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Luminescence intensity in photodetectors, radiationimagers and
light-emitting diodes is proportional to the thickness of the light-emitting
layer. However, a thick emitting layer reduces light output because of

incoherent photonscattering and attenuation. Here we present the design
of double-tapered optical-fibre arrays that can drastically increase the
light output of thick light-emitting layers by progressively filling more
propagation modes along the fibre’s depth. To enhance the light-collection
efficiency and imaging resolution, the upper taper angle of each fibre is
greater than the lower angle. By filling the fibre substrate with perovskite
nanocrystals from a scale of micrometres thick to centimetres thick,
large-scale pixel-dense X-ray or gamma-ray detector arrays can be
fabricated. We demonstrate X-ray imaging with a spatial resolution of

22 Ip mm. Pixelated gamma-ray imaging is also demonstrated using a
nanocrystal scintillator film with a thickness of 4 mm and ~10,000 pixels

under focused 6-MeV irradiation. Dynamic changes in the energy spectrum
(5keVto10 MeV) and dose rate (3.5 nGy s to 96 mGy s™*) can be conveniently
monitored using a hemispherical fibre array dosimeter with a field of view of
150°. This study presents a high-throughput approach for fabricating thick

emitter layers that could be applied to biomolecular or mechanical force
sensing, medical imaging and ion beam therapy.

Experimental nuclear physics uses gamma-ray detection to perform
analyses of nuclear fuel cycles and nuclear power plants, as well as to
detectand monitor environmental conditions. Such gamma-ray detec-
tionisalso used forarange of societally relevant applications, such as
diagnostic imaging, oncology, homeland security and high-energy
astronomy' . Inspite of advances in scintillator fabrication and photo-
detectors, large-area high-sensitivity gamma-ray imaging still remains a
formidable challenge* . This isbecauseitis challenging and expensive
to fabricate high-sensitivity detector arrays with dense pixels over large
areas, such as photomultiplier tube arrays or multi-pixel photon coun-
ters, which are necessary to compensate for weak scintillation output
and insufficient radiation absorption. Perovskite semiconductors or

scintillators have recently been investigated for high-energy beam
detectionbecause of their large stopping power, excellent charge car-
rier collection and high energy conversion efficiency’ ™. It has been
demonstrated that single-crystalline or hybrid perovskite-based pho-
toconductors can detect gammarays, especially viagamma-ray spec-
troscopy, withimpressive energy resolution. However, the fabrication
of large-scale pixelated array sensors based on perovskite semicon-
ductors for gamma-ray imaging is rather difficult and costly due to
the difficulty in growing large and high-quality single crystals and the
requirement for expensive, specialized detector arrays for the conver-
sion of radiation into electric signals™'*'®, In recent years, perovskite
nanoscintillators have been integrated directly into charge-coupled
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Fig.1|Structural properties of transparent double-tapered optical-fibre
arrays for directional light collection. a, Schematic of scintillator-enclosed
fibre arrays for X-ray and gamma-ray detection and imaging. In the fibre array,
radioluminescence can travel several centimetres. The radioluminescence

will be exhausted and undetectable in the absence of the fibre array due to the
absorption and scattering of the scintillator layer. b, Comparison of optical
energy lossesin scintillator layers with and without the fibre array. Red and blue
lines denote the optical energy loss for X-rays and gammarays, respectively.
norm., normalized. ¢, Schematic luminescence propagation path affected

by photon recycling in scintillators. The luminescence enters the fibre array
primarily in three ways: (1) photons emitted within the escape-cone angle
Odirectly enter the transparent fibre (red arrow); (2) after photonsin the
scintillator film are reflected several times, their incidence angle ¢ falls back to
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the escape-cone angle and they enter transparent fibres (blue arrow);

(3) photons are reabsorbed and re-emitted isotropically during propagation,
while those photons that fall within the escape-cone angle enter transparent
fibres (black arrow). d, Top panel: electric-field patterns of the tapered fibre

at different depths, showing that a larger diameter can support higher-order
propagating modes. Bottom panel: analytically calculated collection fields for
different taper angles w, NAs and core diameters. The numbers on colour bars
represent the amplitude of collection efficiency. e, Simulation of luminescence
collecting efficiency with no fibre array, cylindrical fibre arrays, tapered fibre
arrays and double-tapered fibre arrays. CsPbBr; nanocrystals are used as the
luminescent materials in the simulations, and their optical parameters are shown
inSupplementary Fig. 1. a.u., arbitrary units.

devices to achieve X-ray imaging'>*%. However, for gamma rays to be
effectively absorbed, the perovskite scintillator layer must be several
millimetres to centimetres thick (Supplementary Fig.1)"***. Light pen-
etrationand spatial resolution would be limited with millimetre-thick
perovskite scintillators due to lateral photon scattering and inherent
self-absorption.

