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(57) Abstract: An apparatus for electro-magnetic wave detection is disclosed. The apparatus comprises atwo-dimensional perovskite
having apolaronic emission Stokes shifted by at least 50 nm to minimise loss due to re-absorption.



WO 2018/021975 PCT/SG2017/050386

Apparatus for electro-magnetic wave detection

Field of the Invention

[0001] The present invention relates to an apparatus for detection of electro-magnetic
waves, in particular, for detection of X-rays or gamma rays. The apparatus may be in

the form of a scintillator or a photo-detector.

Background

[0002] Detection of electro-magnetic waves or radiations has been at the forefront of
research. In particular, there is a continued interest in X-ray detectors (see e.qg.
references 3 to 7) due to their wide range of applications, ranging from crystallography
(see e.g. reference 8) to space exploration (see e.g. reference 9). At the same time,
recent demonstrations of the use of hybrid metal-halide perovskites for X- and y-ray
detection has spurred great interest in this class of materials (see e.g. references 7, 10,
11 and 12). Besides their good detection efficiency, hybrid metal-halide perovskites can
be solution-processed and thus have huge potential for facile integration and

development in industrial and biomedical applications.

[0003] Generally, modern X-ray detectors rely on two main mechanisms of energy
conversion. The first is photon-to-current conversion in which a semiconducting
material directly converts an incoming radiation into an electrical current (see e.qg.
references 4 to 6), and the second is X-ray to UV-visible photon down-conversion in
which a scintillator material is coupled to a sensitive photo-detector operating at lower

photon energies (see e.g. reference 2).

[0004] An example of a three-dimensional hybrid metal-halide perovskites for X-ray
detection using photon-to-current conversion is methylammonium lead trihalide
perovskites (MAPbX, where MA=CH,NH, and X= 1, Br, or Cl). As X-ray detectors,
MAPDX, yield notably large X-ray absorption cross section due to large atomic
numbers of the heavy Pb and I, Br, Cl atoms (see e.g. references 10 and 11). Thin-film
MAPbX, p-i-n photodiode and lateral photoconductor devices have shown good
efficiency for X-ray photon-to-current conversion (see e.g. references 10 and 11).
However, thin-film X-ray detectors typically have low responsivity at high (keV) photon

energies, where the absorption length (~mm) is much larger than the film thickness
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(~wn ). Even if thickness is increased to improve detection probability, direct photon-to-
current conversion is ultimately hampered by the limited carrier-diffusion length (-1 pum
in perovskites) (see e.g. reference 10). Efficient X-ray photon-to-current conversion has
been shown recently in single-crystal (thick) three-dimensional perovskite I\/IAPbBrgv but

sensitivity is still limited to energies up to 50 keV (see e.g. reference 11).

[0005] On the other hand, X-ray scintillators do not suffer from limited carrier diffusion
length of the absorbing material (see e.g. references 18 and 19). For example, X-ray
scintillators using MAPbX, has been shown previously by e.g. Canadian Patent CA 2
434 091 . However, three-dimensional perovskites such as MAPbX, suffer from thermal
quenching of X-ray excited luminescence and a low light yield which leads to poorer
performing and less efficient scintillators. In addition, low-dimension thin films of
phenethylammonium lead bromide, PhE-PbBr,, with sub-nanosecond scintillation
decay time have been previously tested in X-ray (see e.g. reference 20) and proton
scintillators (see e.g. reference 21). However, these scintillators only yielded 5-6%
detection efficiency of 60 keV X-rays due to limitations by the film thickness (200 um)

(see e.g. reference 21).

[0006] It is therefore an aim of the present invention to provide an improved apparatus
for electro-magnetic wave detection that helps to ameliorate one or more of the above

problems.

Summary of the invention

[0007] Aspects of the present invention relate to use of two-dimensional hybrid
perovskites for electro-magnetic wave detection in the form of a scintillator or a photo-

detector.

[0008] In accordance with a first aspect of the invention there is provided an apparatus
for electro-magnetic wave detection (e.g. an electro-magnetic wave detector)

comprising:

a two-dimensional perovskite having a polaronic emission Stokes' shifted by at

least 50 nm to minimise loss due to re-absorption.

[0009] An electro-magnetic wave detector comprising a two-dimensional perovskite is

far more robust against thermal quenching than a three-dimensional perovskite due to
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its large exciton binding energy (-360 meV) induced by charge confinement within the
inorganic layers. Moreover, a two-dimensional perovskite with a large Stokes' shift
minimises loss due to re-absorption. As such, an electro-magnetic wave detector
comprising a two-dimensional perovskite with a large Stokes' shift has a relatively large
light yield and a short decay time which are desirable characteristics of a high
performance electro-magnetic wave detector. Such a two-dimensional perovskite may

also exhibit broadband polaronic emission which may also be desirable.

[0010] In an embodiment, the two-dimensional perovskite has a scintillation decay time

of less than 8 ns; less than 7 ns; less than 6 nm; or less than 5 nm at room temperature.

[0011] In an embodiment, the electro-magnetic wave detector is configured as a

scintillator.

[0012] In an embodiment, the electro-magnetic wave detector is configured as a photo-

detector.

[0013] In an embodiment, the two-dimensional perovskite is in the form of a single

crystal.

[0014] In an embodiment, the two-dimensional perovskite is in the form of a film, for

example a thin film.

[0015] In an embodiment, the electro-magnetic detector comprises a cation selected

from the group of: EDBE; N-MEDA; API; AETU or CEA.

[0016] In an embodiment, the electro-magnetic detector comprises one or more of: a

halide; a Group IVa metal; a transition metal; a post-transition metal; or a lanthanide.

[0017] In an embodiment, the two-dimensional perovskite is a layered hybrid
perovskite of the Ruddlesden-Popper series with a general formula of (A),(B).

1[PbnX, i], where A is a bulky cation, B is a small cation and X is an anion.

3n+

[0018] In an embodiment, the two-dimensional perovskite has a polaronic emission

Stokes' shifted by at least 100nm; at least 200nm or at least 300nm.

[0019] In an embodiment, the electro-magnetic detector comprises lateral contacts

formed in a direction parallel to a layered structure of the two-dimensional perovskite.
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[0020] In an embodiment, the two-dimensional perovskite is doped with a functional
organic cation and the electro-magnetic wave detector comprises vertical contacts
formed in a direction orthogonal to a layered structure of the two-dimensional

perovskite.

[0021] The electro-magnetic wave detector may be configured for broadband
luminescence with a full width at half maximum (FWHM) of at least 50nm or at least
100nm.

[0022] Thus, embodiments of the present invention provide an apparatus for
electromagnetic wave detection which is able to detect electromagnetic waves across a
broad range of temperatures. This is provided by the use of two-dimensional
perovskites which are far more robust against thermal quenching due to their large
exciton binding energy (=360 meV) induced by charge confinement within the inorganic
layers. Moreover, two-dimensional perovskites with a large Stokes' shift minimise loss
due to re-absorption. As such, electro-magnetic wave detectors comprising two-
dimensional perovskites with a large Stokes' shift have relatively large light yield and
short decay times which are desirable characteristics of high performance electro-
magnetic wave detectors. Such two-dimensional perovskites may also exhibit polaronic

broadband emission which may also be desirable.

Brief description of the drawings

[0023] Embodiments of the invention will now be described, by way of example only,

with reference to the following drawings, in which:

Figure 1 shows the crystal structures and appearances of three-dimensional
perovskites MAPbX; (X = 1, Br) and a two-dimensional perovskite (EDBE)PbCU
according to the present invention. More specifically, (a) and (b) of Figure 1 show the
crystal structures of MAPbX; (X = 1, Br) three-dimensional perovskites and
(EDBE)PbCI , two-dimensional perovskite respectively, while (c), (d) and (e) show the
appearances of MAPbX; (X=I, Br) three-dimensional perovskites and (EDBE)PbCI,

two-dimensional perovskite;
Figure 2 shows an X-ray diffraction (XRD) pattern of MAPbBr , powders;

Figure 3 shows an X-ray diffraction (XRD) pattern of MAPDI ;;
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Figure 4 shows an X-ray diffraction (XRD) pattern of (EDBE)PbCI, powders for use in

an electro-magnetic detector;

Figure 5 shows room temperature absorption (solid lines) and photoluminescence
spectrum (dotted-lines) of a) MAPbDI,, b) MAPbBr__and c) (EDBE)PbCl,;

Figure 6 shows calculated absorption length of MAPbX; (X = 1, Br) three-dimensional
perovskites and (EDBE)PbCI, two-dimensional perovskite crystals as a function of
photon energy. Curves for Ce*" doped Lul, and LaBr; scintillators from the prior art are

also added in Figure 6 for comparison;

Figure 7 shows time resolved photoluminescence curves of MAPbI,, MAPbBr, and

(EDBE)PHCI, single crystals;

Figure 8 shows X-ray excited luminescence (light color area) and photoluminescence
(dark color area) spectra of a) MAPbI;, b) MAPbBr,, and c) (EDBE)PbCI, recorded at

room temperature;

