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ABSTRACT

lonization radiation photons such as X-ray and gamay have been widely applied in
the nuclear power industry, medical imaging, sdientresearch, and aerospace
exploration. Developing a protective material witkcellent shielding properties and
clear visibility is an urgent demand in order t@tpct people who are working in a
radiation environment. Hence, we present a highiigient radiation shielding material
based on lead halide organic-inorganic perovskiigles crystals with visual clarity,
high efficiency and attenuation coefficient, andnttalf-value layer. Our results
indicate that the shielding performances (massaditigon coefficients, effective atomic
numbers and half value layer) of the perovskitestedg are at least one order higher
than the current commercial products, such as Rouoesalent plastic, Polyethylene

terephthalate, and colorless glass. In additioopgties, physical properties (density),



and optical properties (transmission, refractivdek), can be slightly tuned by the
dopant Br concentration in crystals. The preserdulte demonstrate that the
organic-inorganic perovksite single crystals arenoged for high attenuation radiation

shielding materials with visual clarity.

Keywords. Perovskite single crystals, Radiation shielding;ra¥ protection,

Gamma-ray protection, High attenuation coefficient

1. Introduction

Radiation photons (X-ray or gamma ray) have beepl&yed as valuable tools in
medical, agriculture, scientific research, homelaadurity and aerospace exploration
[1-6]. While all these applications are greatly diel for human life, unwanted
exposures such as scattering X-rays, emergencydeatsi and cosmic ray are
hazardous to lives with varying effects. High doadiation can produce immediate
harmful effects, such as skin burn, radiation s&sey and radiation can increase the
risk of cancer [7,8]. Therefore, how to preventiaidn that could cause physical
harm to human and their surroundings is a seri@afstys concern to use that
equipment, which potentially emits hazardous r&y%Q].

The incident photons either scattered or absorbeal single event through various
interaction process with atoms, electrons or nuoleimaterials [11]. Thus, high
atomic number (Z) materials have been employedtemaate the X-ray or gamma
ray. In general, metallic shielding materials wathigh density such as iron (Fe), lead
(Pb), tungsten (W) are effective alternatives feducing the intensity of radiation.
Among those heavy metallic materials, Pb is traddily the most popularly and
widely material used for providing durable shielgliof gamma rays and X-rays, due
to its high atomic number and easy process. Howévese heavy and bulky metallic
materials could not serve all the requirements o$tapplications [12]. For example,
mobile nuclear devices and manned space craftgweght and have less volume

radiation shielding materials are preferred due space and maneuverability



constraints imposed by the vehicles. In additionmedical and scientific research,
optically clear with full radiation protection isiigable for observation windows to
protect observers, operators, or workers [13].

Recently, numerous research focuses on lead-bakexldisg materials with
transparent in visible light for shielding the uméed X or gamma radiation. Lead
glass and polymer are the most successful comnhgn@ducts for X¢) ray shield.
Lead glass is heavy, expensive and easily breakiduadelensity of the polymer is low
and with weak attenuation performance. In addittbe, shielding efficiency of those
materials is lower than the theoretical expectatespecially when they are thin [14].
Therefore, there are still some challenges thait liheir applications such as cost,
weight and optical properties (refractive index,nlivear optical susceptibility,
infrared transparency) [15]. Much efforts still kde develop new shielding materials
with low cost, high attenuation coefficients, thisible light transparent and other
specific physical properties that can reduce as maggbossible harmful X or gamma
rays to meet the particular safety requirement I8D-A visual clarity shielding
material is expected to have high transparent, hitgnuation coefficients and thin
half value layer that can significantly attenudte tncident radiation intensity with
relatively small materials.

