, CsPbBr1.5I1.5, and CsPbI3 NS polymer films [25–28]. As shown 
in Fig. 1b, the characteristic diffraction peaks of the CsPbBr3 NSs were 
evident at 28◦ (122) and 33◦ (105), whereas the CsPbI3 and CsPbBr1.5I1.5 
NSs exhibited discernible peak shifts at the corresponding positions. 
Despite the expectation of shear-induced alignment, the lack of pro
nounced texture in the XRD patterns indicates that any local ordering of 
nanosheets is obscured at the macroscopic scale. This is attributed to the 
confinement effect of the polymer matrix and the spatial averaging 
inherent to the XRD technique, which together preclude the detection of 
strong preferred orientation [29]. Although the macroscopic XRD 
measurement did not reveal a strong preferred orientation, the signifi
cant polarized emission observed in subsequent sections confirms the 
existence of local alignment and anisotropic optical transition dipoles 
within the nanosheets, which is sufficient to generate pronounced 
polarization-dependent luminescence. This is consistent with the 
HRTEM results shown in Fig. 1c and d [30,31]. These observations 
collectively confirmed the structural modifications arising from halide 
composition variations [25,27,32]. The TEM images in Fig. 1f and g
show that both CsPbBr3 and CsPbI3 NSs displayed relatively aggregated 
morphologies. As shown in Fig. 1e, the PS polymer film incorporating 
the CsPbBr3 NSs exhibited excellent phase homogeneity without nano
particle aggregation. This indicates optimal compatibility within the 
matrix nanostructure and a well-matched polymer–polymer pairing 
between the NS and the polymer host, that prevents agglomeration [33]. 
Furthermore, nanosheet non-uniformity benefits surface passivation. It 
enhances overall luminescence intensity by promoting tighter packing 
in the composite film, reducing interface defects and improving light 
scattering to further advance passivation.

Fig. 1. (a) Process flow for the preparation of perovskite NS− PS composite films. (b) XRD patterns of the CsPbBr3, CsPbBr1.5I1.5, and CsPbI3 NS polymers. HRTEM 
images of (c) CsPbBr3 and (d) CsPbI3 NSs. (e) SEM image of the CsPbBr3 NS polymer film. TEM images of (f) CsPbBr3 and (g) CsPbI3 NSs.
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3.2. Luminescence properties of CsPbX3 NS polymer films

Figs. 2a and b show the PL (under 380 nm UV laser excitation) and 
RL (X-ray excitation) spectra of the perovskite NSs encapsulated within 
the PS polymer. The peak emission wavelength of the CsPbX3 NSs 
exhibited a clear dependence on the composition modulation achieved 
by varying the Br/I ratio. Intermediate compositions with systematically 
varying Br/I ratios exhibited tunable emissions across the visible spec
trum (521–678 nm), demonstrating precise bandgap engineering via 
halide alloying. For instance, the CsPbBr3 NSs exhibted an RL emission 
maximum at 521 nm, whereas the CsPbI3 NSs exhibited a corresponding 
RL peak at 674 nm. This tunability, which could be governed by the 

compositional modulation of the crystalline lattice and electronic 
structure, confirmed the absence of phase segregation and highlighted 
the versatility of the material for wavelength-specific optoelectronics.

The PL spectra showed peaks that were blue-shifted by approxi
mately 3–4 nm relative to the corresponding RL bands. Due to differ
ences in the quantum confinement effects among nanosheets of varying 
sizes, changes in bandgap and emission wavelength occur, leading to 
spectral broadening and an increase in the full width at half maximum 
(FWHM) of the luminescence spectrum. This effect becomes more pro
nounced under X-ray excitation (Fig. 2a and b), which is consistent with 
the TEM results (Fig. 1f and g) [34]. Disordered halide alloys cause 
spectral broadening due to local potential fluctuations from the random 

