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ABSTRACT
Nanocrystal-sensitized plastic scintillators offer promise for high-performance radiation detectors, but achieving both high
efficiency and ultrafast timing remains challenging. This need grows as the field moves away from blue emitters, whose spectra
overlap radio-induced defect bands in polymers, toward green/yellow emitters that avoid these losses. Yet green dyes typically
suffer from slow photophysics. Here, we show green-emitting polymer 9,9-dioctylfluorene-alt-benzothiadiazole (F8BT) overcomes
this limitation through large Stokes shift and fast emission, making it a compelling scintillator matrix. We use F8BT to clarify
sensitization mechanisms in nanocrystal/polymer systems by blending it with non-emissive high-Z HfO2 nanocrystals (NCs) or
emissive CdZnS/ZnS (CZS) quantum dots (QDs) to isolate high-Z and optical sensitization pathways. HfO2/F8BT films exhibit
25× radioluminescence (RL) enhancement but decreasing light yield (LY) with increasing NCs loading, indicating that HfO2

acts as passive energy-dissipation centers for secondary electrons. Conversely, CZS/F8BT films achieve 70× RL enhancement
with loading-independent LY, demonstrating that emissive QDs recycle secondary electrons and enable dual sensitization. Both
systems preserve sub-3 ns decay times due to F8BT’s ultrafast emission andQDmultiexciton dynamics. α-particle detection further
confirms practical applicability. These findings establish a scalable blueprint for fast, efficient, green-emitting scintillators that
circumvent defect-band absorption while enabling mechanistically informed dual sensitization.
1 Introduction

Scintillators are critical components in a wide range of radi-
ation detection technologies, including medical imaging, secu-
rity screening, high-energy physics, and space exploration
[1]. Nanomaterial-based scintillators have recently emerged as
promising candidates for next-generation radiation detection [2,
3]. This is due to their advantages inmaterial design flexibility [4],
scalable chemical synthesis [5–7], high emission yield, ultrafast
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decay time [8–10], high atomic number (Z), defect tolerance [11],
and radiation hardness [12]. Embedding inorganic nanocrystals
(NCs) into organic matrices (solutions or polymers) to prepare
hybrid or composite scintillators that combine the advantages
of both inorganic and organic materials represents the primary
applicationmethod for nanomaterials in radiation detection. The
modification of traditional plastic scintillators through heavy
metal doping to meet the requirements of gamma spectroscopy
has driven research into high-Z NCs sensitized scintillators
its use, distribution and reproduction in any medium, provided the original work is properly
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[13]. Among these, wide-bandgap non-emissive particles such as
Gd2O3 [14], HfO2 [15, 16], and YbF3 [17]. NCs are selected as
high-Z sensitizers, converting gamma ray into photoelectrons,
thereby sensitizing organic dyes (so-called high-Z sensitization)
[13]. Since this sensitization process is based on the essentially
instantaneous release and recapture of photoelectrons and does
not participate in the luminescence process of the emitter, it
has become an effective strategy for designing fast composite
scintillators that leverage the excitonic luminescence of organic
dyes [18, 19]. Semiconductor NCs quantum dots (QDs), like II-VI
QDs andperovskiteQDs, have also beenwidely studied for scintil-
lators [20–23], especially prized for their ultrafast multiexcitonic
scintillation that enables sub-ns lifetimes [6, 12, 24]. However, the
light yield (LY, defined as the number of emitted photons per unit
of deposited energy) of QD-based scintillators as the sole phos-
phor faces challenges due to the trade-off between self-absorption
and high loading [25–27]. Constructing energy transfer systems
between QDs and organic luminescent materials has the promise
of overcoming the limitations of single-QDs systems. In this case,
QDs can serve as both the high-Z sensitizer and the primary
fluorophore [28–30], or as the secondary fluorophore pumped
by the plastic matrix [31, 32]. Efficient energy transfer (both
nonradiative and radiative) between each component (matrix→
QDs, QDs→ dye, QDs-matrix→ dye) was readily demonstrated
[11, 30]. However, the contribution of high-Z sensitization by
QDs to scintillation LY is difficult to quantify and may even be
underestimated. In conventional organic liquid scintillators,most
X/γ-ray energy is considered to be deposited in the solvent due to
its dominant volume fraction [33]. By contrast, recent Compton-
riple to Double Coincidence Ratio experiments on CsPbBr3
QDs liquid scintillators indicated that when X/γ-rays interact
with QDs liquid scintillators, QDs possess a higher interaction
probability than the organic components [34], with the fraction
of deposited energy dependent on QDs concentration—in agree-
ment with X-ray based scintillation studies on the same QDs
systems [10]. This behavior suggests that in QD-based composite
scintillators, QDs play a crucial role in primary energy deposition
and secondary electron showers. However, the detailed mecha-
nisms governing energy deposition and conversion within these
hybrid nanocomposites remain to be fully elucidated. This would
provide a rational guide for maximizing energy transfer pathways
for achieving highly efficient sensitized nano-scintillators.

