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Basiricò L, Ciavatti A, Fraboni B., Adv Mater Technol. 2020 Aug; 2000475

Tedde S. et al. High-sensitivity high-resolution X-ray imaging with soft-sintered metal halide perovskites. Nat 
Electron 4, 681–688 (2021). https://doi.org/10.1038/s41928-021-00644-3

Kim, Y., Kim, K., Son, DY. et al. Printable organometallic perovskite enables large-area, low-dose X-ray 
imaging. Nature 550, 87–91 (2017). https://doi.org/10.1038/nature24032

SAMSUNG – X-ray detectors – PEROVSKITES
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New hybrid detectors for neutrons 
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BEYOND

Dispositivi FLESSIBILI, scalabili su LARGHE AREE, a BASSO 
COSTO per la RIVELAZIONE DIRETTA di neutroni termici e 

veloci in applicazioni mediche (BNCT) e monitoring ambientale
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NEUTRONI VELOCI
– perovskiti a film sottile –



2D hybrid perovskite thin films
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FAST NEUTRONS

(PEA)2PbBr4
PEA+ = C6H5C2H4NH3

+

Pb

Br

C

H

N
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FAST NEUTRONS

(PEA)2PbBr4
PEA+ = C6H5C2H4NH3

+

Pb
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DISPOSITIVI FLESSIBILI e LARGE-AREA

ALTA DENSITÀ di ATOMI a BASSO Z

BASSA CORRENTE DI BUIO 
(10-13 A @ 500 V mm-1)

NO MIGRAZIONE IONICA 
→ Maggiore Stabilità

DEPOSIZIONE 
DA SOLUZIONE

PEROVSKITI 
IBRIDE 2D
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Shao, W., Liang, H. et al. (2023). Advanced Functional Materials, 33(40)

𝐸𝑅

𝐸𝑁
=

4𝐴

1 + 𝐴 2  𝑐𝑜𝑠2𝜃

Frazione di Energia Trasferita al 
nucleo di Recoil a seguito 

dell’URTO ELASTICO
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Simulazioni – Toolkit Geant4
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CLASS
ACTIVE 

MATERIAL

DENSITY

g cm-3

HYDROGEN 

DENSITY

× 1022 cm-3

CARBON 

DENSITY

× 1022 cm-3

SOLID STATE

MHyPbCl3 3.242 3.79 --

Rubrene 1.26 3.99 --

4MHB 1.46 4.62 --

LIQUID 

SCINTILLATOR

EJ301 -- 4.82 3.98

EJ309 -- 5.43 4.35

Stilbene 1.15 4.61 --

PLASTIC 

SCINTILLATOR

EJ276D 1.099 4.65 4.94

EJ200 1.023 5.17 4.69

THIS WORK PEA2PbBr4 2.27 4.25 2.84

PPEROVSKITE IBRIDA 2D
→ ALTA DENSITÀ DI ELEMENTI A BASSO Z

→ MAX TRASFERIMENTO DI ENERGIA A SEGUITO DELL’URTO ELASTICO
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Irraggiamento @ INFN-LNL
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Acceleratore Van der Graaff (INFN-LNL, CN, 0° beamline)

Fascio 5 MeV di Deuterio, target 9Be

Fast Neutrons 9Be(d,n)10B 
(Energia = [1 – 4] MeV Flusso = [0.4 - 3] · 105 n s-1 cm-2 )

Meadows, J. W. (1993). In Nuclear Instruments and Methods in Physics Research (Vol. 324).
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Acceleratore Van der Graaff (INFN-LNL, CN, 0° beamline)

Fascio 5 MeV di Deuterio, target 9Be

Fast Neutrons 9Be(d,n)10B 
(Energia = [1 – 4] MeV Flusso = [0.4 - 3] · 105 n s-1 cm-2 )
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Max sensitivity

S = (2.6 ± 0.2) · 10-18 C n-1

Fratelli I., in preparation



Caratterizzazione del Rivelatore
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Radiation Tolerance up to 108 neutrons✓ 
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Tempo di risposta (τrise = 1,6 s; τfall = 4,2 s)✓ 
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Ripetibilità e Stabilità✓ 
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SELETTIVITÀ (= trasparenza al campo gamma)✓ 
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Efficienza a diversi spessori di perovskite