Fig. 2. (a) RL and (b) PL spectra of the CsPbBr3-xIx NS polymer films at different halogen ratios. PL, RL, and absorption spectra of the (c) CsPbBr3 and (d) CsPbI3 NSs. 
Steady-state luminescence lifetimes of (e) CsPbBr3 and (f) CsPbI3 films and solutions.
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Br− /I− distribution. In addition, variations in defect-state density create 
supplementary radiative recombination channels that further widen the 
emission spectrum [35,36]. Consequently, the interplay of these mech
anisms leads to the observed broadening of the PL spectrum. The X-ray- 
induced RL spectra displayed notably broader FWHM values than the PL 
spectra. Although the spectral broadening in RL originates from factors 
such as disordered halide alloys and variations in defect-state density, 
this broadened emission profile serendipitously offers practical advan
tages for X-ray scintillation applications. The wider spectral profile 
improves the overlap integral with the detector’s spectral response 
function, mitigating local variations in responsivity and enhancing the 
stability of the photoelectric conversion across the emission band. 
Furthermore, the broadened emission spectrum reduces optical coupling 
losses at the scintillator-detector interface by creating a more diffuse 
source. This is a key factor for maximizing the overall light yield and 
thereby enhancing the sensitivity of the polarization response. The 
resultant expansion in spectral coverage offers special advantages for X- 
ray scintillation applications, as it improves the spectral matching with 
response detectors and reduces optical coupling losses, which are key 
factors in enhancing the polarization response sensitivity. Further 
optimization of the halide ratios and defect engineering could achieve a 
better balance between the emission wavelength, bandwidth, and light 
yield. Spectroscopic analysis revealed that the emission peaks at distinct 
excitation wavelengths (520 nm for CsPbBr3 and 677 nm for CsPbI3) 
demonstrated the optoelectronic stability of these materials. The 
consistent 10 nm Stokes shift between the PL and RL emissions reflects 
the inherent radiative recombination mechanism in the perovskite sys
tems. In addition, the photoluminescence quantum yield (PLQY) of 
CsPbBr3 is 87.3 %, and 69.7 % for CsPbI3.

Moreover, the CsPbX3 NSs demonstrated composition-dependent 
polarized emission across the entire visible spectrum (521–678 nm). 
Fig. S3 presents the detailed performance metrics, including the PL/RL 
intensity spectra under varying X-ray tube voltages and UV laser powers. 
The PL intensity exhibited superlinear growth above a threshold power 
density of 30 mW/cm2, which could be attributed to trap-state satura
tion and the dominant bimolecular recombination at high carrier den
sities. Conversely, the RL spectra displayed notable broadening (with 
the FWHM increasing by 25–40 % compared to PL) owing to poly
chromatic energy deposition and enhanced electron–phonon coupling. 
Additionally, the RL intensity exhibited a sublinear dependence on the 
dose rate (I ∝ P0.7), indicating Auger quenching and thermal dissipation 
effects at elevated excitation levels. This divergent response highlights 
the potential of this material for dual-mode UV/X-ray sensors, whereas 
RL broadening improves spectral matching with a polarization-sensitive 
response. As shown in Fig. 2c and d, both the PL and RL emission peaks 
maintained their spectral fidelity under UV/X-ray excitations. This 
reproducible shift confirmed the reliability of the energy transfer and 
recombination processes, which are crucial for polarization-sensitive 
responses.

Composition-dependent surface passivation significantly influences 
light transmission. Further investigation of the optical behavior of these 
perovskite NS films revealed enhanced radiative lifetimes in the NS films 
(Fig. 2e and f), particularly for CsPbI3, which is indicative of more 
efficient radiative recombination processes. This likely contributes to 
the increased emission intensity compared to that of their colloidal 
counterparts. The prolonged lifetimes indicate that the excited carriers 
undergo radiative recombination more frequently than nonradiative 
decay, resulting in stronger emission signals. Quantitative analysis 
revealed a 6.35 ns lifetime enhancement for the CsPbBr3 NS films (τfilm 
= 60.93 ns) compared to the solution-phase nanostructures (τsolution =

54.58 ns). Notably, this lifetime extension was more pronounced in the 
CsPbI3 systems, where the solid-state films exhibited a 13.17 ns increase 
(τfilm = 50.21 ns vs. τsolution = 37.04 ns), indicating composition- 
dependent surface passivation effects.

