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Na-alloy tailored 3D/0D metal halide
heterostructures enabling efficient charge
transfer for color-integrated white
scintillators

Zhi Yang 1 , Jiangtao Cui1, Ying Sun1, Jisong Yao 1, Shuang Yang 2 &
Jizhong Song 1

Lead-free halide perovskites featuring broad emissions have attracted
increasing interest as X-ray imaging scintillators. Currently, the radi-
oluminescence spectrum is primarily tuned by dopants and crystal fields, thus
exploring a heterostructure manner to extensively modulate emission inten-
sity and linewidth presents an exciting opportunity. Herein, we synthesize 3D/
0D Cs2NaLuCl6/Cs3LuCl6(Sb) heterostructures via a Na-alloying strategy to
tailor the spectral feature of scintillators. We find that type I heterostructure
can promote the emission of 0D Cs3LuCl6(Sb) through charge transfer
mechanism, as corroborated by the combination of energy band alignment,
ultrafast transient dynamics, microscopic photoluminescence and electrical
conductivity. As a result, 3D/0D scintillator exhibits a 1.8-times higher radi-
oluminescence intensity than 0D scintillator. Meanwhile, featuring a
spectrum-flat white emission, 3D/0D scintillator provides a balanced RGB
output enabling to extend the dynamic range in color-integrated X-ray ima-
ging. These findings provide insights into constructing metal halide hetero-
structures with efficient charge transfer, and advance the design and
application of lead-free perovskites and their derivatives.

Density-discriminating X-ray imaging is pivotal inmedical diagnostics,
safety inspections, and industrial flaw detection, as it effectively dif-
ferentiates between high-density and low-density components within
an object based on X-ray absorption. For instance, this technique can
distinguish between bones andmuscles in biological organisms, metal
parts and plastic casings in consumer products, and metallic circuits
and resin substrates in electronic devices1,2. Recently, vertical matrix
detector and stacked chromatic scintillator techniques3–8 have been
developed to address the issue of imperfect superimposition of dual-
energy images in the dual-energy X-ray source technique. However,
these techniques are significantly contingent upon the structural

configurations of direct or indirect (scintillator) detectors. Hence,
developing a color-integrated X-ray imaging technique utilizing the
multi-color characteristic of a broad-spectrum scintillator to distin-
guish the object density will garner considerable interest, because it
can lower hardware demands and expand the X-ray imaging capability
of scintillators.

At present, lead-free perovskites and their derivatives are con-
sidered as efficient single-component white-emitting scintillators due
to superior X-ray stopping power, tunable emission wavelength, and
low-temperature synthesis9–21. Both lead-free A2B′(I)B″(III)X6 double
perovskites with 3D crystal structure and A3B(III)X6 metal halide with
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0D crystal structure have low electronic dimensions, therefore loca-
lized excitons can produce a strong electron-phonon coupling, form-
ing self-trapped exciton (STE) emission with the features of broad
emission, large Stokes shifts and high photoluminescence (PL)
efficiency22–24. Optimizing dopants and engineering crystal fields are
regular strategies to modulate the STE emission to achieve broad and
bright emission. For example, 0D Cs3LuCl6 is sorted by a high-
throughput screening to be a thermally robust inorganic phosphor
due to a high Debye temperature (ΘD) of 149K, and tunable emission

color and linewidth by doping Sb3+ or Ln3+ have been reported25–27.
However, as a scintillator, the brightness of doped Cs3LuCl6 is still
unsatisfactory although it has a high X-ray attenuation coefficient
(Supplementary Note 1, Supplementary Fig. 1). For example, the
Ce3+-doped Cs3LuCl6 suffers from a low radioluminescence (RL)
intensity28,29, indicating that dopant-induced energy transfer is insuf-
ficient to guarantee a bright scintillator.