Figure 9 shows low temperature thermoluminescence curves of a) MAPbDI,, b)

MAPDbBr ,, and c) (EDBE)PbCI ;
Figure 10 shows glow curves of a) MAPbI_b) MAPDBr,, and c) (EDBE)PbCI ;

Figure 11 shows X-ray excited luminescence spectra of perovskite crystals at various
temperatures, from 10 to 350 K: (a) MAPbI,, (b) MAPbBr,, and (c) (EDBE)PbCI,. Part
(d) of Figure 11 shows a comparison of the normalized X-ray excited luminescence

spectra of (a), (b) and (c) at T=10 K;

Figure 12 shows pulse height spectra of perovskite crystals under 662 keV of '3’Cs

source with a pulse shaping time of 2 us;

Figure 13 shows light yields of MAPbI,_ MAPbBr,, and (EDBE)PbCI, obtained from the
integrated X-ray excited luminescence intensities at various temperatures, from 10-350

K. The inset of Figure 13 shows details of the curves from 290 to 310 K;

Figure 14 shows scintillation decay curves at room temperature using picosecond X-

ray pulses at 10 mA, 45 kV for samples of (EDBE)PbCL, and (EDBE)PbBT ,;

Figure 15 shows steady state absorption and luminescence of narrowband emitters

using a) (NBT),Pbly, b) (PEA),Pbl, and c) (NBT),PbBr, respectively;
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Figure 16 shows steady state absorption and luminescence of broadband emitters

using a) (API)PbBr4 and b) (EDBE) PbBr4 respectively;

Figure 17 shows examples of properties of two-dimensional perovskites in relation to
their use as photovoltaics and/or photo-detectors in accordance with an embodiment of
the present invention. More specifically, (a) and (b) of Figure 17 show UV-induced
photocurrent measurements on (EDBE)PbCI, and (EDBE)PbBr, drop casted films
respectively, while (c) and (d) of Figure 17 illustrate the crystal and band structure
obtained from ab-initio calculations of a layered copper perovskite MA,CuCIBr,

respectively;

Figure 18 shows an electro-magnetic wave detector in the form of a scintillator in

accordance with an embodiment of the present invention; and

Figure 19 shows an electro-magnetic wave detector in the form of a photo-detector in

accordance with an embodiment of the present invention.

Detailed description

[0024] The present invention aims to demonstrate novel applications of two-
dimensional perovskite materials with large polaronic Stokes' shifts for an electro-
magnetic wave detector in the form of a scintillator or a photodetector. As examples,
comparisons have been drawn between a two-dimensional perovskite (e.g.
(EDBE)PbCI4) and two three-dimensional perovskites (e.g. MAPbI; and MAPDbBTr,) to
illustrate the superior qualities of two-dimensional perovskites for use as electro-
magnetic wave detectors. In particular embodiments, the two-dimensional perovskite

may be applied as a single crystal or a film (e.g. a thin film).

[0025] Generally, as a result of a good high-energy response with a large absorption
cross-section derived from a large thickness and a high mass-density, scintillators
made from single crystal perovskites are expected to have improved detection
efficiency for X-rays or y-rays with energies in the range of keV. Moreover, compared to
traditional scintillator crystals (see e.g. reference 6), two-dimensional perovskite
crystals produce extremely high light yields of >120,000 photons/MeV (as estimated
from X-ray-excited luminescence) at low temperature due to their lower bandgap
energies. For comparisons using three-dimensional perovskites, the light yield is

greatly reduced at room temperature (<1,000 photons/MeV) due to strong thermal
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guenching effects. Conversely, two-dimensional perovskite crystals are far more robust
against thermal quenching as a result of their large exciton binding energies (-360
meV) induced by charge confinement within the inorganic layers. Moreover, two-
dimensional perovskites with a large Stokes' shift minimise loss due to re-absorption.
As such, electro-magnetic wave detectors comprising two-dimensional perovskites with
a large Stokes' shift have relatively large light yield and short decay times. Therefore,
two-dimensional perovskite crystals with large Stokes' shift (e.g. = 50 nm) have

excellent potential for use in high-light yield X-ray scintillators.

[0026] In order to study scintillation performance, high-quality and large-size (-30 to

100 mm3) perovskite single crystals have been synthesized.

[0027] In an experiment, three-dimensional perovskite precursors, MABr and MAI,
were synthetized by mixing hydrobromic acid (48% wt in water) and hydroiodic acid
(57% wt in water) with methylamine solution (CH4NH,, 40% in methanol) in 1:1 molar
ratio. The ice-cooled mixture was left under magnetic stirring for 2 hours, and the
solvent removed with a rotary evaporator. The resulting powders were dissolved in
ethanol, crystallized with diethylether for purification repeating the cycle 6 times, and
finally dried in a vacuum oven at 6 °C for 12 hours. For (EDBE)PbCI, (EDBE=2,2'-
(ethylenedioxy)bis(ethylammonium)), the organic precursor (EDBE)CI, was synthetised
in aqueous solution by a reaction of 2,2-(ethylenedioxy)bis(ethylamine) (98% in water)
with excess HCI (37% in H,0). The solution was stirred for 4 hours at room
temperature to complete the reaction. A purification process similar to that was
discussed for MABr and MAI was applied to collect the final white and high-purity

powders.

[0028] For the synthesis of hybrid perovskite crystals, the following inorganic
precursors were purchased: lead(ll) chloride (PbCl,, 99.999%), lead(ll) bromide (PbBr.,
99.999%) and lead(ll) iodide (Pbl,, 99.0%). Crystals of MAPbBr, were synthetised
using inverse temperature crystallization which has been reported elsewhere (see e.qg.
reference 27). Two ml of 1M N, A/-dimethylformamide (DMF) solution of MABr and
PbBr, (1:1 molar ratio) were left overnight on a hotplate (110 °C) without stirring,
allowing the precipitation of the perovskite crystals. MAPbI, were obtained by slow
evaporation at room temperature of a saturate DMF solution of MAI and Pbl,, (1:1 molar
ratio). To obtain (EDBE)PbCI, crystals, a 1M solution of (EDBE)CI, and PbCI, (1:1

molar ratio) in dimethylsulphoxide (DMSO) was prepared by dissolving the precursors
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at 110 °C on a hotplate. After natural cooling of the solution at room temperature, slow
crystallization over a period of 1 month results in the formation of cm-scale white
perovskite crystals. The crystallization processes were performed under inert N,
atmosphere. All crystals obtained from the above processes were collected from the

precursor solutions, washed with diethylether and dried in a vacuum overnight.

[0029] Figure 1 shows the crystal structures and appearances of three-dimensional
perovskites MAPbX, (X =1, Br) and a two-dimensional perovskite (EDBE)PbCI, for use
in embodiments of the present invention. Parts (a) and (b) of Figure 1 show the crystal
structures of MAPbX, (X =1, Br) three-dimensional perovskites and (EDBE)PbCI, two-
dimensional perovskite respectively, while parts (c), (d) and (e) of Figure 1 show the
appearances of MAPbX, (X = 1, Br) three-dimensional perovskites and (EDBE)PbCl,

two-dimensional perovskite.

[0030] As shown in Figure 1, MAPbX, (X =1, Br) crystals have a conventional three
dimensional ABX, perovskite structure, consisting of a continuous network of corner
sharing PbXg* octahedra with methyl-ammonium cations occupying the interstitial sites
(see e.g. references 22 and 23). On the other hand, (EDBE)PbCI4 belongs to a general
class of APbX, (X =1, Br, Cl and A = bidentate organic cation) "two-dimensional”
perovskite crystals (see e.g. reference 24) where it consists of a stack of <100>-
oriented perovskite inorganic layers forming a two-dimensional Pb-X network in
alternation with organic sheets of di-ammonium cations EDBE?*. Though it may not be
obvious from Figure 1, MAPbI,;, MAPbBr,, and (EDBE)PbCI, crystals appear lustrous
black, orange, and white respectively. In addition, the corresponding glows under
ultraviolet lamp excitation are green and white for MAPbBr, and (EDBE)PbCI, crystals
respectively, while the glow of MAPbI, could not be observed since its emission lies in

the near infrared.