Optical fibres can enhance light coupling, perform optical sig-
nal transport and enable photonic integrated circuits with low-loss
interfaces” 2. Moreover, theoretical studies suggest that tapered or
double-tapered optical fibres can act as high-power amplifiers by facili-
tating the propagation of evanescent waves on fundamental modesin
thetapered region®. In this Article, we extend theoretical analysis and
experimentally validate the possibility of achieving high-sensitivity
gamma-ray imaging using a flexible, double-tapered fibre array and
perovskite nanocrystal scintillators. The nanocrystal scintillators are
solution-processed and spin-coated onto a fibre-array substrate that
isfabricated using athree-dimensionally (3D) printed mould (Fig. 1a).
Notably, adouble-tapered optical fibre with low attenuation can guide
scintillator emission over a distance of more than 5 cm with less than
50% attenuation (Supplementary Fig. 1). When excited with X-rays

(50 keV), a double-tapered fibre array with a 1I-mm-thick scintillator
layer showed two orders of magnitude higher luminescence, whereas
thefibrearray witha3-mmscintillator layerincreased the luminescence
intensity by three orders of magnitude upon irradiation with gamma
rays (10 MeV; Fig. 1b).

Double-tapered optical fibres are composed of a core and clad-
ding, withrefractive indices of n, and n,, respectively. The scintillator
layer between two double-tapered fibres forms an inverted tapered
structure with a refractive index of n;. The scintillators emit isotropic
light after irradiation. The emitted lightincident on the cladding atan
incidentangleinthe escape-cone angle 8, whichis greater than 6, (arcs
in(n,/n,sin(arcsin(ny/n;) - 2w))) and less than 8,(arcsin(n,/n,)), enters
the tapered fibre and propagates in the form of total internal reflec-
tion, where wis the taper angle of the fibre (Fig. 1cand Supplementary
Fig. 2). Radiation photons not contained in the escape-cone 6 are
trapped in the scintillator layer. In our design, trapped photons can
re-enter the transparent tapered fibre through two main processes
in addition to scattering. First, because the light-emitting layer is an
inverted tapered structure, the incident angle ¢ at the cladding inter-
face of trapped photons gradually decreases, causing them to fall
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Fig.2| Optical characterizations of the double-tapered optical-fibre array
for photon recycling and high-resolution X-ray imaging. a, Scanning electron
microscopy imaging of a typical double-tapered fibre array. The inserted optical
image shows that the fibres have an upper taper angle of 7°, alower taper angle
of4°, abase diameter of 20 pm and a height of 120 pm. b, Measured normalized
luminescence spectraas a function of excitation wavelength. The peak position
of the emission spectrum isindependent of the wavelength of the excitation
light. The bright line represents the spectrum of the excitation light. ¢, Light
emission map measured experimentally for different separation distances
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between excitation and collection. The numbers on colourbarsinband ¢
represent light intensity (a.u., aribitrary units). d, Comparison of the observed
(solid lines) and expected (dashed lines) decays at 529.1 nm and 533.8 nm based
onthe Beer-Lambert equation. e, Scintillator film enhancement factor versus
film thickness under X-ray excitation at two different dose rates. f, X-ray imaging
of integrated circuits on a printed circuit board using the fibre-array-enclosed
scintillator film (voltage, 40 kV; current, 20 pA). g, X-ray imaging of standard test
patterns for measuring the resolution.

back into the range of escape angle 6 and re-enter the tapered fibre.
In addition, the trapped photons are reabsorbed by the perovskite
scintillators and isotropically re-emitted, which facilitates light col-
lection by randomizing the propagation direction of the photons and
redirecting them from the trapped mode to the outcoupling mode of
the fibre**%, Although reabsorption is considered a loss mechanism
in many applications, the repetitive reabsorption and re-emission
(photon recycling) of the photons trapped in the gaps can enhance
light extraction within the tapered optical fibre.

We next characterized the light collection properties and opti-
mized the geometry of the tapered optical fibre to maximize the
light-collection efficiency and transmission efficiency. We first calcu-
lated the light-collection field of the tapered fibre based on the geo-
metrical optics (Supplementary Figs. 3-5). The optical active surface
of atapered fibre extends along its waveguide axis, enabling relatively
uniform light collection along the taper (Fig. 1d). This results from
the fact that the number of guided modes increases as the diameter
ofthetapered fibreincreases, allowing propagation modes to be pro-
gressively populated®?*. In contrast, a cylinder fibre can only collect
luminescence fromthe fibre’s facet. We compared the collection fields

for fibres with different taper angles w, numerical apertures (NAs) and
core diameters. We found that the light-collection efficiency increases
with increasing fibre NA and w, and the efficiency at the fibre facet
increases with the core diameter. With the upper part of the scintilla-
tor layer absorbing more excitation photons and the lower end of the
fibre determining the spatial resolution of the imaging, the fibre was
designed as adouble-tapered fibre with an upper taper angle of 7° and
alower taper angle of 4°. Compared with a perovskite layer without
fibre arrays, a layer with embedded double-tapered fibre arrays is
capable of increasing the light output by over four orders of magnitude
(Fig. 1e). For X-rays with different energies, the filling rate of tapered
opticalfibres and the thickness of the scintillator film must be optimally
designed by theoretical analyses (Supplementary Fig. 4).