Unlike energy transfer via dopants, charge transfer provides
another efficient route to enhance the emission intensity of acceptors
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Fig. 1 | Design of 3D/0D heterostructures. a Crystal structures of 3D
Cs2NaLuCl6(Sb) and 0D Cs3LuCl6(Sb). b PL spectra of 3D Cs2NaLuCl6(Sb) and 0D
Cs3LuCl6(Sb) excited under 335 nm. The PL intensity of 3Dperovskite is normalized
to 1, and the relative intensity of 0D metal halide is shown. c A schematic diagram
describing the formation of 3D/0D heterostructure through a Na-alloying strategy.
d Photographs of 0D and 3D/0D heterostructure samples synthesized at the

different reaction stages. SbCl3 and NaCl solutions were added at 0 s and 75 s,
respectively. The solutions were excited by a UV lamp. e PL spectra of 0D(Sb) and
3D0.3/0D0.7(Sb) heterostructure excited under 335 nm. The PL intensity of 3D/0D
heterostructure is determined based on the normalized 0D phase in (b). The PL
spectra is fitted with the blue emission of 3D phase and the green emission of
0D phase.
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via constructing heterostructures. For example, CsPbBr3/Cs4PbBr6 and
CsPbBr3/CsPb2Br5 heterostructures have been demonstrated to
improve the RL intensity of scintillators based on the charge transfer
from 0D or 2D phase to 3D perovskite under the built-in electric
potential30–32. Extensively, heterostructure design has been demon-
strated to effectively regulate the spectral features of Pb-based
perovskite33–37. Therefore, leveraging charge transfer in lead-free per-
ovskites is expected to promote the emission of acceptors, thereby
improving the RL intensity of scintillators. However, the construction
of type I heterostructures in lead-free perovskites has rarely been
achieved, primarily due to the absence of a viable structural transfor-
mation route and matched energy band alignment between two pha-
ses. Thus, harnessing charge transfer to tailor the spectral intensity and
linewidth of scintillators remains challenging.

In this work, we design a type I heterostructure scintillator, Sb3+

doped 3D/0D Cs2NaLuCl6/Cs3LuCl6, to simultaneously enhance the
emission intensity and tailor the emission linewidth of 0D
Cs3LuCl6(Sb). 3D/0D heterostructures are synthesized through a Na-
alloying strategy, and the structural transformation from 0D Cs3LuCl6
to 3D Cs2NaLuCl6 is responsible for 3D/0D heterostructure formation,
evidenced by the theoretical decomposition enthalpy and experi-
mental color change and morphology analysis. 3D/0D hetero-
structures are engineered to leverage charge transfer mechanisms,
which are revealed by combining the energy band alignment from
electronic band structure calculation, the photogenerated carrier
dynamics from transient absorption (TA) spectra and time-resolved PL
(TRPL) spectra, the localized emission from PL mapping, and the
electrical conductivity from current-voltage (I-V) measurement. Ben-
efiting from the charge transfer in type I heterostructure, 3D/0D
scintillator exhibits an increased RL intensity (2.4 times of Bi4Ge3O12

(BGO)) compared to 0D scintillator (1.3 times of BGO). Importantly,
3D/0D heterostructure scintillator achieves a spectrum-flat broad
white emission with a chromatic coordinate of (0.31, 0.32), resulting in

the balanced RGB output signals (R, G, B =0.83, 1, 0.91). With the
assistance of a color-integrated X-ray imaging technique, the 3D/0D
white scintillator shows the capability to distinguish object density.

Results and discussion
Synthesis and characterization of 3D/0D heterostructures
As presented in Fig. 1a and Supplementary Fig. 2, Cs2NaLuCl6(Sb) has a
typical 3D double perovskite crystal structure, where [LuCl6]

3− octa-
hedron and [NaCl6]

5− octahedron are separated by Cs+ cations38. In
contrast, Cs3LuCl6(Sb) has a 0D metal-halide crystal structure, where
two kinds of [LuCl6]

3− octahedra are separated by Cs+ cations25. Sb3+

ions are used as activators to enable the bright emission39. Typically,
3D Cs2NaLuCl6(Sb) has a blue emission centered at 455 nm while 0D
Cs3LuCl6(Sb) has a green emission centered at 525 nm (Fig. 1b),
because the symmetry of [SbCl6]

3− octahedra varies in different crystal
fields, altering the dipole moments and thereby enabling the mod-
ulation of the Stokes-shift energy and emissionwavelength15,39,40. More
discussions on structure and PL spectra are given in Supplementary
Note 2. In addition, the emission intensity of 0D Cs3LuCl6(Sb) is 0.4
times lower than that of 3D Cs2NaLuCl6(Sb) under the optimized Sb3+

doping (Fig. 1b, Supplementary Fig. 3). It is further evidenced by a
lower PL quantum yield (PLQY) of 56% for 0D phase compared with
that of 83% for 3D phase (Supplementary Fig. 4), in according with the
report of Cs2NaInCl6(Sb)

40. Thus, it is essential to improve the emission
intensity of 0D Cs3LuCl6(Sb), which is expected to be realized through
leveraging the charge transfer in type I heterostructures based on the
excitation of 0D acceptor.