[0031] Figures 2 to 4 show X-ray diffraction (XRD) patterns of the grounded crystals of
MAPDBr ,, MAPbI, and (EDBE)PbCI, respectively. The X-ray diffraction (XRD) was
performed on perovskite powders obtained from ground crystals on a BRUKER D8
ADVANCE with Bragg-Brentano geometry using Cu K, radiation (A = 1.54,056 A), with
a step increment of 0.02° and 1 second of acquisition time. In particular, Figures 2 and
3 show MAPDbBr,; and MAPDI, crystals having a cubic and a tetragonal crystal structure
respectively. Accordingly, the XRD pattern of MAPDbBr, is consistent with a perovskite

structure having a cubic crystal system, space group Pm3m and lattice parameters a =
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5.917(1) A, while the XRD pattern of MAPbI is consistent with a perovskite structure
having a tetragonal crystal system, space group IA/mcm and lattice constants a =
8.867(5) Aand b = 12.649(3) A. Figure 4 shows presence of pronounced 001 and
higher order 001 reflections in the XRD pattern of (EDBE)PbCI,. The 001 reflections
indicate the formation of a layered structure in the two-dimensional perovskite, in
agreement with a previously reported structure (see e.g. reference 24) having a
monoclinic crystal system, space group C2 and refined lattice parameters a = 7.762(8)
A, b = 7.629(2) A, ¢ = 13.375(7) A, B = 102.7(2) A). Accordingly, this indicates
formation of two-dimensional layered perovskite (EDBE)PbCI, with a monoclinic crystal

structure.

[0032] Figure 5 shows room temperature absorption (solid lines) and
photoluminescence spectra (dotted-lines) of a) MAPbI;,, b) MAPbBr; and c)
(EDBE)PDBCI,, for use in an embodiment of the present invention. The absorption and
photoluminescence measurements were performed in order to obtain energy band
gaps in these perovskites and to confirm the large polaronic Stokes' shift in two-
dimensional perovskiAte (EDBE)PbCI,4. In an experiment, the absorption spectra were
recorded by an UV-VIS-NIR spectrophotometer using a scanning resolution of 0.5 nm.
Steady-state  photoluminescence spectra were recorded by a Fluorolog-3

spectrofluorometer with a wavelength resolution 0.5 nm.

[0033] As shown in Figure 5, the photoluminescence peak of MAPbI, at 760 nm is
blue-shifted compared to that of MAPbBr,at 527 nm, following the corresponding blue-
shift of the absorption edges. The absorption spectrum of (EDBE)PbCI, in Figure 5
shows a pronounced excitonic peak at 326 nm and a broadband, highly Stokes-shifted
(by about 200 nm) photoluminescence peak at 525 nm. Using the results in Figure 5,
the absorption and photoluminescence properties of the corresponding thin films of
MAPDI;, MAPbBr,, and (EDBE)PbCI, may be extracted, which show optical energy
gaps of Eg: 151,218, and 3.45 eV for MAPbI ,(see e.g. reference 22), MAPbBr ; and
(EDBE)PbLCI, (see e.g. reference 24) respectively. It may be concluded that the optical
energy gap values agree well with the appearances and ultraviolet lamp excitation
glows of MAPbI,, MAPDbBr,, and (EDBE)PbCI, crystals as discussed in relation to

Figure 1.

[0034] Since the light yield of X-ray scintillation is inversely proportional to the optical

bandgap Eg (see e.g. references 2 and 18), low-bandgap perovskites such as MAPbDI;,
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MAPbBr, and (EDBE)PbCI, (see e.g. Figure 5) are expected to yield up to about
270,000, 190,000, and 120,000 photons/MeV respectively. These light yields are much
higher than state-of-the-art cerium (Ce®) doped lanthanum tribromides LaBr, (Eg =
5.90 eV) (see e.g. references 25 and 26) and Ce®*doped lutetium iodides Lul, (£g:
4.15 eV) (see e.g. references 27 and 28) scintillators, with light yields of 68,000 and
100,000 photons/MeV, respectively. As such, perovskite crystals have huge potential

for X-ray scintillation.

[0035] In addition, Figure 5 indicates that the two-dimensional perovskite (EDBE)PbCI,
has an unusually large Stokes' shift of about 200 nm compared to the three-
dimensional perovskites MAPbI, and MAPDbBr, (with an excitonic emission Stokes'
shifted by < 5 nm). In embodiments of the invention, the two-dimensional perovskite
may have a polaronic emission Stokes' shifted by at least 50 nm; at least 100nm; at
least 200nm or at least 300nm. This is believed to be particularly beneficial to
increasing scintillation yield (see e.g. reference 29) since a large Stokes' shift will
substantially reduce self-absorption of the luminescence in the material (see e.g.
reference 30). In addition, the photoluminescence peaks for MAPbI, and MAPbBr , are
both narrowband (with FWHM of <50nm) unlike the polaronic broadband
photoluminescence peak of (EDBE)PbCI, (with FWHM of approximately 150nm).

[0036] Figure 6 shows calculated absorption length of MAPbX, (X = 1, Br) three-
dimensional perovskites and (EDBE)PbCI, two-dimensional perovskite crystals as a
function of photon energy. The range of photon energies shown covers the X-ray
spectral region. Curves for Ce®** doped Lul, (see e.g. reference 28) and LaBr, (see e.g.
reference 25) scintillators are also shown in Figure 6 for comparison. The absorption

length was obtained from equation (1) below (see e.g. reference 28):

Lbe ~ 2 1
aps =~
N, pa

@)

where Z N, p, and aare the effective atomic number, Avogadro number, the mass
density, and the absorption cross-section for each atomic element respectively.
Generally, three types of interaction mechanisms for electromagnetic radiation in
matter play an important role in the absorption of X-rays and y-rays. These are

photoelectric absorption, Compton scattering, and pair production. All these processes
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lead to the partial or complete absorption of the radiation quantum. As such, the
absorption cross-section was separately characterized for photoelectric absorption,
Compton scattering, and pair production, and the total absorption length was
determined by the inverse sum of the absorption lengths for these three interaction

mechanisms to produce the data as shown in Figure 6.

[0037] Accordingly, since X-ray absorption length scales with the effective atomic
number ZB« and mass density p (see e.g. reference 2), MAPbl,, MAPDbBr,, and
(EDBE)PbCU (Z_, = 66.83, 67.13, and 67.52, p = 3.947, 3.582, and 2.191 gr/cm?,
respectively) should reach X-ray absorption lengths up to 1 cm at 1 MeV, similar to
state-of-the-art commercially available Ce*+-doped LaBr, and Lul, scintillators. This is
observed in the calculated absorption length in Figure 6. Moreover, it is noted that for
electro-magnetic wave detection, single crystal structures typically give better X-ray
and y-ray absorption (i.e. comparatively shorter absorption lengths) in comparison with

thin film.

[0038] Figure 7 shows time resolved photoluminescence curves of MAPbI,, MAPDbBr,
and (EDBE)PbCU single crystals. In an experiment, the data for the time resolved
photoluminescence curves were obtained from a micro-photoluminescence setup
based on the free space excitation technique with excitation path and emission
collection at the side using a VIS-NIR microscope objective (40x, NA=0.65). In the
setup, MAPbI, and MAPDbBr, single crystals were excited with 5-MHz-repetition-rate
picosecond-pulse light sources using laser diodes with wavelengths of 640 and 370 nm
respectively, while the (EDBE)PbCI, single crystal was excited with a 5-MHz-repetition-
rate picosecond-pulse light source using a light-emitting diode at a wavelength of 330
nm. A beam spot size of about 2 mm was used in obtaining all the data as shown in
Figure 7. In addition, a silicon-based charge-coupled-device camera was used for
imaging. Time-resolved decay curves in Figure 7 were obtained using grating devices
or tunable bandpass filters at 766, 540, and 520 nm for MAPbI3, MAPbBr3 and
(EDBE)PDCI, crystals respectively, with signals acquired from a photomultiplier or
Micro Photon Devices single-photon avalanche photodiode using a time-correlated

single photon counting card.

[0039] All intensities shown in Figure 7 were normalized, with the intensity of the plot
for (EDBE)PbCU being further divided by a factor of five for clarity. The white lines

overlaying the curves shown in Figure 7 correspond to exponential fittings of the data.
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The decay curves of MAPDI;, MAPDbBr, and (EDBE)PbCI, were fitted with a double, a
triple, and a single exponential fit respectively. Accordingly, the resulting decay
components extracted from the exponential fits for MAPbI; are 4.3 ns and 52.2 ns, with
contributions of 18 and 82 % respectively, while those of MAPbBr, are 0.8 ns, 5.2 ns,
and 45.4 ns with contributions of 10, 18 and 72 % respectively. It is noted that the
longer decay times are consistent with the values previously reported for these three-
dimensional perovskites (see e.g. reference 23). Moreover, the instrumental resolution
(0.05 ns) afforded by the set-up allowed the presence of fast components with decay
times < 1 ns to be resolved. Nonetheless, due to the limited time window for the
measurements, ultra-long-lived components (> 300 ns) were not detected. Extraction of
decay components for the measurements of (EDBE)PbCI, provide a single decay
component of 7.9 ns, consistent with the photoluminescence lifetime reported for
similar two-dimensional perovskites (see e.g. reference 24). Notably, the intensity of

(EDBE)PbCU reduces much faster than MAPbI; and MAPDBYr .