For the CsPbBr3 films, the moderate increase in lifetime suggested 
partial surface-state passivation, potentially causing light scattering or 

absorption at the interfaces, while preserving spectral fidelity through 
effective internal transmission pathways. For the CsPbI3 films, a pro
nounced lifetime extension indicated superior surface passivation 
quality, enabling smoother light transmission channels within the film. 
The reduced density of non-radiative traps minimizes optical scattering 
and absorption, thereby enhancing photon propagation and subsequent 
luminescent emission. The extended radiative lifetime and preserved 
spectral features collectively demonstrate a microstructure conducive to 
efficient light transmission, where the perovskite NS structure facilitate 
photon propagation while minimizing optical losses. The observed 
spectral red-shift is attributed to the high carrier injection conditions 
under X-ray excitation. This process generates a high density of elec
tron–hole pairs, saturating band-edge states and enhancing radiative 
recombination through lower-energy defect states. Deep-level defects 
below the conduction band dominate the radiative recombination pro
cess, favored by their higher occupation probability and slower carrier 
capture dynamics. Consequently, RL emission shifts to longer wave
lengths compared to PL, which originates mainly from near-band-edge 
transitions. This consistent behavior highlights the key role of defect- 
mediated luminescence under high excitation in metal halide perov
skite nanosystems [37,38].

3.3. Polarized luminescence performance of CsPbX3 NS polymer films

The anisotropic two-dimensional morphology and unidirectional 
alignment of the CsPbX3 NSs in the composite films imparted excep
tional polarization-dependent optical properties. Polarized PL and RL 
measurements employing X-ray and UV laser excitation were conducted 
following the setup shown in Fig. 3a. By rotating a 400–700-nm 
broadband linear polarizer in the response detection path, the angle- 
dependent polarized emission could be systematically investigated. 
The polarizer obtained one result at 10-degree intervals, and 36 results 
were measured over a full revolution to obtain a polarization spectrum. 
The normalized angle-dependent emission characteristics, presented as 
polar plot representations in Fig. 3b, reveal pronounced anisotropy. The 
emission intensity peaks parallel to the principal orientation of the NSs 
and the minima perpendicular to it indicate considerable polarization 
modulation of the emission process, which can be attributed to the 
anisotropic optical transition dipole moments of the NSs.

The degree of polarization (DOP) can be calculated using the 
following standard formula: 

DOP =
Imax − Imin

Imax + Imin
(1) 

where Imax and Imin denote the maximum and minimum emission in
tensities measured along the orthogonal axes. To systematically inves
tigate the correlation between halide composition and polarization 
behavior, a series of CsPbBr3 NS composite films with controlled Br/I 
ratios were fabricated. The DOP values of the six samples with varying 
halogen ratios were measured using X-ray and UV laser excitations. 
Fig. 3c shows that the DOP values increased from 0.24 to 0.39 with the 
gradual doping of I− , highlighting the critical role of iodide incorpora
tion in enhancing the polarization characteristics of CsPbX3 perovskites.