As shown in Fig. 1c, we propose a mechanism involving the
structural transformation induced by Na-alloying for the formation of
3D/0D heterostructures. 0D(Sb) is firstly synthesized upon the intro-
duction of Sb+, and alloyed Cs3-xNaxLuCl6 crystals41 is subsequently
formed following the addition of Na+. As the Na+ ratio increases,
3D Cs2NaLuCl6 crystals undergo enrichment followed by segregation
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Fig. 2 | Microstructure characterization of 3D/0D heterostructures. a A sche-
matic diagram of heterostructures synthesized by partially structural transform
from0Dphase to3Dphase.b SEM images of0D, 3D/0Dand3Dparticles, scalebars:
5μm. c HAADF and elemental mapping, scale bars: 500 nm, d HRTEM image, scale
bar: 5 nm; corresponding SAED patterns, scale bars: 5 nm−1, and e intensity profiles

of 3D0.3/0D0.7(Sb) heterostructure. SAED patterns and intensity profiles are mea-
sured from the boxes shown in (d). 3D Cs2NaLuCl6 and 0D Cs3LuCl6 are identified
based on the distribution of Na element in the elemental mapping (c). f XRD pat-
terns of 3D Cs2NaLuCl6(Sb), 0D Cs3LuCl6(Sb) and 3D0.3/0D0.7(Sb) heterostructure.
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from the parent alloy crystals, driving the formation of 3D/0D
heterostructures at the two-phase boundaries. The structural trans-
formation from 0D to 3D is confirmed by the theoretical decomposi-
tion energy of 3D phase relative to 0D phase. The potential
decomposition path is as follows:

3Cs2NaLuCl6→ 2Cs3LuCl6 + 3NaCl + LuCl3 (1)
The 3D phase can be synthesized via the inverse reaction. The

decomposition enthalpy (ΔHd), which is defined via the following
equation,

ΔHd = (2/3 E[Cs3LuCl6] + E[NaCl] + 1/3E[LuCl3]− E[Cs2NaLuCl6]) (2)
The calculated ΔHd is 0.76 eV. Here, the positive value of ΔHd

means that the decomposition process is endothermic, and the inverse
reaction is exothermic, thereby indicating the easy formability of 3D
Cs2NaLuCl6 from 0D Cs3LuCl6 induced by the introduction of Na+.

The structural transformation is further evidenced by the color
evolution in the synthesis process (Supplementary Fig. 5). We observe
a gradually increased green emission from 0D Cs3LuCl6(Sb) along the
progress of reaction. In contrast, the sample turns into pronounced
cyan color quickly when Na+ is introduced (Fig. 1d, Supplementary
Movie 1), indicating the transformation from 0D phase to 3D phase.
Importantly, we find Na+ alloying occurs within 5 s, which is much
faster than Sb+ doping (~70 s). After the structural transformation, we
observe that the increased green emission of 0D phase (Fig. 1e) in the
3D/0D heterostructure compared to individual 0D phase, suggesting
the charge transfer from 3D donor to 0D acceptor.

The material structure was characterized by scanning electron
microscopy (SEM), high-angle annular dark-field (HAADF), elemental
mapping, and high-resolution transmission electron microscopy
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structure under UV and X-ray excitations. CT charge transfer, ET energy transfer.

Article https://doi.org/10.1038/s41467-025-62195-x

Nature Communications |         (2025) 16:6909 4

www.nature.com/naturecommunications


(HRTEM). Figure 2a describes that the 3D/0D heterostructure is
formed through the partial transformation of 0D phase to 3D phase,
induced by the introduction of Na+. The formation of heterostructure
is facilitated by the inherent soft lattice of metal halide perovskites,
and only non-epitaxial heterostructure can be achieved due to a large
lattice mismatch ratio of 18%. Figure 2b and Supplementary Fig. 6
shows 3D/0D heterostructures maintain the closed particle size with
0D phase although 3D phase has a larger particle size than 0D phase,
because they are constructed by the structural transformation from
0D phase to 3D phase rather than the separate nucleation of two
phases. As seen from the HAADF and elemental mapping in Fig. 2c, a
single particle can confirm the formation of non-epitaxial 3D/0D het-
erostructures, which are further confirmed by the mixture of lattice
planes in the HRTEM image (Fig. 2d). The distinct lattice plane fringes
are assigned to the (222) crystal plane of 3D phase and the (115) crystal