The development of nanomaterials has provided numerous
options for sensitized scintillators while also creating demand
for highly performing organic emitting materials. Conjugated
polymers have been proposed as materials for detecting radiation
since the 1980s based on either their electrical or optical proper-
ties [35–38]. A particularly advantageous feature of π-conjugated
polymers, especially for ultrafast scintillators, is their ability to
exhibit emission spectra in the green-yellow region, spectrally
decoupled from the typical radiation-induced absorption bands
in plastic matrices (usually in the UV-blue region) [39], while
maintaining emission rates significantly higher than those of
conventional molecular emitters [40]. This behavior arises from
the delocalization of the excitonic wavefunction over multiple
conjugated monomeric units, which on the one hand leads to
smaller energy gaps compared to isolated repeat units, resulting
in a red-shift of the optical spectra, and on the other hand
produces a much larger oscillator strength (analogous to the
so-called giant oscillator strength in traditional semiconductors)
2 of 10
[9]. As a consequence, these materials display ultrafast radiative
decay rates (<2 ns) despite their lower emission energy, which
would otherwise imply slower emission. As a result, conjugated
polymers are known to be faster than organic molecules emitting
in the same spectral region. This opens the way to high scintil-
lation speeds and enhanced radiation stability, aligning with the
emerging research trend toward ultrafast plastic-based calorime-
ters for high luminosity colliders. An additional advantage, which
is no less important than the photophysical aspects, of conjugated
polymers as emitters for nanocomposite scintillators lies in their
versatility of use: they can function either as a luminescent filler
dispersed within a higher-gap matrix (as is typical for conven-
tional molecular emitters) or as the active scintillating matrix
itself, where the entire material contributes to scintillation. This
is particularly beneficial for scintillator coatingswith high emitter
density or for metascintillators combined with high-Z substrates
(e.g., LYSO, BGO) [41]. In such configurations, the polymeric
material not only eliminates the need for an external matrix
that could generate unwanted background signals (for instance,
the few-nanosecond blue luminescence of polyvinyl toluene or
polystyrene) [11], but also partiallymitigates LY losses by reducing
competing energy-deposition channels. This application is fur-
ther supported by the generally reducedπ-π stacking of polymeric
chains with respect to small organic moieties in the solid state,
which commonly leads to strong intermolecular dimerization
with lower emission yield, slower decay rates, and poorer spectral
purity [42].

In this study, we report an efficient, fast sensitized scintil-
lator based on NCs and the conjugated polymer poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (F8BT) featuring high pho-
toluminescence (PL) quantum yield, ΦPL (≈70% in toluene
solution), fast decay time, largely Stokes shifted green-emission
matching solid-state photodetectors, and ease of fabrication [43–
45]. We also use F8BT-nanocrystal blends as model systems
for clarifying the energy conversion mechanisms underlying
high-Z and optical sensitization in hybrid nanoscintillators. As
sketched in Figure 1a, we conducted a comparative study using
two types of nanoscale sensitizers with distinct sensitization
pathways. Specifically, HfO2 NCs (hereafter indicated as NCs)
were chosen as non-emissive high-Z sensitizers that generate
secondary photoelectrons under X-ray excitation that subse-
quently excite F8BT moieties. By contrast, highly luminescent
CdZnS/ZnS core/shell QDs (hereafter indicated as CZS QDs)
provide dual high-Z and optical sensitization, delivering energy
to F8BT via both secondary electrons and their intrinsic blue
emission. In both systems, F8BT serves as the energy acceptor
and matrix, obviating the need for additional host materials
and enabling efficient energy collection and rapid photophysical
dynamics. Radioluminescence (RL) measurements on compos-
ites with matched stopping power—validated by Geant4 Monte
Carlo simulations—show that the CZS/F8BT system exhibits
a scintillation efficiency more than twice that of HfO2/F8BT
and roughly 70 times higher than that of non-sensitized F8BT.
Notably, consistent with previous reports [16, 46], the LY of
HfO2-sensitized F8BT decreases with increasing NCs loading,
indicating that the sensitizers act as passive energy-dissipation
centers for their own electron showers. In contrast, the LY of
CZS/F8BT blends remains constant across all QD concentra-
tions, even at the highest loadings, demonstrating that emissive
CZS QDs effectively recycle secondary excitations and further
Advanced Functional Materials, 2026
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FIGURE 1 Design concept and basic characterization of NCs/QDs and F8BT. (a) Sketch of the two sensitization pathways: high-Z sensitization in
HfO2/F8BT (top) and dual (high-Z and optical) sensitization in CZS/F8BT blends (bottom). (b) Molecular structure of F8BT. (c) Normalized absorption
(dashed lines), PL spectra in solution (black solid lines) and films (green solid lines), andRL spectra in films (green shaded areas) of F8BT. (d) Normalized
TRPL and TRRL of F8BT film (550 nm). (e) X-raymass attenuation coefficients (µ/ρ) of F8BT, HfO2, and CZS. (f) TEM images of HfO2 NCs (left) and CZS
QDs(right). (g) XRD patterns of HfO2 NCs (top) and CZS NCs (bottom). Grey patterns refer to the corresponding references. (h) Normalized absorption
(dashed lines), PL spectra in solution (black solid lines) and films (blue solid lines), andRL spectra in films (blue shaded areas) of CZSQDs. (i) Normalized
TRPL and TRRL of CZS QDs film (445 nm).