The larger atomic radius of I− (2.20 Å) compared to that of Br− (1.96 
Å) induces lattice distortion, disrupting the cubic perovskite structure. 
This distortion breaks the spatial inversion symmetry, thereby 
enhancing the excitonic transition polarization selectivity. Asymmetric 
crystal fields promote anisotropic exciton recombination, which is 
directly correlated with the observed polarization enhancement in this 
study. Moreover, the narrower bandgap of CsPbI3 (1.73 eV) compared to 
that of CsPbBr3 (2.30 eV) contributes to a reduced exciton binding en
ergy and extended exciton lifetime, enabling polarization-dependent 
exciton dynamics control during film formation [2]. These factors syn
ergistically enhance the alignment of anisotropic excitonic dipoles, as 
reflected by the increasing DOP with I− doping concentration. In 
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addition, in Fig. 3d, we provide a dependence curve on the polarization 
of the CsPbX3 NSs to X-ray radiation dose, where the radiation dose 
range covers nine sets of data from 10 to 50 kV in the X-ray tube voltage 
for reference.

Current research indicates that individual nanoparticles outperform 
polymer-coated composite films in terms of their polarization charac
teristics [39,40]. Nevertheless, the nanoscale dimensions of discrete 
particles can hinder the observation of NS orientation changes and limit 
their application in solution-phase systems. Conversely, the NS- 
embedded composite films are more suitable for practical applications. 
Our analysis revealed that the polarization performance of the films 
strongly depended on their thickness. Regarding polymer matrix selec
tion, comparative studies have demonstrated that PS-encapsulated 
CsPbX3 maintains exceptional luminescence stability under severe 
conditions, such as long-term X-ray/UV irradiation and aqueous im
mersion. This performance advantage makes PS-based composites su
perior to conventional alternatives, such as PMMA-coated systems 
[41–43]. In this study, CsPbI3 NS-PS composite films (0.2–1 mm) were 
fabricated by precisely controlling the blade gap thickness. Polarization- 
dependent PL and RL spectra (Fig. 4a and b) show that even with 
different excitation sources, films of different thicknesses exhibit similar 
curve variations, and the luminescence intensity increases to a certain 
extent with increasing film thickness. However, as the film thickness 
increased, the DOP of both materials under X-ray and UV excitation 
decreased (Fig. 4c), with a more significant decrease in the CsPbBr3 NS- 
PS composite films being more obvious. This thickness-dependent de
polarization arises from excessive NS stacking in thicker films, which 

disrupts the alignment. This deterioration is particularly evident in 
CsPbBr3 films, where the polarization efficiency systematically de
creases beyond their optimal thickness.

Conversely, ultra-thin films exhibit compromised polarization ca
pabilities owing to their diminished PL/RL intensities and nonuniform 
NS distribution. The DOP values of the CsPbBr3 NSs increased with 
progressive I− doping under both excitation conditions, highlighting the 
role of iodide incorporation in enhancing polarization characteristics. 
However, the DOP values and their variation with halide composition 
differed between CsPbBr3 and CsPbI3, owing to the structural and 
bandgap differences. Moreover, individual nanoparticles exhibited su
perior polarization characteristics but were less practical than the NS- 
embedded composite films. PS-encapsulated CsPbX3 exhibited better 
luminescence stability under various conditions than PMMA-coated 
systems.

Based on the above findings, the luminescence anisotropy in CsPbX3 
can be attributed to the synergistic effect of three interrelated factors: 
morphology, composition, and assembly. Although the perovskite pos
sesses a macroscopically cubic crystal structure, its two-dimensional 
nanosheet morphology confines charge carriers predominantly in- 
plane and enhances out-of-plane quantum confinement, leading to 
direction-dependent optical behavior. Additionally, gradient iodine 
doping introduces lattice distortion due to the larger ionic radius of I−

compared to Br− , breaking local symmetry and contributing to micro
structural anisotropy. Finally, during film formation, shear-induced 
alignment of nanosheets in the polymer matrix creates ordered assem
blies, manifesting as macroscopic optical anisotropy with distinct 

Fig. 3. (a) Setup used to measure the polarized PL and RL signals. (b) Polarization spectra of CsPbBr3 under X-ray and UV laser excitation. (c) DOP of the CsPbBr3-xIx 
NS polymer films with six different halogen ratios under X-ray and UV laser excitation. (d) Dose rate of X-rays and polarization of perovskite CsPbX3 NSs under 
different X-ray tube voltages.
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luminescence intensities parallel and perpendicular to the alignment 
direction.