To prove the concept, we benchmarked the collection perfor-
mance of the microstructured optical-fibre arrays in perovskite
nanocrystals. The optical fibres are made of epoxy resin (refractive
index n, =1.52) demoulded froma3D-printed mould and clad with poly-
dimethylsiloxane (PDMS, refractiveindex n, = 1.41) elastomer (Fig. 2a).
Perovskite nanocrystals act as scintillators (refractive index n, = 1.82).
The perovskite nanocrystals were characterized by measuring their
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Fig. 3| Gamma-ray imaging using a fibre-embedded perovskite scintillator
film. a, Schematic of the experimental set-up used for real-time gamma-ray
imaging. A scintillator film with the fibres is placed between a gamma-ray source
and a camera for gamma-ray imaging. b, Scintillator film enhancement factor
withand without the fibre array, under gamma-ray irradiation at different dose
rates. Curves are obtained by integrating all wavelengths and measuring multiple
times. The dose rate was measured 15 times witha 30-sinterval between each
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measurement. The error bar represents the standard error of the mean (s.e.m.).
c,d, Directimaging of 6-MeV (c¢) and 10-MeV (d) gamma rays, using the fibre-
embedded scintillator film. e, Control imaging of 6-MeV gamma rays without the
fibres. The numbers on colour bars in c-e represent light intensity (a.u., arbitrary
units). f-h, Images of tungsten stencils captured under 6-MeV irradiation. To
obtain sufficientimage contrast, several tungsten stencils are stacked on top of
eachother.

excitation spectrum, which represents therelative luminescence inten-
sity as a function of wavelength. Perovskite scintillators exhibited
relatively small Stokes shifts and a high quantum yield, leading to the
substantial reabsorption of emitted photons (Fig. 2b).

We nextinvestigated the important role of photonrecyclingin per-
ovskite nanocrystals®?> %, A20-pm-thick perovskite nanocrystal layer
on a PDMS film (100 um thick) was used to study photon recycling in

perovskite nanocrystals without any fibres (Supplementary Fig. 6). We
measured the luminescence distributions using an optical microscope
(spatial resolution of -1.5 um) withindependently controlled excitation
and collection objectives. At adistance of 600 pm from the excitation
point, short-wavelength light is still collectable (Fig. 2c,d), at which
the redshift in the emission spectrum relative to the direct emission
spectrum (without reabsorption and scattering) issmaller thaninthe
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Fig. 4 |Hemispherical dosimeters for X-ray and gamma-ray detection
withimproved sensitivity and a wider field of view. a, Schematic of a
hemispherical dosimeter comprising a flexible base film that connects the

fibre array to gap-filled perovskite scintillators, which are mounted on the
transparent hemispherical support. b, Simulation of light-propagation

pathsin the hemispherical dosimeter. The numbers on colour bars represent
normalized light intensity (a.u., arbitrary units). ¢, Radioluminescence intensity
of hemispherical and planar dosimeters versus X-ray dose rate. The detection
sensitivity is derived by solving the slope distribution of the curve. Curves are
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obtained by integrating all wavelengths and measuring multiple times. Each dose
rate was measured 15 times. d, Radioluminescence intensity of hemispherical and
planar dosimeters versus gamma-ray dose rate. Each dose rate was measured 15
times. Datain c and d are presented as mean values + standard error of the mean
(s.e.m.). e, Output signal of hemispherical and planar dosimeters versus the X-ray
irradiation direction, indicating that the hemispherical dosimeter has alarger
field of view than its planar counterpart. f, Dynamic and stability tests of the
hemispherical dosimeter. The 30-ms delay is the turn-on time of the thermionic
emission-based mini-X-ray tube (P, =4 W, Viax = S0 KV, 1.0, = 79 pA).

purely scattered signal (without re-emission) (Supplementary Fig. 6).
Thisindicatesthat the emission at adistance of 600 umis a superposi-
tion of the scattered signalanditsinduced re-emission, demonstrating
photon recycling in synthetic perovskite scintillators*. Recurring
photonrecyclingintapered optical fibresimproves the light collection
efficiency, as calculated by integrating recursive photonrecycling pro-
cesses and simulated by Monte Carlo methods. The microstructured
optical fibre can collect and transmit more than 45% of the emitted
light at all wavelengths when the internal quantum efficiency of the
perovskite is 95% (Methods). Experiments with perovskite nanocrystal
layers of different thicknesses revealed that when thicker than1.75 mm,

thelight-collection efficiency increases by approximately three orders
of magnitude (Fig. 2e).