[0040] The extremely fast photoluminescence decay of MAPDbI,, MAPbBr, and
(EDBE)PDBCI,4 (i.e. fast decay components of 4.3 ns, 0.8-52 ns, and 7.9 ns,
respectively) enable MAPbI,, MAPDbBr ,, and (EDBE)PbCI, to provide faster scintillation
than Ce®+-doped LaBr, (with a decay component of 15 ns) (see e.g. references 25 and
30) and Ce®-doped Lul, (with a decay component of 33 ns) (see e.g. reference 28),
given that all the fast components of MAPDI ;, MAPbBr;, and (EDBE)PbCI4are below 10
ns which are much faster than those of commercial scintillators based on Ce®* doped
Lul; and LaBr,. The fast nanosecond scintillation decay times were also demonstrated
in PhE-PbBr, using X-ray and y-ray pulses (see e.g. references 20 and 31), consistent
with the results obtained from the time-resolved photoluminescence spectra as shown

in Figure 7.

[0041] Figures 8 to 11 show further comparisons between three-dimensional
perovskites MAPbI;, MAPbBr;, and two-dimensional perovskite (EDBE)PbCI, based on
data obtained from their X-ray excited luminescence and thermoluminescence spectra.
The measurements for the X-ray excited luminescence and thermoluminescence data
as shown in Figures 8 to 11 were carried out using the set-up as follows. The main
setup consists of an Inel XRG3500 X-ray generator (Cu-anode tube, 45 kV / 10 mA),
an Acton Research Corporation Spectra Pro-500i monochromator, a Hamamatsu R928

PMT, and an APD Cryogenics Inc. closed-cycle helium cooler. The emission spectra
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were corrected for the transmittance of the monochromator and the quantum efficiency
of the PMT. First, X-ray excited luminescence was recorded at various temperatures
between 10 and 350 K. The measurements were carried out from 350 K to 10 K to
minimise possible contributions from thermal release of charge carriers to the emission
yield. After X-ray excited luminescence measurements were carried out, low
temperature thermoluminescence and glow curves were measured. Prior to the
thermoluminescence measurements, the samples were exposed to X-rays for 10
minutes at 10 K. Thermoluminescence and glow curves were recorded between 10 K
and 350 K at a heating rate of about 0.14 K/s. Thermoluminescence curves were
recorded with the monochromator set to the zeroth order. Photoluminescence spectra
were recorded with a commercial spectrofluorometer HORIBA Jobin Yvon Fluorolog-3

spectrofluorometer at room temperature.

[0042] Figure 8 shows X-ray excited luminescence (light color area) and
photoluminescence (dark color area) spectra of a) MAPbI;, b) MAPbBr, and c)
(EDBE)PbCI, crystals recorded at room temperature. The photoluminescence of
MAPDI,, MAPDbBr,, and (EDBE)PbCI, crystals were measured using excitation
wavelengths of 425, 500, and 330 nm respectively. The photoluminescence and X-ray
excited luminescence spectra in Figure 8 were normalized to their maxima, while the
normalized X-ray excited luminescence spectra were further divided by a factor of two
for clarity. As shown in part (a) of Figure 8, both X-ray excited luminescence and
photoluminescence spectra of MAPbDI ; have a single broadband peak centered at 750
nm with a full width of half-maximum (FWHM) of ~80 nm. For MAPDBr, both X-ray
excited luminescence and photoluminescence spectra exhibit double peaks centered
around 560 and 550 nm respectively as observed from part (b) of Figure 8. MAPbBr,
has the narrowest emission band with a FWHM of -40 nm. On the other hand,
(EDBE)PbCI,4 has the broadest emission band centered at 520 nm, with a FWHM of
-160 nm as seen in part (c) of Figure 8. Long emission wavelengths in the range of
400 to 700 nm allow optimal detection of scintillation using highly sensitive avalanche
photodiodes (APDs), which can reach quantum efficiencies of up to 90-100% in
comparison with photomultipliers (PMTs) with an efficiency of only 40-50% (see e.g.
reference 28). Accordingly, based on emission wavelengths obtained in Figure 8,
(EDBE)PbCI, appears to be the most promising candidate for a scintillator coupled to

an APD (see e.g. reference 28).
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[0043] As shown in Figure 8, all the perovskite crystals measured have very similar X-
ray excited luminescence as compared to their photoluminescence spectra. This
suggests that the dominant scintillation mechanism may be explained as follows: upon
X-ray absorption, high-energy excitations thermalize through ionizations and
excitations of atoms, until excitons are generated at energies near the bandgap. As
such, X-ray excited luminescence stems solely from the intrinsic excitonic emission of
the perovskites and no other defect states seem to be involved in the scintillation

process.

[0044] The dynamics of radiative processes in materials under high-energy excitation
are often complicated by slower non-exponential components due to charge carrier
trapping and re-trapping, which manifest themselves as delayed luminescence, or
afterglow. Upon termination of the X-ray excitation, afterglow effects would typically
contribute a residual luminescence background with characteristic lifetime of a few
milliseconds, thus lowering the effective light yield and worsening the signal-to-noise
ratio. Afterglow effects are particularly detrimental for applications like computed
tomography, in which temporal crosstalk considerably reduces the image quality (see
e.g. reference 2). Charge carrier trapping and re-trapping processes can be monitored

by thermoluminescence measurements.

[0045] Figure 9 shows low temperature thermoluminescence curves of a) MAPDI, b)
MAPbBTr ,;, and c) (EDBE)PbCI ,. The data as shown in Figure 9 are presented on a time
scale starting at a temperature of 10 K, with the temperature being increased after
3600 s to 350 K, as indicated by the dashed line in the right panel (temperature scale
on the right axes). As shown in Figure 9, steady-state X-ray excited luminescence
intensity during irradiation was recorded immediately prior to the thermoluminescence
scan. As such, two distinct integrated intensities can be evaluated: the first one, denote
as ITL, comprises the time range from the end of X-ray irradiation till the end of the
entire run, while the second one, denoted as ITL+/sx, comprises the time range from
the start of the X-ray irradiation until the end of the run. This allows calculation of the
ITU(TL + 1¢exy ratio for each sample, which can be interpreted as the fraction of the total
excitation energy accumulated into traps (see e.g. references 19 and 32). The value of
this ratio therefore provides a qualitative estimate of the influence of traps on the

scintillation vyield.
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[0046] Referring to Figure 9, long tails extending to thousands of seconds were
observed in all crystals after termination of the X-ray excitation at 10 K. Although the
long-lived component of this afterglow effect is much slower than the
photoluminescence decay (as compared for example to Figure 7), it only occurs at low
temperatures (~10 K) and is negligible at room temperature. As shown in parts (a) and
(b) of Figure 9, low temperature thermoluminescence curves are dominated by a
double-structured peak, with two smaller satellite peaks appearing at longer times for
MAPDI, and MAPbBTr,. In contrast, the low-temperature thermoluminescence curve of
part (c) of Figure 9 for (EDBE)PbCI, shows that one peak strongly dominates the other
peak while the total intensity of the peaks is much higher than those in MAPDI, and
MAPDBTr,. Based on Figure 9, the calculated ratio IT./(/T +issxL) ~ 0.002 is very similar
for both MAPbI,; and MAPDbBTr, which is extremely low compared to that of other oxide
materials, such as lanthanide aluminium perovskite or garnets, used in scintillators (see
e.g. references 19, 32, 33 and 35). Moreover, MAPbI, and MAPbBTr, crystals show
nearly trap-free behavior from T = 75 K up to the highest temperature investigated at T
= 350 K, a very desirable characteristic from the point of view of scintillation speed and
efficiency. For (EDBE)PbCI,, the calculated ratio 1./(/; +1sgy ) is approximately 0.058,
which is slightly higher than that of three-dimensional perovskite crystals MAPbI, and

MAPDBTr,. Nevertheless, this value is still relatively low.

[0047] Figure 10 shows glow curves of the three crystals MAPbI;, MAPDbBr, and
(EDBE)PDBCI,. The glow curves were recorded after 10 minutes of X-ray irradiation at
10 K, and at a heating rate of 0.14 K/s. Appearances of thermoluminescence signals at
temperatures below 150 K reveals the existence of low-energy trap states. Since it is
difficult to determine the exact number of traps, their depth and frequency factors (see
e.g. reference 33) for these low-energy trap states, the analysis was restricted to
thermoluminescence peaks with intensity larger than 10 % of their maximum.
Thermoluminescence curves have been deconvoluted into k glow peaks, based on the

classic Randall-Wilkins equation (2) below (see e.g. reference 34):

k T

E; g E; '
I, = E ngy;Voexp (- 7{—3—7—,) exp| — 7 exp (— _kBT') dT (2)
Ty

i=1

where T is the temperature, B the heating rate, and kz the Boltzmann constant; ny, is

the initial trap concentration, V is the crystal volume, E, the trap depth, o; the frequency
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factor of each component. Note that the unitless number of traps ng; V is often used to

compare the afterglow of different crystals (see e.g. references 19, 32, 33, 34 and 35).