Organic-inorganic methylammonium lead halide pekdesmaterials CBNH3PbXs
(MAPDbX3, where MA is CHNH3, X=Br, I, Cl) have been attracted in a variety of
optoelectronics applications such as solar cegltlemitting diodes (LEDs), laser and
photodetectors [16-19]. The outstanding performanoé these applications are
mainly attributed to the electronic properties thignobility—lifetime product, long
diffusion length and low trap density) and optigadoperties (high absorption
coefficient, tunable direct optical band-gap) [Zf)-2In addition, thanks to the
existence of heavy atoms enhanced the ionizatidiatran attenuation properties,
perovskite also has been successfully demonstratedietect ionization radiation
(charged particles, XJ ray) [23-26]. Therefore, perovksite materials aptimal for
radiation shielding.

In this paper, we have successfully grown a highlityuvisible light transparent



MAPDBBI,Cl;x SCs with various dopant concentration and thickneg using the

solution growth method. These organic-inorganicopgkite materials exhibit high
transparent and attenuation coefficients with higffiective radiation shielding
performance. The shielding performance for 59kedtphs is more than 10 times

higher than that of polymer composites [27-29].

2. Experimental section

2.1 Synthesis of perovskitesingle crystals

Synthesis of perovskite single crystals: High dygtierovskite single crystals were
synthesized by using inverse temperature crysadilim growth method with two
steps. Firstly, growth C#NH3Cl (MACI) powder using a molar ratio of 1:1
methylamine (33 wt% in absolute ethanol) and hydiardde acid (33 wt% in water)
stirred at OC ice bath for 1.5 h. To increase the purity, the,ras-grown MACI
powder was washed with ethanol and diethyl etherafoleast three times, until it
appears snow white. Then, prepare precursor salltty dissolving various molar
ratios of MACI, PbBs (99.99%), PbGl (99.99%) into 2 mol dimethyl sulfoxide
(DMSO, 99%) until it saturated. A 2um PTFE filteasvused to filter the precursor
solution, and then semi-transparent high-qualityd&ped MAPbG SCs were
harvested from solution after increasing its terapge to 90°C. The size of the
crystal was determined by the growth time.

2.3. Characterization

The element's content of crystals was characteribgda homemade X-ray
fluorescence (XRF) spectroscopy system at room ¢eatypre. This system consists of
X-ray tube, a silicon drift detector (Amptek XR-1RIDD) with a Be window and a
laser rangefinder. Optical transmission spectruns wexorded using a Cary 5000
UV-Visible spectrometer in the range of 350-600nm.

The radiation shielding performances were recorogda radiation dosimeter and
spectroscopy detection system. The pulse heighttrsime was recorded by a High
purity Germanium (HPGe) detector from ORTEC incray- photons were coming

from X-ray tube (Mo target) operated at a varioadtage, which collimated by a



copper collimator with the diameter of 2mm. Am-20125.Ci) and Pu-238 (8.79mCi)
were employed as excitgdray radiation source. To avoid the effect of eeditalpha
particles from the Am-241 source, a thin layer &fndm Teflon was covered on the
radiation surface. All the measurements were iiaioom temperature.

3. Results and discussion

3.1. Materials characterization
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Fig. 1. Physical properties of MAPDbRCI;x SCs. (a) side view of three
MAPDbBILCl;.x SCs with different thickness and Br dopant conegion. (b)
calculated effective Z value of crystals with vaisoBr content. (c) the density of
MAPDbLBILCl;.x SCs as a function of Br concentration. (d) XRF cspe of
MAPDBBI,Cl;x SCs that excited by 25keV X-ray from a portableay-tube with a
silver anode, operated at 25kV. The black triargjends for Cl element, the red
square stands for Pb element, the blue circle sttoxdBr element. This measurement
is carried in the air at room temperature, thussigaals from the air and background

shielding materials have been recorded.