Inafurtherset of experiments, double-tapered optical-fibre arrays
with embedded perovskite nanocrystals were tested in terms of their
sensitivity and spatial resolution for X-ray imaging (Supplementary
Fig. 7). Under X-ray excitation, the fibres exhibited substantial light
enhancement compared to scintillator-only regions. A 150-pum-thick
scintillator filmwith~2,000 x 2,000 double-tapered fibres (base diam-
eter of 12 um) and a light yield of 48,500 photons MeV " was used to
obtain high-quality X-ray images of a standard X-ray test-pattern plate
and an integrated circuit chip wire-bonded to a printed circuit board
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Fig. 5| Stability tests of scintillator films with embedded optical-fibre arrays.
a, Thermal stability test of the CsPbBr; film. The scintillator film was excited

ten times with X-rays (voltage, 40 kV; current, 20 pA) at each temperature.

b, Emission intensity of CsPbBr; quantum dots (QDs) dispersed in water versus

time. ¢, Radioluminescence under gamma-ray irradiation with 10-MeV maximum
energy and -0.1 Gy s dose rate. The irradiance stability experiment was repeated
tentimes. Datainaand b are presented as mean values + standard error of the
mean (s.e.m.).a.u., arbitrary units.

(Fig. 2f,g), clearly revealing bond wires of 25 pm in width. Specifi-
cally, the spatial resolution, defined as the spatial frequency value at
amodulation transfer function (MTF) of 0.2, was -22 line pairs (Ip) per
millimetre for a150-pm-thick film. A 0.8-mm-thick film with the fibre
array still achieved a spatial resolution of 5 Ip mm™, which is much
higher than the filmwithout the fibrearray (-11p mm™; Supplementary
Figs. 8 and 9). Our mechanistic investigations indicate that tapered
fibres greatly reduce light scattering to the surroundings, and the
increase in output lightimproves the imaging contrast, which results
inimages withabetter MTF (Supplementary Fig.10). This mechanism
isalsoapplicableto other scintillators, such as gadolinium oxysulfide
(Supplementary Fig. 8).

Inaddition to their ability to detect X-rays, perovskite scintillators
also possess high gamma-ray absorption'. Given thatscintillator emis-
sion can be propagated several centimetres by our transparent fibre
arrays, we anticipate that the system can perform well in gamma-ray
detection. To validate this hypothesis, we constructed a 4-mm-thick
scintillator film embedded with double-tapered fibre arrays toimage
the high-energy gamma-ray spot patterns used in clinical medicine
and to detect their dose (Fig. 3a). When irradiated at various dose
rates with 6-MeV irradiation (peak energy of 1 MeV), the embedded
scintillator film exhibited an output signal more than 1,000 times
higher than a pure perovskite film (Fig. 3b). Embedded scintillator films
also allowed visualization of the spot shapes of gamma-ray sources
at 6 MeV and 10 MeV (peak energy of 2 MeV), which was not feasible
with pure perovskite films (Fig. 3c-e and Supplementary Video 1). To
achieve pixel-dense, large-areagamma-ray imaging, we also fabricated
a 4-mme-thick scintillator film with ~-10,000 double-tapered fibres
(base diameter of 250 pm). Customized tungsten stencils were clearly
imaged under 6-MeV irradiation, and structures with asize of 300 um
couldbe distinguished (Fig. 3f-h). Although the fibre diameter can be
further reduced, Comptonand photonscatteringis likely to lower the
resolution of megaelectronvolt gamma-ray imaging. Furthermore,
gamma-ray spectroscopy has been performed using CsPbBr; scintil-
lator films containing tapered fibre arrays. A spectral resolution of
8.9% was obtained, compared with 27% of reported liquid scintillators
loaded with CsPbBr; quantum dots (Supplementary Fig. 11)*.

A fibre-array-containing thin film can be readily modified into a
hemispherical dome, enabling a dosimeter to detect radiation more
accurately and view radiation from a wider angle (Fig. 4a). The basic
design consists of a flexible substrate and an -400 double-tapered
fibre array with a diameter of 400 pm and a height of 3 mm. Once the
fibre voids are filled with CsPbBr; nanocrystals, the flexible substrate
is wrapped around a transparent hemisphere. The double-tapered
fibre array can concentrate scintillator emission at the centre of the

hemisphere due to its spatial confinement and collimating effect
(Fig.4b).Radiationsources perpendicular to the hemispherical detector
resultedina3.9-fold and 5.4-fold higher detection sensitivity for X-rays
and gamma rays, respectively, than fibre-enclosed planar detectors
(Fig.4c,d). The detection limits for X-rays (3.5 nGy s*) and gammarays
(21.8 Gy s™) were determined by measuring the dark noise signal and
the sensitivity derived from the slope of fitting lines (Supplementary
Fig.12)*°. In addition, the hemispherical detector maintained a highly
consistent detection performance for incident gamma rays over the
entire 150° viewing angle range (Fig. 4e). The transient output signal of
the hemispherical detector hasgood repeatability, and the 30-msdelay is
the turn-ontime of the thermionic emission-based X-ray source (Fig. 4f).
The measured photoluminescence lifetime of the scintillator film with
embedded optical fibresis 21 ns. In the temperature range of -20-60 °C
and under 30-Gy radiation, the scintillator film has less than 4% change
inradioluminescence intensity (Fig. 5a-c and Supplementary Fig. 11).