[0048] The above analysis provides a good indication of the characteristics of
prevailing trap states, though it cannot resolve the existence of traps at times much
longer than seconds, or with mixed order kinetics (see e.g. reference 32). The room
temperature lifetime r; of trapped carriers, such as electron or hole centers and
excitons, can also be estimated from the energy and frequency factor of the trap, using
the well-known Arrhenius formula of equation (3):

1 E;

o = 0;exp (—— 7{—;—7-;) 3)
[0049] The solid lines as shown in Figure 10 represent best-fitted curves to the
experimental data points using the above Equation (2). Single components of the best
fits and its peak temperature are indicated by dashed lines and arrows respectively.
The glow curves of MAPbI; and MAPbBr; have been fitted using four and three

components respectively, while the glow curve of (EDBE)PbCL , can be fitted with only

two components. The corresponding fitting parameters are shown in Table 1 below.

Compound T.x(K) E(eV) Inc (s r(s) NneV Reference
32 0.0309 8.09 1.04-103 | 2.45-104
46 0.0226 1.78 0.41 1.85-104 .
MAPDI , - This work
56 0.0901 15.60 | 5.95-10™ | 6.12-103
62 0.0389 3.25 0.18 1.45-104
33 0.0139 1.16 0.54 7.61-104
MAPbBI 56 | 00602 | 9.02 | 1.31-10%|2.10-104| Thiswork
68 0.0909 12.1 2.04-10™ | 2.73-104
32 0.0177 2.83 0.12 5.95-105| This work
EDBEPbCI,
45 0.0281 3.40 0.10 1.71-106
36 0.0148 | 0.9346 | 2.16-1072 | 2.84-104
88 0.105 10.07 | 2.29-102 | 1.53-104
187 0.498 27.22 | 251-102 | 2.10-106
206 0.385 17.56 | 1.61-102 | 4.64-10%| 19 32, 35
LUAIO 5 Ce™ 223 0.669 30.99 | 2.18-102 | 1.38-104
253 0.75 30.53 | 2.08-1072 | 4.84-104
273 0.799 30.08 | 2.05-102 | 1.52-105
108 0.30 29.24 | 4.99-102 | ~105
YAIO 5: Ce** 154 0.50 34.18 |3.02-102| -105 | 19,32, 35
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| 081 | 0421 18.05 1.95 ~104

36 0.0576 15.9 1.2-10° | 1.6-10°
45 0.0446 8.32 1.4-103 | 4.7-105

_ "5 - 5
GdsALGa;01: Ce™ 73 0.116 15.1 2.7-10 3.4-10 33
181 0211 9.01 0.52 2.9-10°%
240 0.527 21.31 0.65 2-10°
255 0.321 9.76 19 7.5-10°

Table 1. Trap state parameters. The parameters were derived from the fitting
of first-order glow curves in Figure 10: 7,  is the temperature at which the glow
curve peaks, E the trap depth, In o the logarithmic frequency factor in s™', 1the
room temperature lifetime, and ngyV the total, initial number of traps.
Comparative parameters of known scintillator materials from the literature are

also reported in the last three rows.

[0050] Accordingly, from the extraction of various parameters as shown in Table 1, it
can be shown that all three crystals MAPbDI,;, MAPbBr, and (EDBE)PbCI, have
relatively low trap densities, with traps having depth energies (E) ranging from ~ 10 to
90 meV. The initial trap concentrations ngin MAPbI, and MAPDbBr, can be calculated
from the total number of traps (n,V ~ 10%-104) and the volume of the crystal (V ~ 30-
100 mm3). The resulting trap concentrations (ng ~ 105-107 cm™) are comparable to
those of shallow traps previously observed in photoconductivity measurements (~ 10°-
107 cm3) (see e.g. reference 11) and space-charge-limited-current (~ 10%-10" cm)
(see e.g. reference 23), taking into account uncertainties in the estimate of the active
crystal volume. The fastest room temperature lifetimes (r) of MAPbI ;and MAPbBTr , are
of the order of milliseconds, long enough to contribute to the light yield components
without residual luminescence background. Correspondingly, logarithmic frequency
factors (In o) are all below 16, which is much smaller than In ¢ - 30 typically found in
pristine or activated oxide materials (see e.g. references 19, 32, 33 and 35, and Table

1 for comparison).

[0051] In essence, the halide perovskite scintillators investigated as shown in Figure
10 together with Table 1 indicate an absence of deep traps and a very small density of
shallow trap states. There were also no after-glow effects even at room temperature
(RT). For scintillators, these properties are excellent for the X-ray or y-ray imaging.

The crosstalk of photons disturbing imaging quality will also be absent.
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[0052] Particularly, it is noted from Table 1 that two-dimensional (EDBE)PbCI, has the
largest trap density of n,~ 10" cm'3 among the three perovskites. Large concentration
of shallow traps may be beneficial for X-ray scintillation at low-temperature, as seen in
the case of Ce**-doped YAIO 5 and LUAIO , (see e.g. reference 35), or pristine Li,B,07
(see e.g. reference 36). This is observed in temperature dependent X-ray excited

luminescence spectral maps as shown in Figure 11 below.

[0053] Figure 11 shows X-ray excited luminescence spectra of (a) MAPbI; (b)
MAPbBTr, and (c) (EDBE)PbCI , perovskite crystals at various temperatures, from 10 K
to 350 K. Part (d) of Figure 11 shows a comparison of the normalized X-ray excited
luminescence spectra of (a), (b) and (c) of Figure 11 at T = 10 K. Accordingly, the X-ray
excited luminescence spectra of MAPbI, and MAPbBTr, show strong dependence of X-
ray excited luminescence on temperature, with significantly reduced emission at
temperatures above 100 K. For example, a rather weak emission between 520 nm and
600 nm having a double structure was observed for MAPDbBr, at 300 K and above. Its
intensity significantly increases when the temperature decreases and it reaches a
maximum at 10 K. Similar to MAPDBr,, there is no strong emission above 100 K for
MAPDbI, (see e.g. part (a) of Figure 11). However, at very low temperatures, the X-ray
excited luminescence spectra of MAPbI, and MAPbBYr, display distinct emission bands
with sharp maxima at 770 nm and 570 nm respectively (see e.g. part (d) of Figure 11
for comparison of X-ray excited luminescence spectra recorded at T = 10 K). Notably,
the X-ray excited luminescence peak at 770 nm, with a FWHM of 5 nm, has the same
characteristics as coherent light emission previously observed in MAPbDI (see e.g.
reference 17). Side bands are also observed at 760 and 800 nm in MAPbI; and at -590
nm in MAPDbBr, but their origins are unclear. On the other hand, the X-ray excited
luminescence spectrum of two-dimensional perovskite (EDBE)PbCI, (see part (c) of
Figure 11) consists of a much broader band peaking at ~520 nm, with intensity
significantly less sensitive to temperature. As temperature increases, the X-ray excited
luminescence intensity first decreases between 10 K and 50 K, then increases towards
130 K, and reduces steadily at higher temperatures. In all the three crystals of MAPbI,
and MAPDbBr, and (EDBE)PbCI,, the FWHM of X-ray excited luminescence peaks
increases with increasing temperature, consistent with the spreading of excited
electrons to high vibrational levels (see e.g. reference 37). As such, two-dimensional
perovskite single crystals, such as (EDBE)PbCI4,are more stable against temperature

quenching than three-dimensional ones as observed for MAPbI, and MAPDbBr,. This
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leads to a better light yield for two-dimensional perovskite single crystals, such as

(EDBE)PDbCI4, as compared to three-dimensional ones e.g. MAPbI ; and MAPDBr .

[0054] Figure 12 shows pulse height spectra of perovskite crystals MAPbBr, and
(EDBE)PbCI,4. Pulse height spectra were measured at room temperature under 662
keV gamma excitation from a '3’Cs source (no. 30/2010, 210 kBq) with a pulse shaping
time of 2 ys. The pulsed output signal from a Hamamatsu R2059 photomultiplier was
processed by a Canberra 2005 integrating preamplifier, a Canberra 2022 spectroscopy
amplifier, and a multichannel analyzer. To improve the light collection efficiency, the
samples were coupled to a quartz window of the photomultiplier with Viscasil grease
and covered with several layers of Teflon tape. Light yields were obtained from the
position of the 662 keV photopeak in pulse height spectra both recorded with the
photomultiplier and the APD. Using the photomultiplier, the photoeletron vyield,
expressed in photoelectrons per MeV of absorbed y-ray energy (phe/MeV), was
determined by comparing the peak position of the 662 keV photopeak to the position of

the mean value of the single electron response (see e.g. reference 28).

[0055] As discussed previously, light yields of perovskite single crystals estimated from
their bandgaps should be >120,000 photons/MeV. Accordingly, based on the pulse
height measurements as shown in Figure 12, the actual light yield measured for
(EDBE)PDCI,, at 300 K (i.e. at room temperature) is about 9,000 photons/MeV. There is
currently a limited number of reports on energy spectra from y-ray for perovskite
scintillators (see e.g. reference 10) and direct conversion detectors (see e.g. reference
12). Nonetheless, it is noted that the light yield of (EDBE)PbCI , derived from Figure 12
is similar to that of two-dimensional perovskite crystal PhE-PbBr, (10,000 photons/MeV)
reported previously (see e.g. reference 31). On the other hand, the light yields of
MAPbBr, and MAPDI, at room temperature are much lower (at less than 1,000
photons/MeV) and cannot be extracted accurately from pulse height experiments. It is
noted that the low light yields observed at room temperature for three-dimensional
perovskites may arise from thermally activated quenching effects not present in two-

dimensional perovskites.