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.74942 by U
niversita M

ilano B
icocca, W

iley O
nline L

ibrary on [07/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative 
underscoring the advantages of dual sensitization. Both hybrid
scintillators also exhibit ultrafast decay times≤ 2.6 ns. Finally, we
confirm the feasibility of α-particle detection using nanocrystal-
blended polymer films, highlighting the practical potential of
these materials for radiation sensing. Collectively, these results
establish a design framework for hybrid nanocrystal/polymer
scintillators that combines high LY, rapid decay, and simple
processing, with broad implications for next-generation high-
performance scintillators.

2 Results and Discussion

Figure 1a summarizes the design concept and fundamental char-
acterization of the nanocrystals and polymer studied in this work.
F8BT is a conjugated donor–acceptor copolymer comprising
alternating 9,9-dioctylfluorene and benzothiadiazole units [45]
(Figure 1b). Its strong π–π conjugation gives rise to a broad
absorption band (a double peak) and a relatively large Stokes
shift (≈70–90 nm, Figure 1c), minimizing self-absorption losses.
It is noted that the photoluminescence (PL) spectrum of F8BT
undergoes a slight red shift in the film state relative to solution,
with the ΦPL decreasing from≈72% to≈26%, while the PL lifetime
shortens proportionally from 2.9 ns to 0.8 ns (Figure S1) as
typically attributed to π-π stacking [43, 44, 47]. We anticipate
Advanced Functional Materials, 2026
that such efficiency loss is recovered by ≈90% upon blending
with NCs that hinder interchain aggregation (vide infra) [48–50].
The RL and PL behavior of the film sample are consistent, with
unchanged spectral shapes and positions, and lifetimes of≈0.8 ns.

To quantitatively evaluate the two different sensitization mecha-
nisms, careful selection of the energy donors is critical. Beyond
maximizing X-ray absorption, the components must ensure
efficient energy transfer (ET) and preserve fast photophysics,
thereby enabling high scintillation efficiency and fast decay time.
Figure 1e shows the X-ray mass attenuation coefficients of F8BT,
HfO2 NCs and CZS QDs, which highlight the superior X-ray
stopping power of both types of NCs relative to F8BT and thus
support their selection as high-Z sensitizers. Importantly, at
10 keV, the attenuation coefficients of HfO2 and CZS are nearly
identical, indicating comparable stopping power under our exper-
imental conditions. This equivalence is a crucial prerequisite
for the subsequent quantitative comparison of scintillation yield.
CZS QDs were synthesized via hot-injection method [28, 51, 52],
whereas HfO2 NCs were obtained by the thermal decomposition
of Hf(CF3COO)4 precursors [15, 16, 27]. Figure 1f displays the
transmission electronmicroscopy (TEM) images ofHfO2 NCs and
CZS QDs, showing average diameters of approximately 5 nm and
11.5 nm respectively, and clear lattice fringes indicative of high
crystallinity. X-ray diffraction (XRD) patterns further confirm
3 of 10
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their phase purity,withHfO2 NCsmatching themonoclinic phase
and CZS QDs showing a hexagonal structure. Figure S2 shows
detailed (S)TEM characterization (panels (a), (d)) of the CdZnS
QD cores and CdZnS/ZnS core/shell QDs. Crystalline phases of
both systems are confirmed to be the hexagonal wurzite phase by
HRTEM images and related FFTs (panels (b) and (c), (e) and (f)).
Energy-dispersive X-ray (EDX) spectroscopy analysis onmultiple
sites show the co-presence of Cd, Zn and S on all QDs (panels (g),
(h)). The chemical compositions (averaged) of the core-only and
core/shell QDs areCd0.65Zn0.35S andCd0.19Zn0.81S, respectively. All
CZS-related analysis in this paper is based on this composition.
Hereafter, all studies are conducted with core/shell QDs.