Akeyfeature of our double-tapered optical-fibre array systemisits
applicability inall situations where luminescence penetrationdepthis
insufficient, such asnear-infrared detectors with upconversion mate-
rials, X-ray or gamma-ray detectors with perovskite scintillators, and
electrically excited light-emitting diodes*. By combining fibre arrays
and perovskite nanocrystals, we have experimentally demonstrated
athreefold increase in output signal and achieved 6-MeV and 10-MeV
gamma-ray imaging via a 4-mm-thick scintillator layer. Gamma-ray
imaging is important for measuring skin doses during radiotherapy,
medical diagnostics and industrial 3D gamma-ray tomography, which
requires adeep penetration depth***, Inaddition to photon detectors,
the hemispherical detector and the fibre array reported herein also
have application potential for compound eye bionics and light-field
imaging***. Considering the compatibility with silicon technology
and the stretchability of the material, these double-tapered fibre arrays
could be used for mass production of ultrasensitive photon detectors
and large-area flexible imaging devices for high-energy radiation.
Future research directions beyond radiation detection and imaging
include biomolecule sensing, optical amplifiers and light-emitting
diodes, among others. A biologically inspired system, such as adding
hydrophobicstructuresto fibre surfaces to adapt to different applica-
tions, is also of interest.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods
Materials and characterization
CsPbX, (X =Cl, Br or I) perovskite nanocrystals were synthesized
according to a method described in the literature'. These nanocrys-
talswere synthesized using amodified hot-injection method after the
caesium oleate was synthesized as a caesium precursor. After obtain-
ing perovskite nanocrystals, we dispersed them in a toluene solution
of ammonium fluorosilicate. The ammonium fluorosilicate was then
hydrolysed to SiO,. As aresult of this, the perovskite nanocrystals are
protected by SiO, shells and do not aggregate and degrade back to the
bulk phase. Caesium carbonate (Cs,C0O;,99.9%), lead(ll) chloride (PbCl,,
99.99%), lead(1l) bromide (PbBr,, 99.99%), lead(ll) iodide (Pbl,, 99.99%),
oleylamine (technical grade 70%) and cyclohexane (chromatography
grade 99.9%) were purchased from Sigma-Aldrich. ASYLGARD™ 184 sili-
coneelastomer kit and epoxy resin were purchased from Dow Corning.
Photoluminescence and absorption spectrawererecorded using
anEdinburgh FS5 fluorescence spectrophotometer (Edinburgh Instru-
ments) equipped with a miniature X-ray source (AMPEK). Radiolumi-
nescence spectra were measured using a fibre-coupled fluorescence
spectrometer (Ocean Optics QE PRO).

Refractive index of the perovskite used for optical simulations
We determined the complex refractive index n(w) = n(w) + ik(w) of the
perovskites according to the Kramers-Kronig (KK) relations. First, we
obtained k(w) from the excitation spectrum (E(w)) by assuming that the
measured absorption is proportional to the film absorption:

E(w) = P x {1 - log[-a(w) x d]} ()

_¢cx a(w) __ cexp(l — E(w)/Py)

2
2w 2wd @

K(w)

where cis the speed of light in vacuum and w is the angular frequency
ofthe light.

The n(w) can then be obtained from k(w) according to the KK rela-
tions. For convenience, we use a subtractive KK analysis, defined by*®

)

w'k(w")
o (o2~ (05 ~0)

n(w) = n(wy) + %(w2 - a%)P/ dow’ 3)

where n(w,) isthe refractiveindex measured at the reference frequency
w,to provide scaling of the calculated curves, and Pis the Cauchy prin-
cipal value of the integral. Thus, knowledge of the absorption spectrum
in combination with a measurement at a reference frequency allows
the refractive index spectrum to be determined. We use the interfer-
ence method to determine the refractive index of the perovskite film
at 532 nmas 1.81 and obtain the complex refractive index using equa-
tions (1)-(3).

Simulation of photonrecycling

AMonte Carlo simulation was used to analyse external emissionspectra
inthe perovskite films, taking into accountboth photonrecycling and
scattering effects. The initial isotropic photoluminescence is gener-
ated after local photoexcitation. Emitted isotropic photons with an
emission angle within the escape cone escape from the film surfaces.
As the photons exit the escape cone, they are either reabsorbed and
re-emitted isotropically, or they are trapped within the film and propa-
gate via total internal reflection before being scattered.

Inapplying the Monte Carlo program, the following input param-
eters are required: the number of initially absorbed photons n, the
internal quantum efficiency QE; of the perovskite, the escape-cone
probability p.q of the film, the film thickness d, the scattering coeffi-
cient/,, theabsorption spectruma(A) and the internal emission spectra
E;(1). The program then differentiates the number of photons initially
absorbed (n,,) into four contributions: reabsorption (1n,,.pz), direct

escape (Nn..q), scattering and escape (n.,.,) and loss due to non-radiative
recombination. These quantities allow calculation of the external
quantum efficiency and the external emission spectrum of the per-
ovskite film.