[0056] Figure 13 shows light yields of MAPbI,, MAPbBr,, and (EDBE)PbCI, obtained
from the integrated X-ray excited luminescence intensities as a function of temperature
from 10-350 K. The left axis of Figure 13 shows integrated intensity in arbitrary units

obtained from the corrected X-ray excited luminescence spectra in Figure 11, while the
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right axis exhibits the light yield in absolute units after calibration of the light yield of
(EDBE)PbCI,, at 300 K to -9,000 photons/MeV, as derived independently from its pulse
height spectrum. The inset of Figure 13 shows details of the curves from 290 to 310 K.
The light yields at different temperatures were derived from the integrated intensities of
the X-ray excited luminescence spectra in Figure 11. It is noted that since the afterglow
is small, the light yield derived from the X-ray excited luminescence spectra is expected

to be very similar to that derived from the pulse height spectra.

[0057] To obtain the integrated X-ray excited luminescence intensities as a function of
temperature from 10-350 K as shown in Figure 13, the corrected intensity of X-ray
excited luminescence spectra in Figure 11 was integrated and the integrated intensity
was calibrated using the light yield of -9,000 photons/MeV derived from the pulse
height spectrum of (EDBE)PbCI, at 300 K of Figure 12. Referring to Figure 13, for
(EDBE)PDCI4, the resulting light yield at 300 K is about -8% of the maximum at 130 K.
Since the light yield is linearly proportional to the photoluminescence quantum
efficiency (see e.g. reference 18) while the efficiency of charge transport to the
recombination center is almost unity (see e.g. reference 24 and 29), the ratio of 8% is
consistent with the reported (EDBE)PbCI, photoluminescence quantum efficiency of
less than 10% at room temperature. On the other hand, the light yields of MAPbI, and
MAPDbBr, as shown in Figure 13 are <1,000 photons/MeV at room temperature (see
inset of Figure 13 which shows details of the curves from 290 K to 310 K), and are
296,000 and 152,000 photons/MeV at 10 K respectively. The maximum light yields of
MAPDI, and MAPDbBr, agree well with the attainable light yields derived from their
bandgaps (which are 270,000 and 190,000 photons/MeV respectively). Unlike
(EDBE)PDCly, the ratio between the light yields at 300 K and those at 10 K for MAPDI,
and MAPbDBI, is less than 0.5% which is much smaller than their respective quantum
efficiencies of 30% and 10% (see e.g. references 17 and 38). Additional light-yield-loss
in MAPDI; and MAPbBTr , could be due to non-radiative recombination of free electrons

and holes within the ionization tracks (see e.g. references 2 and 18).

[0058] The larger light yield of (EDBE)PbCIl4 at room temperature observed in Figure
13 can be explained by its extremely large exciton-binding energy of about 360 meV
(see e.g. reference 29), which is typical for two-dimensional perovskites and gives rise
to a pronounced excitonic absorption below the band-edge (see Figure 5). In contrast,

three-dimensional perovskites are known for their low exciton binding energy. For
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example, MAPDbBr, and MAPbI, have exciton binding energies in the range of 2-70
meV (see e.g. references 22 and 23). Generally, loosely bound excitonic states in
three-dimensional perovskites are much more prone to thermal quenching than tightly
bound excitons in two-dimensional perovskites like (EDBE)PbCI,, resulting in three-
dimensional perovskite crystals requiring much lower operating temperatures than two-

dimensional crystals to achieve optimal scintillation performance.

[0059] Figure 14 shows scintillation decay curves at room temperature under excitation
by picosecond X-ray pulses at 10 mA and 45 kV for (EDBE)PbCI, and (EDBE)PDbBr,.
The measurements were done with two samples of (EDBE)PbCI, and a sample of
(EDBE)PDbBr, inside a plastic bag to avoid moisture. Referring to Figure 14, the primary
decay observed for (EDBE)PbCI, and (EDBE)PbBr, are 8 ns and 16 ns respectively.
Note that all the fast components are below 16 ns, much faster than 15 and 23 ns of
commercial scintillators based on Ce** doped Lul, and LaBr,, respectively. For three-
dimensional perovskites, scintillation decay curves were not obtained as these

perovskites have extremely low light yield at room temperature.

[0060] In summary, the results presented in Figures 1 to 14 suggest that two-
dimensional hybrid lead halide perovskite single crystals are very promising scintillator
materials due to their low fabrication costs, low intrinsic trap densities, nanosecond fast
responses, and potentially high light yields. Thermoluminescence measurements have
indicated that two-dimensional perovskite crystals have much lower trap density than
conventional oxide scintillator materials (see e.g. references 19 and 33). Moreover,
low-temperature X-ray excited luminescence measurements show that the X-ray
luminescence yield can be as high as -120,000 photons/MeV in (EDBE)PbCI, at T =
130 K, and in excess of 150,000 photons/MeV in MAPDI, and MAPbBr at T = 10 K.

[0061] In particular, while light yield of three-dimensional perovskites MAPbDI; and
MAPDBT,is significantly reduced at room temperature (<1,000 photons/MeV), the two-
dimensional perovskite (EDBE)PLCI, is less affected by thermal quenching (-9,000
photons/MeV at room temperature) as a result of its large exciton binding energy. This
significantly improves operating temperature range for two-dimensional perovskites as
compared to three-dimensional perovskites for use as scintillators and photo-detectors.
Moreover, the large Stokes' shift (e.g. = 50 nm) present in two-dimensional perovskites
such as (EDBE)PbCI, minimises loss due to re-absorption. As such, electro-magnetic

wave detectors comprising two-dimensional perovskites with a large Stokes' shift have
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relatively large light yield and short decay times which are characteristics of high

performance electro-magnetic wave detectors.

[0062] Notably, the wide synthetic versatility of hybrid perovskites allows easy tuning of
their scintillation properties. For example, their emission spectra can be controlled by
cation or halide substitution to perfectly match the spectral sensitivity of high-quantum-
efficiency APD, like in the case of MAPDbBr, and (EDBE)PbCI,. Moreover, their
emissive properties can be further enhanced through engineering of perovskite
structure and dimensionality. Given the potential of hybrid lead halide perovskite
crystals, further efforts could be made to synthesize new materials for X-ray and /-ray
scintillation. For instance, the light yield of perovskite crystals could be further improved
by introducing lanthanide ions, e.g. Ce®* ions, as impurities (see e.g. references 18
and 39), or halides can be mixed to modify their bandgaps (see e.g. reference 40).
Additionally, the optimal operating temperature for scintillators could also be increased
through the design of wide band gap two-dimensional perovskite crystals with minimal

guenching effects.

[0063] At present, the only reported two-dimensional perovskite scintillator is PhE-
PbBr, (see e.g. reference 31). Typically, two-dimensional perovskites show free-exciton,
narrowband emissions (FWHM ~ 20-30 nm) with very small Stokes shifts (-4-5 nm)
(e.9. PhE-PbBr,) as a result of direct band-to-band recombination. However, two-
dimensional perovskite scintillators made with PhE-PbBr, have narrow-band emissions
and small Stokes' shifts of less than 50 nm, thereby yielding a relatively low light yield

and a longer decay time with a main decay component at 9.4 ns.

[0064] Given the huge potential of two-dimensional perovskites for use as scintillators
and/or photo-detectors, other prospective cations or doping are proposed below:
Cations:
A. (EDBE) [e.g. 1,2,2'-(ethylenedioxy)bis(ethylammonium) tetra halide
plumbate with chemical formula C;H,02N ,PbX 4 (X = F, CI, Br, I)];
Advantages: these compounds contain heavier atoms, such as oxygen
atoms, which make X-ray detection more efficient (e.g. shorter

absorption length).
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. (N-MEDA) [e.g. (N-MEDA) tetra halide plumbate with chemical formula

C,N,H ,PbX, (X =F, ClI, Br, I)];
Advantages: these compounds contain less carbon and hydrogen atoms

which make X-ray detection more efficient.

. (N-MPDA) [e.g. (N-MPDA) tetra halide plumbate with chemical formula

C,N,H_,PbX, (X =F,ClI, Br, I)];
Advantages: these compounds contain less carbon and hydrogen atoms

which make X-ray detection more efficient.

. (AETU) [e.g. 2-(aminoethyl)isothiourea tetra halide plumbate with

chemical formula C;HNN SPbX, (X = F, CI, Br, I)]
Advantages: these compounds contain heavier atoms, such as oxygen
atoms, which make X-ray detection more efficient (e.g. shorter

absorption length).