Various semi-transparent Br dopant MAPHGSLCs with different thickness have been

harvested from the saturated dimethyl sulfoxide @ solution (Materials and



growth method) that consists of MACI, Pb@hd PbBys. The color of the crystals is
determined by the Br concentration, the real optioages of MAPbB(Cl;.x SCs as
shown in Figure la. Effective atomic numbegdzand density are two basic physical
parameters that indicate the radiation shieldimgperties. High & and density are
the two key strategies to obtain excellent shigigyerformance for Xy ray. Zg is
theoretically given by using Mayneord’s equatidg; = “‘{/ziTizin, where, n; is
the relative fraction of the total number of eleas, Z; is the atomic number of each
element [30]. The density of the crystals is meadudrom the real crystals. ThesZ
and density values are tuned from 66.6 and 3.04fer83.7 and 3.79 g/chwith the
increasing of heavy atomic Br concentration (aswshan Figure 1b and 1c). To
measure the Br concentration, we have investigiiedrystals by using a homemade
X-ray Fluorescence (XRF) analysis system [31]. €hrain peaks ascribed to Pb, ClI
and Br elements have been observed, the other pmakdrom air and/or the
background shielding materials. The actual molatioraof CI/(CI+Br) in
MAPDbBILCl;x SCs is obtained from these three peaks (Table 1).

Table 1 the chemical composition of MAPRBI; 4

Pb wt% Cl wt% Br wt%
MAPDCl3 58.19 41.81 0
MAPDBI(.04Cl>.06 50.36 48.22 1.42
MAPDBIg.11Cl2 89 51.20 44.96 3.84
MAPDBIp 16Cl>. 84 51.89 42.82 5.29
MAPDBIg 2LCl> 77 52.26 40.34 7.4
MAPDBI 25Cl> 75 52.76 39.10 8.14




3.2 Optical properties
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Fig. 2. Tunable optical properties of MAPbEH;., SCs. (a) normalized transmission
of MAPbBrClsx SCs in the range of 350 nm to 600 nm; (b, c) dated optical

band-gap and refractive index versus molar ratiGl4Br+Cl).

Optical characterizations (transmission, opticalddgap and refractive index) of the
MAPDbBI,Cl;« SCs are presented in Figure 2. Transmission speelre carried out at
room temperature by Cary 5000. The transmissicdhetrystals are depended by the
thickness. Sharp and clear cut-off edges have bésarved that tunable with the
dopant Br content, which is attributed to band-ghporption. Optical band-gap was
extracted from the cut-off edge by using Tauc’satigun. The relationship between
optical band-gap and the molar ratio of Cl to Br#€lplotted in Figure 2b, that
exhibits a nearly linear relationship with the &sing of Cl content from 2.18eV of
MAPDbLBr; to 3.0 eV of MAPbG. Refractive index is an important metric that
determines the path of a visible photon at therfiate at two media, and also

correlates to the band-gap. The refractive indesdypet is obtained using Moss
equation:Egn4 = k, where k is a constant with a value of 108eV [3R,Figure 2c

shows the calculated refractive index as a funabiomolar ratio, at a low content of
Br, and the refractive index at around 2.3 has lmdxained. With the increasing of Br
content, refractive index is decreasing to abo6t The results indicate that the
optical properties (transmission, optical band-gapd refractive index) of

MAPDBBI,Cl;« SCs are strongly dependent by the concentraticiopént Br.



3.3 X- and Gamma rays shielding
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Fig. 3. Radiation shielding: (a) schematic of the expentfer radiation shielding
measurement. (b) typical pulse height spectraibigion of y ray that shielded by
MAPDLCIl; SCs samples. The spectra were collected by HigltypGermanium
detector. The radiation source is Am-241 with thavdy of 0.25 uCi. (c) radiation

shielding efficiency of X-ray as a function of dop@r and incident X-ray energy.

To measure the X ray shielding properties of the crystals, theeschtic of our
homemade measurement is shown in Figure 3a. listersf a radiation source, lead
collimator, and dosimeter or radiation detectore Tadiation source of X-ray from an
X-ray tube with Ag target angray from radioactive isotope source, respectivally.
radiation sources were collimated by a lead colonavith a diameter of 2mm. The
shielding perovskite crystals were placed betwedtntator and detector with the
same height. High purity Germanium (HPGe) deteatud X{) ray dosimeter were
employed to investigate the attenuation performance