The simulation steps are briefly summarized as follows:

(1) Absorbed photons either emit with probability QE; and
the internal photoluminescence spectrum E;(A) or are lost
non-radiatively with probability (1 - QE)).

(2) Emitted photons either escape the film with probability p 4(1)
and are reabsorbed with probability (p.q — p.q(1)) following
Beer-Lambert’s law, or they are trapped in the film with prob-
ability (1-p.q).

(3) Trapped photons are either reabsorbed in the film with prob-
ability a(4)/(a(4) + [, ") or scattered out with probability [,/
(a(A)+ ).

(4) Thereabsorbed photons repeat steps 1-3 until all emitted pho-
tons have escaped the film either by direct emission or scatter-
ing, or non-radiative means.

Experimental investigation of photon recyclingin perovskites
Using CsPbBr; nanocrystals with emission at 520 nm, we coated a
100-pm-thick PDMS substrate with a 20-um-thick perovskite film. The
PDMS substrate was fabricated in a Petri dish using a premixed PDMS
prepolymer and a curing agent (10:1 by mass) under vacuum condi-
tions, followed by a2-h heat treatment at 80 °C. The PDMS replica was
separated carefully from the Petri dish. Finally, perovskite nanocrystals
dispersedin cyclohexane were coated onto the PDMS substrate.

We measured the spatially resolved photoluminescence using a
homemade measurement system. Aninfinity-corrected x20 objective
(Olympus, NA = 0.4) was used to focus the excitation laser on the sam-
ple. The photoluminescence was collected using a x10 objective (Olym-
pus,NA =0.3) and focused onthe entranceslit of afibre spectrometer
(Ocean Optics). The collection objective and fibre were mounted on
amotorized stage to control the distance between the collection and
excitation points.

To demonstrate the existence of photonrecyclingin synthesized
perovskite nanocrystals and to analyse its promoting effect on light
extraction efficiency, we created agap in the perovskite film by mechan-
ically removing the region at distances between ~180 pm and 250 pm
fromthe excitation point (O). Signal A observed inthe perovskite-free
regionshows a purely scattered signal, with a peak redshifted by 8 nm
from the original signal O at O um. On the other hand, signal B in the
perovskite-covered region after the gap shows arelatively broad spec-
trumand asmallredshift because of the coexistence of purely scattered
andre-emitted signals. These experimental phenomena demonstrate
photonrecycling, and the re-emitted light can be re-extracted from the
scintillator layer (Supplementary Fig. 6).

Optical analysis of the escape-cone angle from the perovskite
layer to optical fibres

The refractive indices of the fibre core, fibre cladding and perovskite
layers are n;, n,and n,, respectively. The incidence and refraction angles
ofthe photoluminescence beam at the interface of the perovskite and
claddingare 6;and 6,, respectively, and the refraction anglein the core
is ;. According to the principles of geometric optics, for light in the
cladding that escapes the perovskite layer, the incident angle 6, at the
interface between the fibre cladding and the fibre core must satisfy

sin 8, > (n;/ny) sin @, 4)
to propagate through total internal reflection after entering the core.
@.is Brewster’sangle and is given by

sin@. = n,/n; (5)
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From equations (4) and (5) we can obtain sinf,>1, but this ine-
quality cannot hold. Therefore, for a cylindrical optical fibre whose
cross-sectional area (S;) at the incident end is equal to that (S,) at the
exit end, light entering the fibre from the side cannot propagate by
totalinternal reflection.

For a negatively tapered optical fibre (S; > S,), the incident angle
of lightin the perovskite layer must satisfy

i n . n n
sinf; > —L sin(g + 2a) > —L sing, = —= (6)
ns n ns

to enter the fibre core and propagate through total internal reflection,
where a is the cone angle. However, light with an incident angle of 6,
that satisfies equation (6) is totally reflected at the interface between
the perovskite layer and the cladding and is therefore unable to enter
the fibre core.

For a positively tapered optical fibre (S; > S,) as used here, the
incident angle of light in the perovskite layer must satisfy

n > sin6; > n sin(¢@. — 2a) )
ns ns

to enter the fibre core and propagate through total internal reflection.

Inour design, n;, n,and n;are1.52,1.41and 1.82, respectively. There-
fore, light with an incident angle of 6; between 42.55° and 50.78° can
be collected by the fibre from the perovskite layer. This angle defines
anescape conewithasolid angle Q.. with respect to the surface of the
perovskite layer. Because spontaneous emission is distributed isotropi-
cally over the 41t solid angle, the probability for emitted photons to
escapeinto the fibre and propagate through total internal reflectionis

_ $2¢5c _2m(cOs 42.55° — c0s 50.78°)
fese = 4 41 -

5.2% (8)

Analytical calculation of the light-collection field

To understand the properties of a tapered optical fibre, we first ana-
lysed the light-collection field using geometrical optics. There are
two factors that determine the collection efficiency: (1) the fraction
of photons that reach the entrance pupil and (2) the fraction of these
photons that are actually accepted by the fibre system. The first fac-
toris given by the solid angle Q. of the entrance pupil of the fibre with
respecttothe position of the luminescence source. The second factor
depends on the maximum acceptance angle Q, of the fibre, which is
related toits NA, as well as on the source position. In the following, we
calculate the collectionfield at the fibre side and fibre facet separately.