The optical properties of the selected QDs further support
this design. CZS QDs exhibit intense blue emission (ΦPL≈80%)
centered at 445 nm under both optical and X-ray excitation
(Figure 1h). This emission wavelength is mainly determined
by the Cd:Zn ratio in the particle core [51], corresponding to
Cd:Zn = 0.6:0.4, which is consistent with the EDX results.
Benefiting from its thick shell and alloyed core-shell transition
layer, this stable QDs exhibit only a slight decrease in ΦPL and
lifetime when fabricated into thin film (Figure S3a) [53]. The
emission wavelength provides near-perfect spectral overlap with
the F8BT absorption band, enabling highly efficient radiative and
nonradiative ET. The average lifetimes of the PL and RL of CZS
QDs 8.9 ns and 2 ns, respectively (Figure 1i). TheRLdecay kinetics
shows the expected multi-excitonic profile, with an initial fast
biexciton component (τXX = 0.9 ns) followed by the single exciton
decay with lifetime comparable to the low-fluence PL to 8.9 ns
[54–56]. This ascription is supported by the equivalence of the
RL decay to the transient absorption kinetics as a function of the
excitation fluence reported in Figure S3b, fromwhichwe quantify
the biexciton yield ΦXX = 𝑘XX

𝑘
RAD

XX

=32% (see Supporting Informa-

tion for details), consistent with the core/shell structure of the
QDs [57].

Blended films were fabricated by drop casting mixed dispersions
of F8BT with HfO2 NCs or CZS QDs at sensitizer-to-F8BT mass
ratios of 2:1, 5:1, 10:1, 20:1, and 50:1. Hereafter, we refer to each
sample by the numerical value of this ratio—for example, the
50:1 composition is denoted as [NC] = 50 w/w. Across each
series, the absolute F8BT quantitywas kept constant, and only the
content of sensitizers was varied. Pure F8BT and pure CZS QDs
films were also fabricated as control samples. To assess sample
quality, absorption spectra were recorded for all solutions and
films (Figure S4). For HfO2/F8BT, the solution spectra remained
unchanged across all loadings, indicating negligible scattering. In
the film state, absorption above ≈500 nm also showed minimal
variation, suggesting limited impact on the emission-relevant
region. The less systematic variations observed around the intrin-
sic absorption features (e.g., near ≈330 nm and ≈470 nm) are
possibly attributed to film non-uniformity. In contrast, CZS/F8BT
samples exhibit a slight increase in baseline at high loadings,
more evident in the film state, which is attributed to some
light scattering effects associated with the larger size and higher
volume fraction of CZS QDs.

Consistent with the wide bandgap and optical inertness of HfO2
NCs, the HfO2/F8BT films exhibit only the F8BT green emission,
with no change in the spectral shape as the HfO NCs content
2
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increases (Figure 2a). Remarkably, the integrated PL intensity
increases with the addition of the NCs corresponding to ΦPL =
65% at the highest NCs content accompanied by the concomitant
increase of the PL lifetime (Figure 2b). We attribute this to
reduced interchain π–π stacking in the presence of HfO2 NCs that
act as physical spacers between F8BTmoieties, in agreement with
recent reports on polyfluorene/NCs blends [48–50]. Figure 2c
shows this concerted PL and lifetime behavior, indicating that
HfO2 improves the photophysical environment of the poly-
mer without introducing new nonradiative channels, enabling
brighter PL at essentially unchanged spectral characteristics.