plane of 0D phase, corresponding to different SAED patterns and lat-
tice plane distances (Fig. 2e). The actual ratio of 3D and 0D phases is in
according with the nominal ratio, but the actual ratio of Sb3+ dopant is
only 16% of the nominal value, indicating that Na alloying is easier
completed than Sb3+ doping (Supplementary Fig. 7). The X-ray dif-
fraction (XRD) patterns in Fig. 2f exhibit the cubic 3D phase38,42 and
monoclinic 0D phase25, and 3D/0D heterostructures are themixture of
two phases. The crystalline structures of 3D/0D heterostructures gra-
dually evolve from 0D phase to 3D phase with increasing Na+ ratio
(Supplementary Fig. 8).

Charge transfer mechanism
We performed density-functional theory (DFT) calculations and PL
excitation (PLE) spectra to explore the electronic structures of 3D and
0D phases for constructing 3D/0D heterostructures. As shown in
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Fig. 3a and Supplementary Fig. 9, SbCl6 conduction band minimum
(CBM), including Sb-s and Cl-p orbitals and SbCl6 valence band max-
imum (VBM), including Sb-p and Cl-p orbitals, appear after Sb3+ are
introduced, in according with that of Cs2NaInCl6(Sb)

43. The SbCl6
bandgap in 3D Cs2NaLuCl6 and 0D Cs3LuCl6 are 3.87 eV and 3.57 eV,
respectively, which is further demonstrated by various PLE peaks for
3D (3.89 eV) and 0D (3.60 eV) (Supplementary Fig. 10). Thus, energy
band structures are primarily determined by [SbCl6]

3− octahedrons.
The detailed band alignment is schematically illustrated in Fig. 3b. The
calculated work function of 3D phase is 5.82 eV, which is smaller than
that of 6.01 eV for 0D phase, indicating that electrons will flow spon-
taneously from 3D to 0D after the contact of 3D and 0D phases. As a
result, the type I heterojunction is created with a built-in electric field
from 3D to 0D, and electrons and holes can be simultaneously injected
into 0D phase to enhance the green emission of 0D acceptor.

Time-resolved transient absorption (TA) spectroscopy and space-
resolved PL mapping were carried out to study charge transfer
dynamics and localized emission in 3D/0D heterostructures. 0D phase
has a broad photoinduced absorption (PIA) ranging from 500 to
600 nm (Fig. 3c), while 3D phase has a PIA signal ranging from 420 to
500 nm (Supplementary Fig. 11). We can observe a stronger PIA of 0D
phase in heterostructures (Fig. 3d) than individual 0D phase (Fig. 3c),
indicating the charge transfer occurring from 3D phase to 0D phase.
The decay at 460 and 560nm for 0Dphase and 3D/0Dheterostructure
were fitted by a two-exponential function44–46. The fast delay compo-
nent (τ1) is assigned to the quenching processes and the long lifetime
(τ2) is ascribed to the recombination of photoinduced electron-hole
pairs. Considering the τ1, we can find that 3D/0Dheterostructure (3 ps)
has a faster quenching speed than 3D phase (27 ps) at 460 nm but 3D/
0D heterostructure (33 ps) has a slower quenching speed than 0D
phase (11 ps) at 560 nm (Fig. 3e, f, Supplementary Fig. 12 and Supple-
mentary Table 1). 3D/0D heterostructure also has a shorter PL lifetime
than 3D phase (Supplementary Fig. 13). Based on the TA and TRPL
kinetics, an efficient charge transfer from 3D phase to 0D phase is
demonstrated. Moreover, PL intensity mapping offers the single-
particle-level evidence confirming that the enhanced PL intensity of
3D/0Dphase comparedwith 0Dphase results from the charge transfer
in heterostructures (Supplementary Fig. 14). In particular, PL wave-
length mapping and fluorescence microscopy images reveal localized
emission within single-particle heterostructures, in contrast to the
discrete 3D and0D emissions observed in the physicallymixed phases.