. (CEA) [e.g. cyclohexylammonium tetra halide plumbate with chemical

formula C,,H28N,PbX, (X = F, CI, Br, I)]

(ODA) [e.g. octadecylammonium tetra halide plumbate with chemical

formula C, HgoN,PbX, (X = F, CI, Br, I)].

Advantages: this cation provides improved moisture stability.

. (PEA) [e.g phenethylammonium tetra halide plumbate with chemical

formula C, H,,N,PbX, (X =F, CI, Br, I)].

Advantages: this cation provides improved moisture stability.

. (NBT) [e.g n-butylammonium tetra halide plumbate with chemical

formula CgHpsN,PbX, (X = F, CI, Br, I)]

(API) [e.g. N-(3-Aminopropyl)imidazole) with chemical formula
CeH,,N;PbX, (X = F, CI, Br, 1]
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Group IVa metal, divalent lanthanides (eg. Eu?*, Yb?*, and Dy2"), Cd*, Cu?*,
Fe?*, Mn?* or Pd?* replacing Pb?*, other lanthanides (eg. Ce®*, Pr*+, and Nd3*)

and TI*.

[0065] Without limiting to the cations and/or doping above, generally, it is provided that
any layered hybrid perovskites of the Ruddlesden-Popper series with general formula
(A),(B)1[Pb x3n.il, where A is a bulky cation, B is a small cation and X is an anion may
be used in scintillators and/or photodetectors. In an embodiment, it is provided that a
layered hybrid perovskite of the Ruddlesden-Popper series also has a large Stokes
shift, preferably above 50 nm, such that it minimises loss due to reabsorption and
therefore provides an efficient scintillator and/or photodetector. Examples of a small

cation (i.e. B) is methylammonium, formamidinium and cesium.

[0066] Figures 15 to 17 show properties of some of the two-dimensional perovskites
listed above for use as scintillators and/or photodetectors in accordance with

embodiments of the invention.

[0067] Figure 15 shows steady state absorption and luminescence of two-dimensional
narrowband emitters using a) (NBT),Pbl,, b) (PEA),Pbl, and c) (NBT),PbBr,
respectively. The photoluminescence peak blue-shifts from about 520 nm to 410 nm
from (NBT),Pbl, to (NBT),PbBr,, following the corresponding blue-shift of the
absorption edges. The absorption spectrum of (PEA),Pbls in Figure 15 (b) also shows

a pronounced excitonic peak at 515 nm and a photoluminescence peak at 525 nm.

[0068] It is believed that all 2D perovskites will have a characteristic
photoluminescence profile which depends on the interplay between free excitonic and
polaronic emission. Those having mainly excitonic character will be narrowband
emitters (such as those shown in Figure 15); those having mainly polaronic behavior
(due to formation of self-trapped excitons) will have highly Stokes' shifted (>50nm),
broadband emission. However, there can be a co-existence of free and self-trapped
excitons, giving rise to a double-peak luminescence as shown in Figure 16. In this
case, the relevant Stokes' shift (which is >50nm) is measured from the polaronic
emission peaks at around 510nm and 525nm, respectively for a) (API)PbBr, and b)
(EDBE)PbBr,4, which are characteristic of broadband luminescence (not the closest

excitonic emission peaks). In these embodiments, it does not matter if the excitonic
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peak is also present: the perovskite can still be used for its broadband (polaronic)

luminescence with all the advantages discussed herein.

[0069] Figure 16 shows steady state absorption and luminescence of two-dimensional
broadband emitters using a) (API)PbBry and b) (EDBE)PbBr, respectively. The
photoluminescence of (API)PbBr, includes a generally twin peak structure with a
broader peak at around 515 nm and a narrower peak at around 400 nm. The narrower
peak has a double peak feature which includes a stronger peak at 389 nm and a
weaker peak at 404 nm. The absorption edge of (API)PbBr, can be seen at 380 nm.
On the other hand, the absorption spectrum of (EDBE)PbBr, in Figure 16 shows a
pronounced excitonic peak at around 375 nm and a main broadband, highly Stokes-
shifted photoluminescence peak at around 525 nm. The photoluminescence of
(EDBE)PDBr, also shows a much weaker satellite peak at around 405 nm. As shown in
Figure 16, a large Stokes' shift in these broadband two-dimensional perovskite emitters
can be identified. Large Stokes' shifts generally result in low self-absorption in two-
dimensional perovskites, which is advantageous since a thick crystal with a low self-
absorption has much reduced loss in its light yield. Moreover, large Stokes' shifts also
reduce decay times at room temperature as a result of a reduction in self-absorption.
For example, decay times for (EDBE)PDLCI, is less than 9 ns or less than 8 ns at room
temperature as shown in Figure 7. Furthermore, (EDBE)PbBr4 is highly attractive for
use in embodiments of the invention as it is a 2D broadband perovskite with the highest

photoluminescence quantum yield measured so far.

[0070] Figure 17 shows examples of properties of two-dimensional perovskites in
relation to their use as photovoltaics and/or photo-detectors in accordance with
embodiments of the present invention. More specifically, (a) and (b) of Figure 17 show
UV-induced photocurrent measurements on (EDBE)PbCIl, and (EDBE)PbBr, drop
casted films respectively, while (c) and (d) of Figure 17 illustrate the crystal and band
structure obtained from ab-initio calculations of a layered copper perovskite
MA,CuClIBr, respectively. In order to measure photocurrents for the (EDBE)PbCI, and
(EDBE)PbBr4 drop casted films, two gold contacts (channel length 200 um) defining an
active area of 6x10% cm2were evaporated on top of each of the perovskite films. Light
(e.g. UV light) was subsequently shined on the active area and charges were extracted
through the application of an external bias (100 V for (EDBE)PbCI, and 30 V for
(EDBE)PbBr4). The photocurrents observed in Figure 17 for (EDBE)PbCI, and
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(EDBE)PbBr, are comparable to the absorption spectrums of the respective
perovskites (see e.g. Figure 5), making these two-dimensional perovskites suitable for

photo-detection of high energy radiation (e.g. UV and X-Rays).

[0071] The films for two-dimensional perovskites, such as (EDBE)PbCI, and
(EDBE)PbBr ,, can be used in generally two device architectures: (i) a photovoltaic and
(i) a photoconductor. Thin-film photovoltaic cells (e.g. photodiodes), in which charge
separation is achieved by a built-in potential of a p-i-n junction, exhibit a specific X-ray
sensitivity that is commensurate with the performance of conventional solid-state
semiconductor materials. For example, for externally biased thick-film photoconductors
capable of absorbing a much larger portion of incident X-rays, a similarly high X-ray
sensitivity can be obtained. Due to typically thin films, in a range of nanometers, formed
by two-dimensional perovskites, photo-detectors manufactured from these films may

be used for low energy X-rays and/or y-rays.

[0072] Hybrid perovskites generally show exceptional optoelectronic properties, such
as extremely long charge carrier lifetime and diffusion length, slow charge carrier
recombination and high absorption coefficient. Moreover, perovskites can be easily and
uniformly deposited by solution process methods (in contrast with traditional materials
like amorphous Se, crystalline Si and CdTe), making them ideal candidates for
development of cost effective, large-scale devices. In this regard, direct photon-to-
current conversion has proven to be extremely effective for X-Rays and UV-Vis
radiation detection using three-dimensional perovskites as active material in p-i-n type

MAPDI3-based photodiodes (see e.g. references 10, 14 and 22).

[0073] In embodiments of the present invention, it is shown that two-dimensional
perovskites can also effectively be used for photon-to-current conversion, and applied
in photovoltaics and/or photodetectors. In an embodiment, the two-dimensional
perovskites may be applied as a single crystal or a film. In particular, the high exciton
binding energy induced by the multi-quantum-well structure advantageously makes
two-dimensional perovskites more stable against thermal quenching compared to
three-dimensional perovskites, thereby enabling higher conversion yield at room
temperature. Referring to parts (@) and (b) of Figure 17, the photocurrent
measurements show that generally high exciton binding energies in two-dimensional
perovskites do not preclude charge extraction from these materials, aiding charge

separation when applying an external bias. While strong photocurrents from two-
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dimensional excitons have been previously shown in the visible light range using
(CeHyCoH4NH3),Pbl, (see e.g. reference 42), in embodiments of the present invention,
(EDBE)PbCI , and (EDBE)PbBr , can be applied to photodetectors selectively active in
the UV spectral range. A similar approach may also be used for X-ray induced

photocurrent for the realization of high-energy-radiation photodetectors.