Under 360 nm excitation, CZS/F8BT films display a dual-band
PL comprising the CZS QDs blue emission and the F8BT green
band (Figure 2d). Increasing the QDs loading leads to an overall
intensity rise in both bands (Figure 2f). In this blend, CZS QDs
play two roles. Similar to HfO2 NCs, they act as physical spacers
hindering interchain aggregation. Independent support comes
from ΦPL and TRPL measured under acceptor-only excitation
at 475 nm (Figure S5) that reaches 66% at the highest QDs
content. At the same time, it serves as an emissive energy donor
whose blue PL overlaps the F8BT absorption. Because CZS QDs
and F8BT are in direct contact within the blend, their donor-
acceptor separations lie within the resonant ET range (≈5.5 nm,
see Methods), enabling efficient ET that funnels a fraction of
the QDs excitation into the F8BT channel. Consistently, the
lifetime of the QDs donors (Figure 2e, inset) in the blend
is significantly shorter than that in pure QDs film, and this
shortening accelerates as the acceptor content increases (relative
to the donor content). This is a typical characteristic of resonant
ET kinetics, yielding an energy transfer efficiency ΦET = 1-τDA/τD
= 0.75—notice that the incomplete ΦET is fully consistent with
the typical phase separation present in polymeric blends that
is further enhanced at very high QDs loadings. In parallel, the
F8BT decay at 550 nm progressively lengthens, mirroring the
behavior observed in HfO2/F8BT and attributable to the spacer-
like action of QDs. We notice that despite the presence of the
ET pathway, in the CZS/F8BT blend, the F8BT PL intensity
remains comparable to that of the HfO2 /F8BT system. This is
because in the CZS/F8BT blend, the QDs and F8BT competitively
absorb 360 nm excitation photons, and ΦET <1. Unlike the
HfO2/F8BT blends, high-loading CZS/F8BT films exhibit a slow
tail in the F8BT PL decay (Figure 2e). Because ET preserves
the acceptor’s intrinsic lifetime, this long-lived component is
assigned to emission-reabsorption of the blue QDs photons in
the optically dense blends, resulting in a distinct decay tail that
closely matches the lifetime of CZS QDs not directly involved
in the ET process—also in agreement with ΦET being less than
unity.

After establishing the photophysics under optical pumping, we
turned to X-ray excitation to evaluate scintillation output and
dynamics. For HfO2/F8BT, the RL spectra display only the F8BT
green band, and the RL intensity increases with the HfO2 NCs
content, gradually approaching saturation ≈25× the pure F8BT
RL intensity at high loading (Figure 3a,b). The enhancement
here is due to high-Z sensitization, with a net contribution of
approximately 9.6× (after subtracting the portion directly excited
by X-rays in F8BT and accounting for changes in ΦPL). In
contrast, CZS/F8BT exhibits dual-band RL with CZS blue and
Advanced Functional Materials, 2026
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FIGURE 2 Optical properties of NCs/F8BT blend films. (a) PL spectra of HfO2/F8BT films at increasing [NC] as indicated by the arrow (from
pure F8BT to [NC] = 50 w/w), excited at 360 nm. (b) Corresponding PL decay curves of HfO2/F8BT blends at increasing [NC], monitored at 550 nm. (c)
Integrated F8BT PL intensity (circle) (normalized to integral intensity of pure F8BT film) and PL lifetimes (triangle) at increasing [NC]. (d) PL spectra of
CZS/F8BT films at increasing [QD] as indicated by the arrow (from pure F8BT to [QD] = 50 w/w), excited at 360 nm. (e) Corresponding PL decay curves
of CZS/F8BT blends at increasing [QD], monitored at 550 nm (green, same color scheme as in ‘d’) and 445 nm (inset, blue color bar). All TRPL spectra
were normalized to their maxima; excitation wavelength was 340 nm. (f) Integrated CZS (blue) and F8BT (green) PL intensity (circle) (normalized to
the integrated intensity of pure F8BT film) and average PL lifetimes extracted from biexponential fitting of the curves in ‘e’ (triangle, see Supporting
Information for details) at increasing [QD].
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F8BT green emission contributions, both rising nearly linearly
with QDs loading (Figure 3c,d). At the highest QD content, the
F8BT RL reaches ≈60× that of the pure polymer, substantially
exceeding the HfO2 NCs case and indicating an additional
optical sensitization pathway beyond pure high-Z effects. From
an application perspective, the residual blue light emission from
QDs also contributes to the overall scintillation output. When
accounting for this blue light component, the total light output
is 70 times that of pure F8BT. Figure S6 compares the ratio of
the QDs and F8BT integrated emission intensity (IQD/IF8BT) in
the PL and RL spectra of the CZS/F8BT sample vs [QD]. RL
exhibits a smaller slope, which is attributed to the contribution of
high-Z sensitization, which boosts the polymer emission relative
to the QDs. To accurately evaluate the two contributions, we
prepared CZS/PMMA reference films at the same mass ratios.
The CZS@PMMA reference RL spectra (Figure S7) represent the
donor output before energy transfer, from which the number of
transferred photons can be obtained. By further considering the
ΦPL of F8BT (corrected for the spacing effect by the QDs), the
optical sensitized photons can be estimated. Subsequently, the
high-Z contribution is obtained by subtracting the directly excited
F8BT portion and the optical sensitization portion from the
total photons (see the Methods section). Figure 3e illustrates the
Advanced Functional Materials, 2026
contributions of F8BT direct excitation, high-Z sensitization, and
optical sensitization to the scintillation efficiency under different
loading conditions. These RL values include the contribution
from the PLQY increase induced by the “spacing effect.” Figure S8
presents the decoupled contributions normalized by PL intensity.
At the highest loading, the ratio of high-Z: optical contribution is
8.3:14.9, confirming that both pathways play significant roles in
enhancing RL.