Furthermore, 3D/0D heterostructure has a higher electrical con-
ductivity of ~10−2Sm−1 compared with that of ~10−3 Sm−1 for 0D phase
(Fig. 3g), further confirming the charge transfer behavior35,47,48.
Figure 3h shows the luminescent mechanism of 3D/0D hetero-
structures. When individual 3D and 0D phases are exposed by UV or
X-ray, the excited electrons are transferred to the corresponding STE
states through an energy transfer process, producing corresponding
blue and green emissions. In contrast, for 3D/0D type I hetero-
structures, the charge transfer increases chargedensity in0Dphase, so
a larger energy transfer from [LuCl6]

3− to [SbCl6]
3− is achieved to

enhance the STE emission of 0D acceptor. Notably, a direct energy
transfer from the [SbCl6]

3− in 3D phase to the [SbCl6]
3− in 0D phase is

inhibited by the narrow excitation window of [SbCl6]
3−, as observed in

the PLE spectra (Supplementary Fig. 10). This provides additional
evidence for the charge transfer in 3D/0D heterostructures.

Performances of 3D/0D heterostructure scintillators
We evaluated RL spectra modulation, CT-induced emission, spatial
resolution, and irradiation and thermal stabilities of heterostructure
scintillators. The RL spectral evolution (Fig. 4a) demonstrates the
spectral tunability of 3D/0D heterostructure scintillators. When the
proportion of 0D phase exceeds 0.7, sufficient green emission is
obtained enabling the white-emitting scintillators. Importantly, we can
quantitatively assess the contribution of charge transfer on RL

intensity based on the spectrum fitting of heterostructure scintillators
(Fig. 4b and Supplementary Figs. 15 and 16). As shown in Fig. 4c, five
kinds of heterostructure scintillators have the closedRL intensities.We
also find stronger 0D emissions in 3D0.1/0D0.9 (1.9 times of BGO) and
3D0.3/0D0.7 (1.6 times of BGO) samples compared to the pure 0D
sample (1.3 times of BGO), resulting from the contribution of CT-
induced 0D emission (0.7 times of BGO). Moreover, for all hetero-
structure samples, the RL intensity of CT-induced 0D emission is
comparable to that of self-0D emission, despite the diminishing CT
contribution with increasing 3D content. Benefiting from the charge
transfer, the RL intensity of 3D0.3/0D0.7 scintillator reaches 2.4 times of
BGO, but this RL intensity can drop to only 1.7 times of BGO in the
absence of charge transfer. These results demonstrate that the charge
transfer can not only enhance the RL intensity of 0D acceptor but also
brighten 3D/0D heterostructure scintillators. As a result, the detection
limit of 3D/0D heterostructure scintillator (140 nGyair s

−1) is much
lower than that of 0D scintillator (474 nGyair s

−1) (Supplementary
Fig. 17). There is a linear relationship between RL intensity and X-ray
dose rate, and 3D/0D scintillator has a higher RL intensity than 0D
scintillator under different excitation intensities, indicating the charge
transfer mechanism in heterostructures. Furthermore, Mn2+ is intro-
duced to further improve the red emission of scintillators (Supple-
mentary Fig. 14), and Mn2+ dopant does not affect the excitation
property of 3D/0D heterostructures (Supplementary Fig. 18).

To address the requirements for high-resolution X-ray imaging,
we fabricated a homogeneous composite scintillator screen with a
free-standing structure and a large active area (Φ16 cm), as shown in
Fig. 4d. We can observe that the scintillator screen has a high spatial
resolution of 14 lpmm−1 (Fig. 4e), which is confirmed by combining the
gray profiles of a line-pair card (Fig. 4f) and the modulation transfer
function (MTF) based on the slanted-edge method (Fig. 4g). The
definition of contrast is given in Supplementary Note 4.1. When the
contrast of an X-ray image is lower than 10% (Fig. 4f), it is considered
indistinguishable.Moreover, the RL decay time is close toCs3Cu2I5 due
to the same STE emission mechanism49 (Supplementary Fig. 19).