3.4. Application of CsPbX3 NS films in polarization response

To evaluate the potential of CsPbX3 NS composite films for practical 
UV polarization-response applications, we fabricated a polarization- 
response device for systematic characterization. As depicted in Fig. 5a, 
the device operates via a three-stage mechanism: (1) a laser source 
generates 380 nm UV radiation, which is linearly polarized using a 
polarizer (operational range: 400–700 nm); (2) this polarized UV exci
tation induces angle-dependent polarized PL emission from the NS 
composite films; and (3) a GaAs Photovoltaic module converts the 
emitted optical signals into electrical responses, quantified using a 
Keithley 2636A digital source meter. GaAs-based photovoltaic detectors 
were selected owing to their high EQE for the PL emission from CsPbX3 
materials, which aligned well with the emission spectra of CsPbX3 and 
the EQE response range of detector [44]. The EQE was calculated from 
the photoresponsivity (Rλ) and incident wavelength (λ) as: 

EQE(%) =
Rλhc
eλ

(2) 

Fig. 5b–d demonstrate that the CsPbBr3 NS composite film exhibits a 
pronounced polarization-dependent photocurrent response across the 
0–180◦ polarization axis. The characteristic relationship between the 
polarization angle and photocurrent intensity is shown in Fig. 5e–g. 
Analysis of the angle-dependent photoresponse revealed a maximum 
photocurrent at 0◦, which gradually attenuated to a minimum at 90◦

before recovering to a maximum at 180◦. This periodic modulation 
precisely aligns with the previous polarized PL and radiance spectral 

measurements. The angular of the dependence photocurrent fitted 
excellently to a sinusoidal function, confirming the intrinsic polarization 
sensitivity of the material.

Quantitative evaluation yielded polarization ratios (Imax/Imin) of 
1.71, 2.04, and 4.12 for the CsPbBr3, CsPbBr1.5I1.5, and CsPbI3 NS 
composite films, respectively, based on the experimental data analysis 
(Fig. S4). The significantly higher polarization ratio observed for the 
CsPbI3 NS composite film underscores the superior polarization sensi
tivity inherent to the CsPbX3 NS composite architecture. These findings 
collectively highlight the unique advantages of CsPbX3 nanomaterials 
for UV-polarized light detection applications [10,45]. Furthermore, the 
demonstrated polarization-sensitive photoresponse suggests the poten
tial extension of CsPbX3 NS composite films to X-ray-polarized photo
detection. This prospect leverages the material’s inherent anisotropic 
optoelectronic properties and reported radiation tolerance, potentially 
opening new avenues for advanced polarized radiation-sensing 
technologies.

4. Conclusion

In conclusion, we demonstrated pronounced polarization anisotropy 
in mixed-halide perovskite CsPbX3 NSs. Their composite films exhibited 
exceptional polarization performance under X-ray and UV excitation, 
positioning them as ideal candidates for polarization-sensitive applica
tions. Iodide doping systematically enhances the DOP of CsPbBr3 NSs via 
synergistic lattice distortion and bandgap engineering, which is consis
tent with anisotropic excitonic dipoles. Notably, this study elucidates 
the mechanism of X-ray-induced linearly polarized luminescence in 
perovskite nanosheets, providing fundamental insights into their 
behavior under high-energy excitation. These findings establish CsPbX3 

Fig. 4. Polarization spectra of (a) CsPbBr3 and (b) CsPbI3 NS polymer films with five different thicknesses ranging from 0.2 to 1.0 mm. (c) DOP value variations of the 
CsPbBr3 and CsPbI3 NS polymer films with five different thicknesses ranging from 0.2 to 1.0 mm under X-ray and 380 nm UV laser excitation.
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NSs composites as promising materials for X-ray polarization-resolved 
detection.
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