To understand these distinct RL trends, we evaluated the X-ray
energy deposition using GEANT4 simulation, using the material
parameters (composition, density, and thickness) summarized
in Table S1. As shown in Figure S9, with increasing NCs/QDs
loading, the fraction of interacting X-ray photons (fInt) rises
linearly, while the mean deposited energy per interaction satu-
rates due to increased film density and thickness. As a result,
the total deposited energy fraction (fE,dep) exhibits sublinear
growth. Notably, HfO2/F8BT exhibits higher deposited energy
than CZS/F8BT at identical loadings, helping to explain the
stronger high-Z sensitization observed in Figure S8. Beyond
absorption differences, this may also reflect the influence of
nanocrystal size on sensitization efficiency: the smallerHfO2 NCs
aremore effective at releasing energy to the surrounding polymer
5 of 10
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FIGURE 3 Radioluminescence properties of NCs/F8BT blend films. (a) RL spectra of HfO2/F8BT films at increasing [NC] as indicated by the
arrow (from pure F8BT to [NC] = 50 w/w). (b) Integrated F8BT RL intensity at increasing [NC] (normalized to integral intensity of pure F8BT film),
the grey shaded area highlights the efficiency loss with increasing [NC]. (c) RL spectra of CZS/F8BT films at increasing [QD] as indicated by the arrow
(from pure F8BT to [QD] = 50 w/w). (d) Integrated CZS (blue) and F8BT (green) RL intensity at increasing [QD] (normalized to integral intensity
of pure F8BT film). (e) Stacked bar chart of RL contributions at each NCs/QDs loading, showing the partition among direct F8BT excitation (green),
high-Z sensitization (gray), optical sensitization (light blue), and CZS QDs emission (dark blue). (f) Light yield of HfO2/F8BT and CZS/F8BT films,
normalized to LY at NCs/F8BT = 2 w/w. The schematic highlights distinct energy-flow pathways at high nano-sensitizer loadings, where secondary
electrons are increasingly trapped by neighboring NCs and dissipated non-radiatively in HfO2 but partially recovered through radiative emission and
donor-to-acceptor optical sensitization in CZS films. (g) TRRL of F8BT in HfO2/F8BT blends at increasing [NC], monitored at 550 nm. (h) TRRL of
CZS/F8BT blends at increasing [QD], monitored at 550 nm (green) and 445 nm (blue insert). All TRRL spectra were normalized to their maxima.
(i) Intensity-weighted average lifetimes extracted from f,g (double-exponential fitting), comparing the two series. Pure F8BT (green) and pure CZS (blue)
films are shown as controls.
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matrix during both primary X-ray interactions and secondary
electron cascades.