Finally, we have evaluated irradiation and thermal stabilities of
heterostructure scintillators. We can find that the encapsulated scin-
tillator exhibits a robust irradiation stability under a high X-ray dose
rate of 20mGy s−1 for the accumulated dose of 1000Gy (Fig. 4h and
Supplementary Fig. 20), which is comparable to Cs3Cu2I5

50
. In contrast,

the bared scintillator shows an obvious decay in the ambient condi-
tion, indicating the Lu-based halides suffer from the similar deliques-
cence with NaI(Tl). We also find a linearly decreased RL intensity with
increasing temperature (Fig. 4i andSupplementary Fig. 21), and80%RL
intensity is remained at 150 °C, which is much higher than that of
remained 7% RL for Cs3Cu2I5

51. This superior thermal stability results
from its higher Debye temperature25,52. More interestingly, we find that
Lu-based halide scintillators have increased RL intensity upon irradia-
tion (inset in Fig. 4h) which has rarely been reported. This irradiation-
inducedRL increasephenomenonmaybe explainedby the incomplete
formation of the STE energy for fresh samples, which has been dis-
cussed in the Cs3Cu2I5 single crystal synthesized using a solution
method53.

Color-integrated X-ray imaging
We developed a color-integrated X-ray imaging technique to enhance
the contrast of low-density objects, and both low-density and high-
density objects are expected to be discriminated within an image.
Different with reported density-discriminating X-ray imaging techni-
ques, including dual-energy X-ray source, vertical matrix detector and
stacked chromatic scintillator (Supplementary Note 3)3–8, our color-
integrated X-ray imaging technique depends on a broad-spectrum
scintillator and a contrast-enhanced image processing, as shown in
Fig. 5a. The contrast-enhanced image processing performs four steps,
including color separation, brightness correction, color merging and
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pseudo-color processing. Particularly, color separation and merging
are essential to ensure that the dark information of low-density objects
can be remained, providing an alternative way to extend the dynamic
range compared to the reported image intensifier54,55. More discus-
sions on the principle can be found in Supplementary Note 4 and
Supplementary Figs. 22–25.

First, the spectral properties of heterostructure scintillators were
characterized through the color separation process. The broad spec-
trum of a scintillator is initially separated using color filters, then

captured by CMOS pixels, and finally transformed into individual RGB
signals (Supplementary Fig. 26). Figure 5b shows that the 3D/0D(Sb,
Mn) scintillator has a spectrum-flat and pure-white emission with the
CIE color coordinate (0.31, 0.32), compared with the 0D(Sb, Mn)
scintillator (0.39, 0.46) and more broad-spectrum scintillators (Sup-
plementary Fig. 27). Combing with filter transmission and CMOS
responsivity in Fig. 5c, we can calculate the separated RGB output
signals (Fig. 5d and Supplementary Fig. 28). The 3D/0D scintillator
exhibits the increased green and red output signals compared with 0D
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scintillator, further confirming the contribution of charge transfer on
the enhanced 0D emission. Moreover, the 3D/0D(Sb, Mn) scintillator
presents the highly balanced RGB output signals (R, G, B = 0.83, 1.00,
0.91) comparedwith0D(Sb,Mn) scintillator (R, G, B =0.78, 1.00, 0.20),
CsI(Tl) scintillator (R, G, B =0.80, 1.00, 0.30) and other broad-
spectrum scintillators (Supplementary Table 2). This balanced RGB
output is essential for retaining dark information of low-density
objects in the contrast-enhanced image processing technique to
extend the dynamic range.

Second, the separated RGB images are merged into a grayscale
image,which is further converted into a pseudo-color image. As shown
in Fig. 5e, a low-density paper cannot be distinguished in the normal
X-ray imaging, but it can be well distinguished through a color-
integrated imaging technique. In contrast, a high-density screw can be
discriminated for both modes. Furthermore, we can observe the
density gradient of complex objects (Supplementary Table 3) in the
pseudo-color image, and both low-density and high-density objects
can be distinguished within an image. Quantitatively, a low-density
paper with a contrast of 25% obtained from the color-integrated ima-
ging is significantly higher than that of 5% from the normal imaging
(Fig. 5f, g), demonstrating the role of the color-integrated imaging in
improving the contrast of low-density object. The contrast of a high-
density screw is also slightly improved through the color-integrated
imaging. In contrast, a broad-spectrum CsI(Tl) scintillator cannot
achieve anobvious contrast enhancement for a low-density objectwith
a small contrast of 7% (Supplementary Fig. 29), and this inferior per-
formance results from the unbalanced RGB output caused by the
CsI(Tl) scintillator with the absence of spectrum-flat emission. More
discussions are given in Supplementary Note 4.3. Therefore, a
spectrum-flat white scintillator enabling a balanced RGB output is
essential to distinguish the low-density objects in color-integrated X-
ray imaging.