For light collection from the fibre side, Q. is calculated by

2. =21[1 - cos(6; — 0,)] 9)

where 6; and 6, are the included angles between the line (connecting
the light source and the two ends of the side surface) and the perpen-
dicularline fromthelight source to the side surface, respectively. They
are calculated as

6; = abs(arctan(%) —-a) (10)
and
H-z
a + arctan <X+Htan(a)> z< H+tana(x + Htana)

6, = 11)
arctan(i) —az>H+tana(x + Htana)

x+Htan(a)

where a and H are the taper angle and the height of the fibre, respec-
tively, and x and z are the spatial position coordinates of the light
source.

Q,is calculated by

2, =2m[1 - cos(6, — 6,)] (12)

where 6, and 6, are the minimum and maximum incident angles at
whichlight canenter the tapered fibre and propagate with total internal
reflection, depending on the NA of the fibre and the refractive index of
the luminescent layer. They can be expressed as:

6, = arcsin {ﬂ sin [arcsin (2) - Za]}
n n

13)

and

8, = arcsin (2> (14)
n

where n,, n,and n,are therefractive indices of the fibre core, fibre clad-
ding and luminescent layer, respectively.

The collection efficiency depends on the intersection of the two
solidangles of Q.and Q,.Since the light source emits isotropically, the
collection efficiency n, onthe fibre side can be expressed as

_ Intersection (£2, £2,)

ns = I (15)

For the light collection from the fibre facet, 6,, 8,, 8; and 8, are
calculated as

0, = arcsin{2 sin [90" + a —arcsin (@)]} (16)

n n
0, = arcsin (ﬂ> 17)

n;
X+ Htana
63 = arctan (Z——H> (18)
and
x+Htana+b

6, = arctan (T) 19)

where bis the fibre core diameter.

Similarly, the collection efficiency n, at the fibre facet can be cal-
culated by substituting equations (16) to (19) into equations (9), (12)
and (15).

Calculation of light-extraction efficiency by integrating
recursive photonrecycling

The light-extraction efficiency of the optical fibre from the perovs-
kite layer can be calculated by integrating recursive photonrecycling
processes. We can then derive an expression for the external pho-
toluminescence efficiency 7., by writing it as a series over multiple
reabsorption events:

Next = Mescll + (1 - ’Zesc)qznesc + (1 - nesc)’ZS’lesc +e
= (20)

_ _ Kk Mescl

=1leschl kgo A= fes)'n = 50—

where np is the internal photoluminescence efficiency. In our design,

Nese = 5.2%. When the internal quantum efficiency n of the perovskite is

80-95%, the external quantum efficiency n,,,is17.2-49.7%. It should be

noted that this is the most conservative estimate for light-extraction

efficiency. Because 1., = 5.2% is calculated based on geometric optics,
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the promotion effect of the tapered structure between the fibres is
not considered.

Selection of fibre filling ratio and film thickness

Light transmittance under specific fibre parameters is related to the
film thickness and the fibre fill factor of scintillator films with tapered
optical fibres (Supplementary Fig. 4). For example, when the fibre
taper angle is constant, a thicker film can fill fewer fibres for X-rays
with an attenuation coefficient of 10 cm™. Although a 400-pm film
absorbs more X-rays than its 300-pum counterpart, the former has a
lower light-collection efficiency because the latter can be filled with
moretapered fibres. Asthe film thicknessis reduced to100 um, addi-
tional optical fibres can be accommodated. However, as the fibre fill
rate continuestoincrease, scintillators cannot absorb sufficient X-rays,
resulting in reduced light output. As a result, for X-rays with a certain
energy, thereis an optimal scintillator film design withembedded opti-
calfibres, and spatial resolution must also be considered.

Device manufacturing

We fabricated double-tapered fibre arrays by moulding and laminating
polyurethane and silicone elastomers. First, the mould of fibre arrays
was produced by high-precision 3D printing with aresolution of 2 pm
(Micro-Arch S130, Mofang Technology Co.). The 3D mould template
was sufficiently washed with heptane and left in the oven at 60 °C for
6 h to remove any residual that might affect silicone curing. Then,
parts A and B of Dragon Skin 20 were mixed at a 1:1ratio and mixed in
aplanetary centrifugal mixer at 200 r.p.m. for 5 min. The prepolymer
was poured into the 3D-printed mould and cured at 60 °C in an oven
for1h.The cured silicone was demoulded and placed on aflat surface
with the cavity side facing up. The fibre array was made of a transpar-
ent epoxy resin (EAE-30CL, Loctite Chemical Co.). Parts Aand B of EA
E-30CL were mixed at a 3:1ratio and mixed in a planetary centrifugal
mixerat2,000 r.p.m. (448g) for1 min. The epoxy resin was poured into
thessilicone and cured at room temperature for 16 h. After curing, the
mould was released to obtain the microneedle array of epoxy resin. The
microneedle array was immersed in PDMS diluted with cyclohexane
(SYLGARD™ 184 silicone elastomer kit, Dow Corning; parts A and B
aremixed atal0:1ratio) and then placed inan oven for curing to com-
plete the cladding process. After these processes, the fibre array was
obtained, and luminescent materials such as perovskite nanocrystals
could be added. The key points for fabrication are as follows: (1) all
materials need to be mixed evenly before curing; (2) for the demould-
ing process, sufficient cooling is needed to relieve the stress formed
during material solidification; and (3) minor defects on the fibre surface
must be repaired by dipping.