Figure 3b shows the pulse height spectra of Ams2diation source with and without
shielding. To avoid the effect of the charged e, a thin layer of white paper has
been used to cover the surface of the source. Vihgrm MAPbC SCs with the
dimension of 10.18mm (L)x11.2mm (W)x0.54mm (H) weasployed to shield the
59keV y-ray from the source, the intensity of photopeaklesreased several times.
Furthermore, an X-ray tube with Mo target has besployed as a radiation source
that operated at a different voltage. The dimensbénthe other two samples
MAPDBIg 0Ll 958 and MAPDBJ 6:Cl; 35 are 9.6 mm (L)x9.7 mm (W)x0.49mm (H)
and 10.43 mm (L)x11.55 mm (W)x0.35mm (H), respeatdtivThese three samples



presented good shielding efficiency, as shown guig.3c. The shielding efficiency is
defined as (1-1§)x100%, where, | is the initial radiation intensikyis the transmitted
radiation intensity. The shielding efficiency iscdeasing, while the energy of incident
X-ray is increasing. The best shielding efficieméythese three samples is up to 90%,

while the X-ray tube operated at 30kV.
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Fig. 4. (a) Mass attenuation coefficient and (b) half ealayer of MAPb with
different dopant Br concentration, and as a fumctibphoton energy.

It is worthwhile to be mentioned that the radiatsimelding efficiency decreased with
the Br doped into the perovskite SCs, this is bedito the different thickness of

these three samples. Thus two precise metrics sed to evaluate the radiation
shielding performance: mass attenuation coeffisiéhfp) and half value layer (HVL).
For a non-radiation scattering attenuation mediaotording to Beer-Lambert’'s law
equation], = Ioe_(%)pX , Where “/p is the mass attenuation coefficiept,is the

density of material, | is the intensity of inciderddiation photons andis the
intensity of transparent radiation photons, and the thickness of the material. HVL

is defined as the thickness of the materials atkvthe incident radiation intensity is
reduced by one half. It is can be calculated frbendquation ofHVL = 0-693/,.

To measure these two important metrics, a serigadibisotopes (Am-241: 59keV,;

Pu-238: 43keV, 99keV, 152keV;) have been used asrgasource. The values of

u/p and HVL for various Br dopant MAPbEECs have been measured as shown in

Figure 4. It is observed that the value cH‘/p is increasing with the Br concentration,



which is due to the higher density of crystals witbre Br concentration than that of
pure MAPbC} single crystals. Theu(p) values are decreasing with the increasing of
incident radiation photon energy, due to the watdnaation efficiency. However, the
values of kl/p) exhibit a weak increasing at 100keV comparinghvifkeV, this is

because of the X-ray absorption resonance at #&rehic edge of Pb K shell in
MAPbBrXC|3_X.
Table 2 Comparison of perovskite materials with eoal shielding materials at

59keV

Density| pulp HVL
Materials (Zewr) | transparency Ref
(g/en?) | (enf/g) | (cm)
Error
!
Refer
Bone-equivalent ence
1.45 0.253*| 1.89* 7.57 clarity
plastic (B-100) sourc
enot
found
[27]
Error
!
Refer
Polyethylene
ence
terephthalate 1.38 0.175*| 2.87* 4.6 clarity
sourc
(mylar)
enot
found
[27]
Al-steel 1.9-
0.711 055| 214 opacity [28]
composite foam 2.0
Aluminum A3 56 2.7 0.277 0.92 11.7 opacity | Error




Refer
ence
sourc
enot
found

[28]

Steel-steel

2.7-2.8 0.92 0.28| 26.8 opacity [28]
composite foam

1.80- | 0.391- | 0.714-| 13.55-
Colourless glass clarity [29]
2.03 0.478 | 0.977| 15.05

This
MAPbBI'O.25C|2.75 3.79 6.1 0.03 83.7 clarity

paper

*Calculated result from the literature

We then compared the shielding performances of plevskite materials with
successful commercial products (polymer, plastiasg). As shown in Tabel 2, our
results indicate that the shielding ability of peksite is about 10 times or more than
Bone-equivalent plastic (B-100), Polyethylene tétbplate (mylar) [27], plastic [28],

colourless glass [29].