By combining RL measurements (Figure S10) with GEANT4-
simulated deposited energy, the LY was obtained (see Methods
for details). Figure 3f shows the different normalized LY trends
of the two systems: HfO2/F8BT shows a gradual decrease in LY
with increasing NCs loading, whereas CZS/F8BT maintains an
almost constant LY across all compositions. This contrast arises
from secondary-electron capturing at high NCs fractions. As the
NCs loading increases, the secondary electrons produced by X-
6 of 10
ray absorption are increasingly intercepted by neighboring NCs
before reaching the polymer matrix (Figure 3f). Within HfO2,
a portion of the deposited energy is dissipated non-radiatively.
This is primarily attributed to the wide bandgap of HfO2 and the
lack of radiative recombination centers, which cause electronic
excitations from secondary electrons to rapidly thermalize and
relax via phonon-assisted processes (shaded area in Figure 3b).
In CZS QDs, however, a substantial portion of the trapped energy
is re-emitted radiatively or recycled through donor-acceptor
optical sensitization. This behavior mirrors the self-sensitization
mechanism of perovskite QDs we previously identified in dense
Advanced Functional Materials, 2026
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mesoporous nanosphere structures [26]. Therefore, CZS QDs
exhibits intrinsically higher energy-conversion efficiency than
HfO2 NCs under identical loading conditions. The LY values
should be interpreted with caution, as they are estimates derived
from RL measurements (referenced to BGO with LY ≈9000 ph
MeV−1) corrected using GEANT4-simulated deposited energies
rather than direct measurement [58]. Although this introduces
systematic bias, the relative trends remain robust. Under the
highest NC loading (minimum error), the X-ray LY is conserva-
tively estimated at ≈9210 ph MeV−1 for HfO2/F8BT and −2950 ph
MeV−1 for CZS/F8BT. Here we focus on thin-film composites for
low-energy X-ray detection. For higher-energy γ-ray detection,
high-Z loading is a general strategy to improve γ-ray detection
efficiency. Our results further suggest a broader implication
for γ-ray scintillators: while heavy-element loading is often
accompanied by a reduction in LY at high loading, incorporating
luminescent High-Z nanocrystals that enable photon recycling
(dual sensitization) offers a route to mitigate this long-standing
trade-off. This strategy is thus promising for designing composite
scintillators that combine improved γ-ray detection efficiency
with higher LY.

Time-resolved RL further clarifies the dynamics. Overall, the RL
kinetics (Figure 3g,h) resemble the PL behavior. The lifetime in
the F8BT (550 nm) channel increaseswith increasingNCs content
in both cases, further confirming the spacing effect suppressing
non-radiative losses on the acceptor side. For HfO2/F8BT, unlike
the single-exponential PL decay, the RL kinetics show a double-
exponential decay with a weak, slow tail. In principle, high-Z
sensitization does not modify the acceptor’s intrinsic radiative
rate. The slow component may be associated with defect-state
emission or irradiation-induced shallow traps introduced byHfO2
NCs. Overall, the decay remains dominated by the intrinsic
fast F8BT emission, the slow fraction is minor, and the decay
times remain ≤ 1.8 ns. For CZS/F8BT, the donor channel at
445 nm decays faster under RL than under optical excitation,
consistent with the multi-excitonic character of scintillation in
quantum confined particles [10, 56, 59]. Meanwhile, as the CZS
QDs loading increases, the rise time of F8BT at 550 nm increases,
reflecting higher optical sensitization due to radiation energy
mainly depositing within the CZS QDs. In TRPL experiments,
the effect is hidden by direct optical excitation of F8BT. We fitted
all RL decay traces with a bi-exponential function and report
the effective lifetimes, τEFF (calculated as the weighted harmonic
average of the decay components, see Methods) in Figure 3i.
The HfO2/F8BT series retains τEFF ≤ 1.8 ns acceptor-dominated
kinetics. In the CZS/F8BT, donor lifetimes are typically ≤ 1.2 ns
while acceptor lifetimes remain ≤ 2.6 ns, resulting in acceptor-
dominated τEFF ≤ 2.6 ns decay. The timing properties of this
sensitized scintillator are significantly better than those of com-
mercial green scintillators such as EJ-260 (9.2 ns) [60] and
BC428 (12.5 ns) [61]. These dual-sensitized scintillators deliver
comparable or superior timing together with markedly higher
scintillation efficiency, highlighting a practical pathway to fast,
efficient scintillators via dual sensitization.

Finally, having established efficient RL output and fast kinetics
under X-ray excitation, we evaluate the feasibility of α-particle
detection with the blend films. Unlike X-/γ-rays, which deposit
energy predominantly via the photoelectric effect/Compton scat-
tering, α particles are highly ionizing heavy charged particles
Advanced Functional Materials, 2026
with short ranges and strongly localized energy loss that peaks
near the end of the track (Bragg peak) [62]. These characteristics
give thin-film scintillators distinct advantages: their thickness can
completely block α particles while allowing energy readout, com-
bined with solution processability, short optical path scattering
benefits, and the simplicity of direct coupling to photodetectors.
Monte Carlo simulations for 5.5 MeV α particles from 241Am
quantify transport and stopping in the three films (highest
loading). Tracks are quasi-linear with modest terminal scattering
(Figure 4a). Due to differences in composition and density, the
projected ranges are about 35 µm (F8BT), 20 µm (HfO2/F8BT),
and 27.5 µm (CZS/F8BT). The corresponding Bragg curve exhibits
a clear Bragg peak and shows the relationship between energy
loss and depth. The simulation results provide a basis for the
experiment.