The fabrication process of the hemisphere detector is similar
to the process described above, except that a flexible polyurethane
elastomer (Clear Flex™ 30) was used for fabrication of the fibre arrays.
After the fibre arrays were processed, the cyclohexane was added to
swelltheminto ahemisphere, and atransparent hemisphere was used
asthe support. Scintillators were then added onto the fibre substrate
and cured.

X-ray detection and imaging

For X-ray imaging, aminiX-ray tube (P,,,, =4 W, V., = 50 kV, /.., = 79 nA)
from Amptek was utilized as the X-ray source. The X-ray dose rate was
altered by adjusting the current of the X-ray tube from 5 pA to 79 pA.
Imaging objects and scintillator wafers were placed vertically inrelation
to the incident X-rays, and the scintillators were fixed directly behind
the objects. A reflector was used to deflect the optical path by 90° and
reduce the negative influence of the direct radiation from the X-ray
source onthe camera. Photographs of X-ray-induced radioluminescence
were acquired with a digital camera (Canon;lens EF100 f/2.8 LIS USM).

Gamma-ray detection and imaging

The gamma-ray imaging system s similar to the X-ray imaging system.
The gamma-ray source used is a radiotherapy system from National
Cancer Centre Singapore (TrueBeam, Varian Medical Systems), which
uses a tungsten anode and 6-MV or 10-MV accelerating voltages. The
spot size and rotation direction of the gamma rays can be adjusted.
The scintillator film was placed vertically in relation to the incident
gammarays, and areflector was used to deflect the optical path by 90°.
The scintillation of the gamma rays was detected using a fibre-optic
spectrometer and images were taken using a smartphone or a digital
camera (Canon, lens EF 100 f/2.8 LISUSM).

MTF measurements

The spatial resolution can be determined by the value of the spatial
frequency when the MTF is equal to 0.2. We use the X-ray source to
image analuminium plate patterned with different line pairs of differ-
ent spatial frequencies by placing it on a scintillator film. The MTF is
calculated by finding the contrast between the maximum brightness
I.,.x and the minimum brightness /,;, in the line pair. The calculation
formulais:

MTF = Imax - Imin (21)

max + Irnin

We calculated and plotted MTF values at many different spatial
frequencies. The spatial frequency at MTF = 0.2 is the image resolution
of ourimaging system.

Detection limit calculation

The detection limits for X-rays and gamma rays were calculated by
measuring the dark nose signal and sensitivity derived from the slope
of fitting lines. The specific calculation formulais:

Olgarc = % Z:V (- ;dark)z (N =500)

Ilirn = 3‘2901dark
Dyjm = him/A

(22)

where Nis the number of acquisition points of the dark noise sig-
nal acquired without X-ray irradiation, and A is the sensitivity of the
linear fit. The calculation results are as follows: for 50-keV X-rays,
Odark = 255.2481, I, = 839.766 and D;;,, = 3.5 nGy; for 10-MeV gamma
rays, Ogan = 702.9214, I, = 2,312.61 and D;;,, = 21.8 pGy.

Gamma pulse height analysis

A Cs-137 source (662-keV characteristicgammaenergy) was used, and
the sample was placed inasample holder coupled to an R6231 photo-
multiplier tube (spectral response peak at 420 nm) using silicone oil.
The acquisition time was set to -1 h. The signal was read out using a
BH-132 multichannel analyser with 1,024 channels.

Lightyield calculation

To quantify thelightyield (LY), we selected acommercial Gd,0,S (GOS)
scintillator as a reference, for which the light yield is 62,000 pho-
tons MeV., First, the X-ray attenuation efficiencies of CsPbBr; and
Gd,0,S were calculated based on the chemical formula and crystal
density, then the spectral data of the two samples under X-ray irra-
diation (50 kV, 79 pA) were obtained. By comparing the integrated
intensities of the two spectra, the light yield of CsPbBr; can be calcu-
lated as follows:

L a
LY csposr, = Ez/ L LYGos (23)
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where/,and/,are theradioluminescence intensities of the GOS filmand
the fibre-containing CsPbBr;film,and aand b are the X-ray attenuation
efficiencies of the GOS film and the fibre-containing CsPbBr; film.
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