In summary, we synthesize 3D/0D Lu-based halide hetero-
structures through a Na-alloying strategy, which is a facile method to
synthesize composition-modulated lead-free metal halide hetero-
structures. The 3D/0D heterostructures are constructed by the struc-
tural transformation from 0D phase to 3D phase, and the spectral
intensity and linewidth of scintillators are tailored simultaneously by
the charge transfer in 3D/0D heterostructures. The charge transfer
from 3D phase to 0D phase is corroborated based on the theoretical
energy band alignment, as well as the experimental spectral transient
dynamics,microscopic PL, and electrical conductivity. Benefiting from
a high charge transfer efficiency in type I heterostructure, the 3D/0D
scintillator has amuch higher RL intensity (2.4 times of BGO) than that
of 0D scintillator (1.3 times of BGO). Meanwhile, the 3D/0D hetero-
structure scintillator has realized a spectrum-flat and pure-white
emission, because charge transfer can improve green and red emis-
sions of 0Dacceptor. Importantly, the 3D/0D scintillatorwith balanced
RGB output signals enables to extend the dynamic range in color-
integrated X-ray imaging. These findings shed light on the charge
transfer mechanism in lead-free metal halide heterostructures and
provide a promising white-emission scintillator for the X-ray imaging
application.

Methods
Chemicals
CsCl (99.9%), NaCl (99.9%), LuCl3·6H2O (99.9%), SbCl3 (99.9%), and
MnCl2 (99.9%) were purchased from Innochem. Hydrochloric acid
(HCl, 37 wt% in water) was purchased from Macklin. All of the chemi-
cals were used as received without further purification.

Synthesis of microcrystal powders
Microcrystal powders were synthesized following the modified HCl-
assistant powder method41. Metal salt powders were mixed with HCl
and stirred for 10min. The product was centrifuged at 447 × g and

washed by ethanol for twice. The collected product was transferred to
a 60 °C oven to dry and then annealed at 400 °C for 2 h. For the
synthesis of Cs2NaLuCl6, 4mmol of CsCl, 2mmol of NaCl and 2mmol
of LuCl3·6H2Owereused. For the synthesis of Cs3LuCl6, 6mmol ofCsCl
and 2mmol of LuCl3·6H2O were used. For the synthesis of 3D/0D
heterostructure, a variable ratio of NaCl water solution was added into
Cs3LuCl6 reaction system, and emission color changed immediately.
For Sb-doped and Sb/Mn co-doped samples, varying ratios of SbCl3
and MnCl2 solutions were added.

Scintillator fabrication
Inorganic powders and polyethylene were ground in an automatic
grinder machine to achieve a uniform mixture, and the mixture was
loaded in a mold under a pressure of 10MPa at 150 °C to form an
inorganic particle/polymer composite scintillator with the thickness of
0.2mm. The weight fraction of inorganic powder was 50wt%. For
thermal measurement, polydimethylsiloxane (PDMS) matrix was used
to host inorganic powders. For air irradiation measurement, trans-
parent epoxy resin was used to encapsulate composite scintillator
screen, avoiding air exposure.

Characterization
Scanning electron microscope (SEM) was conducted on a ZEISS Gemini
300. Transmission electron microscope (TEM) was performed on a JEM-
2100F with a UltimMax 80 detector (elementmapping). High-resolution
TEM (HRTEM), high-angle annular dark-field (HAADF), and elemental
mappingwere characterized. X-ray diffraction (XRD)was carried outwith
a Bruker D8 Advance using Cu Kα radiation. The optical absorption
spectra were collected with a Hitachi UV-Visible spectrophotometer
UH5700. The PL and TRPL spectra were acquired with a
FLS980 spectrometer. TA measurements were performed on a Helios
(Ultrafast systems) spectrometers using a regeneratively amplified fem-
tosecond Ti:sapphire laser system (Spitfire Pro-F1KXP, Spectra-Physics;
frequency, 1 kHz; max pulse energy, ~8mJ; pulse width, 120 fs) at room
temperature. Inorganic particles were transferred on a pair of Au elec-
trodes with a gap width of 6μm, and current-voltage curves were col-
lected in the dark by a photodetector measurement instrument. The
stable electrical signals could be obtained after multiple electrical cycles
to guarantee the closed contact between particles and electrodes. Two
kinds of particles with the closed size were used to exclude the possible
volume effect, and a single particle was used to minimize the impact of
grain boundary. Fluorescence microscopy images were collected when
all samples were excited under a 365nm LED, and narrow-band optical
filters (450, 530, and 620nm) were added to identify 3D (blue) and 0D
(green) emissions. PL intensity andwavelengthmappingwere performed
on a Zolix microscopic PL system, and powders on Si substrates were
excited under a 365nm laser. The pixel size of PL mapping was 5μm
which is close to the size of single inorganic microcrystal particle.