a
X(y)-rays X(v)-rays
K
Nucleus
pectron

ANAN)

TN

Electron

Fig. 5. Schematic of shielding process: (a) photoeledffiect process, electrons are
emitted from atoms; (b) proposed mechanism of)Xrteraction with MAPbBICl3 «
at low energy (<500keV). When a beam of ¥ kay pass through the crystals and

collides with heavy atoms (Pb, Br, Cl), it will osfer all of its energy to the eject



electron. Therefore, the incident ¥ fays are attenuated by perovskite materials.

The shielding performances of perovskite mateaats correlated to the interaction with
incident ionization photons (X array). A beam of ionization photons exposure oht t
materials, three main physical processes can odcile these photons interact with the
materials: the photoelectric effect is the emissientrons from atoms; Compton scattering is
the scattering of photons on electrons resultirmygsnloss; pair production is the absorbed
photons created an electron-positron pairs neaudkeus. Thus, the total attenuation

coefficientg,a1) CaN be expressed as [34]:
Riotal = Mpe T Mcomp T Hpair (1)

where, e, Keomp, @Nd Hp,ir are the attenuation coefficients caused by preatiiel effect,

Compton scattering, and pair production, respdgtivr a given material, the interaction
mechanism between photons and material are depbgdeddent photons energy. At low
energy (<500keV), photoelectric absorption is tbmidant process. As shown in Figure 5,
the incident photon is completely absorbed by at@nd transfer its energy to the electron

that ejected with a finite kinetic enerBy:
Ec. =E, — Eg (2

where, E,, is the energy of the incident photdiy is the electronic binding energy [34,35].
However, not all the photons of the incident gameayacould interact with perovskite (Figure

5b). The PE interaction cross-section is inverpeportional to gamma photon energy and

atomic number, can be estimated gs « v /E3'5' where exponent n in the range of 4 to 5.
Y

It is to be noticed that the slightly enhancedldimg performance of Br-doped materials is

mainly caused by the K-shell of Br. The shieldiegigrmance (large value df/(p) and thin



HVL) at 100keV is better than at 60keV, this pheanon is attributed to K-shell absorption
edge of Pb [36].

3.4 Stability
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Fig. 6. Radiation stability: (a) intensity shielding eféacy of crystal, as grown and
after radiation (b) comparison of pulse height $@ecf Pu-238 radiation source after
shielded by as-grown and after radiation MAPKSXCs crystals. The radiation gamma

ray is from Co-60 source, after exposure for 8hnuhie dose rate of 5520Gy.

Radiation stability is another concerned problemdaioplications, therefore, we have
evaluated the shielding stability of perovskitestays under gamma ray. The crystals
were loaded into the radiation room in Co-60 radratenter at Nanjing University of
Aeronautics and Astronautics in the air at room gerature. The total exposure
radiation dose rate is up to 5520Gy after 8h exfdNo significant degradation of
shielding performance has been observed as showrigmre 6a, b. The weak
shielding efficiency degradation is mainly attriedtto ion immigration under the

photon irradiation, which is also demonstratedrivpus literature [37,38].

4.Conclusions

High-quality MAPbBKCls « single crystals have been obtained by using atisolu

growth method at low temperature. TheyXphotons radiation shielding properties



(mass attenuation coefficients, effective atomic Ibers, half value layer) of
MAPDbLBLCl;x SCs have been systematically investigated, and rddiation

performances can be enhanced by the Br concemiraiibe perovskite crystals
exhibited ultra-stability under a high dose rategainma ray irradiation. In addition,
the crystals exhibit high transparency in the Vesitange with tunable cut-off edge
and refractive index. These results indicate thatMAPbBKCI;x SCs is optimal to
provide radiation shielding that requires a visehdrity and radiation shielding
applications, especially for medical treatment, ding, diagnostic and industrial

workplace.
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