In the experiment, films approximately 40 µm thick were drop-
cast onto a transparent quartz substrate. This thickness is
sufficient to completely block 5.5 MeV α particles. The exper-
imental test setup consists of a silicon photomultiplier (SiPM)
testing system in a vacuum chamber. By adjusting the chamber
pressure (keep the same distance of 5 cm), the effective α particle
energy reaching the sample can be tuned [63]. The samples
were coupled to the SiPM using optical grease to read the
optical signal, with waveform signals recorded and stored by
an oscilloscope. The sample’s surface opposite the SiPM was
exposed to the α particles. As shown in Figure 4c, at low pressures
the CZS/F8BT film exhibits a clearly resolved full-energy peak,
whereas pure F8BT and HfO2/F8BT exhibit signals (confirm
from Figure S11) but no distinguishable alpha peaks, consistent
with the substantially higher LY of the dual-sensitized CZS/F8BT
system. Increasing the pressure reduces the incident α energy and
causes the peak of the energy spectrum to shift to lower channel
in CZS/F8BT (Figure 4d), confirming the fundamental energy
resolution capability of this sample.

Due to the large dE/dx of α particles, localized high excitation
and ionization densities typically lead to a reduction in scintil-
lation efficiency, known as ionization quenching [64, 65]. The α
particles’ LY of organic scintillators is typically lower than that of
inorganic scintillators, as their quenching factor (α/β ratio, the
LY for α particles per MeV and that for β particles per MeV)
being 2–4 times smaller [66]. Therefore, introducing inorganic
QDs into organic polymers could suppress this quenching effect.
Regarding the dynamics, in organic scintillators, the ionization
quenching (singlet excited state) induced by α particles typically
increases the proportion of the delayed component (triplet-triplet
annihilation, TTA) [13, 33]. The incorporation of inorganic QDs
plays a dual role in enhancing the α decay time of organic
scintillators. On one hand, it reduces the excitation density
within the organic matrix, suppressing the TTA process. On the
other hand, a higher initial excitation density promotes multiple
exciton/Auger recombination pathways within the QDs, further
accelerating the decay time. Therefore, the α pulse decay time
is expected to be nanoseconds or even faster. For reference,
commercial α-scintillator ZnS:Ag powders typically exhibit a
primary decay time of≈180 ns, accompanied by µs-scale afterglow
caused by defects [67–70]. Although the fast decay was not
directly measured due to the time resolution limitations of the
SiPM,we propose a promising solution for high-speed α-counting
and spectroscopy.
7 of 10
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FIGURE 4 Proof of concept of α particle detection using NCs/F8BT blend films. Monte Carlo simulation of 5.5 MeV α particle interactions with
samples: (a) Projected incident trajectories of α particles in three thin films; (b) Bragg curves for α particles in three thin films (energy loss vs incident
depth). (c) α particle energy spectra of the three films at same low pressure. (d) α particle energy spectra of the CZS/F8BT film at different pressures.
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In conclusion, we have designed hybrid scintillators by blending
a conjugated polymer with either non-emissive (HfO2) NCs
or emissive (CZS) QDs, enabling a quantitative dissection of
high-Z sensitization and optical sensitization mechanisms. We
show that dual sensitization dramatically enhances scintillation
performance, yielding up to a 70-fold increase in X-ray light
output relative to pure F8BT. Benefiting from F8BT intrinsi-
cally fast lifetime, the multiexciton-assisted dynamics of CZS
QDs, and efficient donor–acceptor FRET, the blends maintain
≤ 2.6 ns decay kinetics. α-particle spectroscopy further confirms
the capability of these films for heavy charged-particle detection.
This work establishes a design blueprint for NCs-sensitized
conjugated-polymer scintillators, overcoming the low stopping
power of pure polymers and the self-absorption losses of QDs.
Importantly, it highlights conjugated polymers as ideal energy
acceptors, leveraging their high emission efficiency, ultrafast
timing, solution processability, and the elimination of addi-
tional matrices. These results offer a versatile platform for
developing efficient, fast, and easily processable scintillators
for applications ranging from X-ray imaging to charged-particle
detection.
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