RL measurement
X-ray dose rate was measured with an XR detector (MagicMaX Uni-
versal). The X-ray excited emission spectra were recorded by a spec-
trophotometer (B&W TEK Exemplar Plus LS). For RL spectra
measurement, the X-ray source was Amptek Mini-X2 with the voltage
of 50kV and the current of 100μA. The X-ray dose rate was 0.5mGy s−1

and the integrated time was 5 s. The relative RL intensities of scintil-
lators were determinedby comparisonwith a BGOwaferwith the same
size. The RL decay of scintillators was acquired by an oscilloscopewith
connecting to a photomultiplier tube and excited by a pulsed X-ray
generator (Golden, XRS-4). For X-ray irradiation stability measure-
ment, an industrial X-ray source (Beijing Kaiwei Xinda Technology Co.,
Ltd) was continuously operated at the 60 kV and 1mA with the assis-
tanceof a heatdissipation system. Scintillatorswere irradiatedwith the
X-ray dose rate was 20mGy s−1. A thin composite scintillator has an
X-ray absorption efficiency of 45%,which is lower than that of 100% for
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CsI(Tl) single crystal. Each RL spectra was collected for the time
interval of 10min. For temperature-dependence measurement, a
flexible PI heater was pasted on scintillators to ensure the uniform
heating.

X-ray imaging measurement
X-ray imaging was acquired by a CMOS camera (Tucsen FL-20)
equippedwith a prime lens (AZURE-5022ML12M) or amicroscopic lens
(Coosway, CSW-0650). The spatial resolution was evaluated by a
standard line-pair card (0.03mm Pb, CN89727), which was further
verified based on the slanted-edge method. The contrast-enhanced
image processing was conducted following next four steps. First, red
(600nm), green (525 nm) and blue (450nm) color filters with the
narrowband of 40 nm were individually introduced to obtain the
separated RGB images. Second, the brightness correction of three-
color images was required due to color-dependent responsivity of
CMOS sensor. Third, the RGB channelswere combined into a grayscale
image using Photoshop’s channel merging function, and the grayscale
value represents theobject’s density. Finally, a pseudo-color imagewas
created through a color conversion process using the 16-color lookup
table (LUT) function in ImageJ software. This process enables the
intuitive display of density gradient in the imaging objects based on
the color representation in the pseudo-color image.

Density functional theory
Thedecomposition enthalpy and electronic structureswere calculated
using the Vienna Ab initio Simulation Package (VASP). The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional combining
with generalized gradient approximation (GGA) method was utilized
to obtain the lattice constants. The energy cutoff was set to 500 eV
for the plane-wave function’s expansion. The Γ-centered 5 × 5 × 5
Monkhorst-Pack grid k-points were used to sample the Brillouin zone
integration for structural optimization while the open-source package
VASPKIT was further applied to generated corresponding k-points
with high symmetry. The decomposition compounds NaCl, Cs3LuCl6,
and LuCl3 are sampledwith 7 × 7 × 7, 1 × 1 × 1, and 5 × 5 × 6 k-point grids.
In all geometric optimization, the residual force was converged until
the total energy changes were less than 1.0 × 10−5 eV and themaximum
force component acting on each atom was less than 0.01 eVÅ−1.

Data availability
The source data generated in this study have been deposited in the
figshare database under accession code https://doi.org/10.6084/m9.
figshare.29178554. Additionally, all data are available from the corre-
sponding authors upon request. Correspondence and requests for
materials should be addressed to Z.Y. or J.S.
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