[0074] As a result of self-assembled layered structures combined with charge
confinement in wells formed in inorganic layers, two-dimensional perovskites are
characterized by a strong anisotropy of charge transport properties. Referring to part (c)
of Figure 17, the crystal structure of an isostructural copper-based hybrid perovskite
(e.9. MA,CuCIBr,) is shown. The calculated effective masses are extremely high (e
and 2.39 for holes and electrons, respectively) for such a hybrid perovskite along the Z-
direction (orthogonal to the perovskite layers), while the calculated effective masses
are much lower (1.51 and 0.57 for holes and electrons, respectively) in the parallel Y-
direction (see e.g. reference 41). This is a consequence of the flat band structure (as
shown in part (d) of Figure 17) of the isostructural copper-based hybrid perovskites
which identifies that charge transport may be hampered in a direction orthogonal to the
perovskite's layers, while it is much favoured in a direction parallel to the perovskite's
layers (especially for electron transport in copper-based perovskites as in the case
here). This intrinsic property of layered perovskites suggest that lateral contacts are
preferred in two-dimensional perovskite crystals and films. In view of the intrinsic
property of two-dimensional perovskites which hampers charge transport in a direction
orthogonal to the perovskite's layers, functional organic cations (e.g. conjugated
molecules) may be used to increase the charge coupling within adjacent inorganic

planes and improve the charge transport in the orthogonal direction.

[0075] Typical two-dimensional perovskites show free-exciton, narrowband emissions
(FWHM ~ 20-30nm) with very small Stokes shifts (-4-5 nm) which are due to direct
band-to-band recombination. A selected group of two-dimensional perovskites is
characterized by an opposite behaviour, showing highly Stokes-shifted, ultra-
broadband luminescence. In this case, the luminescence is mediated by the formation
of polaronic species deriving from charge self-trapping at specific sites of the inorganic
lattice and are strongly related to structural distortions of the inorganic framework.
Examples of such self-localized polarons include self-trapped holes (STH: e.g. Pb3*, X,/

), self-trapped electrons (STEL: e.g. Pb23+) and VF centres (e.g. l;) (see e.g.
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references 44 to 46). Therefore, the emission mechanism in narrowband and
broadband perovskites is intrinsically different, being attributed to free-excitonic
emission and polaronic emission, respectively. As such, it is not straightforward to
conclude that the polaronic broadband emission in two-dimensional perovskites could

be suitable for applications in X-ray scintillators.

[0076] X-ray detectors can work in two operating modes: A) photon down-conversion,
where a scintillator material is coupled to a sensitive photodetector operating at lower
photon energies; and/or B) photon-to-current conversion, where a semiconducting
material directly converts the incoming radiation into electrical current. The
demonstration that the same broadband material can also be used as photodetector
shows that, in addition to the photon down-conversion in scintillators, the photon-to-
current approach can also be applied as alternative method for X-ray detection.
Therefore as shown in Figures 1to 17, a same two-dimensional perovskite broadband
material (e.g. (EDBE)PDbCI,) can be used for photon down-conversion in a scintillator as

well as photo-to-current conversion in a photo-detector for X-ray detection.

[0077] Examples of an electro-magnetic wave detector 1800, 1900 are shown in

Figures 18 and 19.

[0078] Referring to Figure 18, an embodiment of an electro-magnetic wave detector in
the form of a scintillator is shown. The electro-magnetic wave detector 1800 comprises
a scintillator 1802, where the scintillator 1802 is a material that exhibits scintillation
upon excitation by an electro-magnetic radiation 1804. The scintillator 1802 may
comprise a two-dimensional perovskite having a Stokes' shift of at least 50 nm.
Examples of an electro-magnetic radiation are X-ray, UV-ray, visible light, and y-ray.
Examples of a scintillator 1802 is a two-dimensional perovskite as discussed at length
in relation to Figures 1to 17 above. In an embodiment, upon excitation by an electro-
magnetic radiation 1804, the scintillator 1802 emits luminescence 1806 which is
detected by a photo-detector 1808 where the luminescence 1806 is converted to
electrical signals. The electrical signals may then be transmitted to a detector circuit
1810 electrically connected to the photo-detector 1808 where the electrical signals may

be further processed and/or analysed.

[0079] Referring to Figure 19, an embodiment of an electro-magnetic wave detector

1900 in the form of a photo-detector is shown. The photo-detector comprises an active
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layer 1902 and two electrical contacts 1904. The active layer 1902 may comprise a
two-dimensional perovskite having a Stokes' shift of at least 50 nm. In an embodiment,
the two electrical contacts 1904 are oppositely placed at either end of the active layer
1902. However, it is noted that the placement of the electrical contacts may vary
depending on requirements for the photo-detector. In an embodiment, upon excitation
by an electro-magnetic radiation 1906, the active layer 1902 of the photo-detector
generates a photo-current. The photo-current is then collected at the electrical contacts
1904 where it is further transmitted to a detector circuit 1908 to be processed and/or
analysed. Due to the layered structure in combination with charge confinement in wells
formed in inorganic layers of a two-dimensional perovskite, it is advantageous to place
the electrical contacts at either end of the active layer (e.g. a two-dimensional
perovskite) to facilitate charge transport in a direction parallel to the two-dimensional

perovskite's layers.

[0080] The electro-magnetic wave detector (either in the form of a scintillator or a
photo-detector) may comprise a two-dimensional perovskite having a Stokes' shift of at
least 50 nm to minimise loss due to re-absorption. Examples of two-dimensional
perovskite have been discussed in relation to Figures 1 to 17 above. The two-
dimensional perovskite comprised in the electro-magnetic wave detector may have a
scintillation decay time at room temperature of less than 8 ns; of less than 7 ns; of less
than 6 ns; or of less than 5 ns. The two-dimensional perovskite may be in the form of a
single crystal or a film. The electro-magnetic wave detector may comprise a cation
selected from the group of: EDBE; N-MEDA; API; AETU or CEA. The electro-magnetic
-wave detector may comprise one or more of: a halide; a Group 1Va metal; a transition
metal; a post-transition metal; or a lanthanide. The two-dimensional perovskite
comprised in the electro-magnetic wave detector may be a layered hybrid perovskite of

the Ruddlesden-Popper series with a general formula of (A),(B).4[Pb X, .i], where A is

3n+
a bulky cation, B is a small cation and X is an anion. The two-dimensional perovskite
comprised in the electro-magnetic wave detector may have a Stokes' shift of at least
100nm; at least 200nm or at least 300nm. The electro-magnetic wave detector may
comprise lateral contacts formed in a direction parallel to a layered structure of the two-
dimensional perovskite (such as in Figure 19). Alternatively, the two-dimensional
perovskite may be doped with a functional organic cation and the electro-magnetic
wave detector may comprise vertical contacts formed in a direction orthogonal to a

layered structure of the two-dimensional perovskite.
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[0081] Although only certain embodiments of the present invention have been
described in detail, many variations are possible in accordance with the appended
claims. For example, features described in relation to one embodiment may be

incorporated into one or more other embodiments and vice versa.
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Claims
1. An electro-magnetic wave detector comprising:

a two-dimensional perovskite having a polaronic emission Stokes' shifted by at

least 50 nm to minimise loss due to re-absorption.

2. The electro-magnetic wave detector according to claim 1 wherein the two-
dimensional perovskite has a scintillation decay time at room temperature of one of: 8

ns or less; 7 ns or less; 6 ns or less; and 5 ns or less.

3. The electro-magnetic wave detector according to claim 1 or claim 2 configured

as a scintillator.

4. The electro-magnetic wave detector according to claim 1 or claim 2 configured

as a photodetector.

5. The electro-magnetic wave detector according to any preceding claim wherein

the two-dimensional perovskite is in the form of a single crystal.

6. The electro-magnetic wave detector according to any one of claims 1 to 4

wherein the two-dimensional perovskite is in the form of a film.

7. The electro-magnetic wave detector according to any preceding claim

comprising a cation selected from the group of: EDBE; N-MEDA; API; AETU or CEA.

8. The electro-magnetic wave detector according to any preceding claim
comprising one or more of: a halide; a Group IVa metal; a transition metal; a post-

transition metal; or a lanthanide.

9. The electro-magnetic wave detector according to any preceding claim wherein
the two-dimensional perovskite is a layered hybrid perovskite of the Ruddlesden-
Popper series with a general formula of (A),(B) 1[PbaX;n,i], where A is a bulky cation,

B is a small cation and X is an anion.

10. The electro-magnetic wave detector according to any preceding claim wherein
the two-dimensional perovskite has a polaronic emission Stokes' shifted by at least

100nm; at least 200nm or at least 300nm.
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11. The electro-magnetic wave detector according to any preceding claim
comprising lateral contacts formed in a direction parallel to a layered structure of the

two-dimensional perovskite.

12. The electro-magnetic wave detector according to any one of claims 1 to 10,
wherein the two-dimensional perovskite is doped with a functional organic cation and
the electro-magnetic wave detector comprises vertical contacts formed in a direction

orthogonal to a layered structure of the two-dimensional perovskite.

13. The electro-magnetic wave detector according to any preceding claim
configured for broadband luminescence with a full width at half maximum (FWHM) of at

least 50nm.

14. The electro-magnetic wave detector according to any preceding claim
configured for broadband luminescence with a full width at half maximum (FWHM) of at

least 100nm.
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