Variando la velocità di deposizione (spin coating) 
→ AUMENTO dello spessore della PEROVSKITE 

(thickness = [1-4] µm)

PROPRIETÀ di TRASPORTO CONFRONTABILI
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Efficienza a diversi spessori di perovskite

→ AUMENTO della SENSITIVITY e dell’EFFICIENZA del RIVELATORE 
all’aumentare dello SPESSORE della PEROVSKITE

MA ATTENZIONE!
1) Aumento del numero di elementi ad alto Z 

→ calo della SELETTIVITÀ
2)       FILM SPESSI offrono spesso PROPRIETÀ di TRASPORTO peggiori

→ calo dell’EFFICIENZA di COLLEZIONAMENTO 

9/ 10
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E I NEUTRONI TERMICI??
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Fabbricazione del rivelatore

FAST NEUTRONS

(PEA)2PbBr4
PEA+ = C6H5C2H4NH3

+

Pb

Br

C

H

N
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Fabbricazione del rivelatore
THERMAL NEUTRONS

(PEA)2PbBr4
PEA+ = C6H5C2H4NH3

+

Pb

Br
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MECCANISMO DI INTERAZIONE

10/ 10



Ilaria Fratelli – 16 Dicembre 2024

Fabbricazione del rivelatore

MECCANISMO DI INTERAZIONE

RF magnetron sputtering 
10B/Ti multilayer

h ≈ 1 µm

①
DEPOSIZIONE DEL LAYER 

CONVERTITORE
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Fabbricazione del rivelatore

MECCANISMO DI INTERAZIONE

RF magnetron sputtering 
10B/Ti multilayer

h ≈ 1 µm
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Microstrutture 3D attraverso
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Fabbricazione del rivelatore

MECCANISMO DI INTERAZIONE

SPIN COATING
Thickness ≈ 2 µm

③
DEPOSIZIONE della

PEROVSKITE IBRIDA 2D10x

20x
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Irraggiamento @ INFN-LNL (linea MUNES)
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Irraggiamento @ INFN-LNL (linea MUNES)

Stay tuned…

Turno 10 giorni fa…
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Conclusioni

RIVELAZIONE NEUTRONI VELOCI

RIVELAZIONE NEUTRONI TERMICI

PEROVSKITE IBRIDA 2D
→ Alta densità intrinseca di atomi a basso Z (H e C)
→ Migliori proprietà di trasporto rispetto ai materiali organici
→ Maggior stabilità ambientale, soppressione della migrazione ionica, bassa dark current

Configurazione a FILM SOTTILE
→ Stampa da soluzione scalabile su larghe aree e substrati flessibili
→ Trasparenza ai raggi gamma = selettività

PEROVSKITE IBRIDA 2D
→ Stampa da soluzione scalabile su larghe aree e substrati flessibili 

+ possibilità di avere un miglior ricoprimento delle 
microstrutture 3D

MICROSTRUTTURE 3D 10B
→ Trasferimento di carica al semiconduttore più efficiente
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Starting Point – Neutroni Termici
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APbX3
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(MA, FA)

Halogen 
anion 

(I, Br, Cl)

• High X-ray stopping 

power 10 cm-1, 

comparable to CZT.

• High carriers diffusion 

length >1μm in 

polycrystalline films.

• Low cost, low 

temperature <150 ֯C 

deposition from 

solution. 

• Optoelectronic 

properties tuning by 

controlling the 

relative amounts of 

the components 

3D  vs.
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cation 
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• High X-ray stopping 

power.

• Lower mobility

• Lower Ion migration

• Better stability

• Low cost, low 

temperature <150 ֯C 

deposition from 

solution. 

• Optoelectronic 

properties tuning by 

controlling the 

relative amounts of 

the components 

2D layered Perovskites
PEA2PbBr4 (PEA = C6H5C2H4NH3

+)



Boron Neutron Capture Therapy e dosimetria

2 / 10

1) Epithermal neutron flux > 109 n cm-2 s-1

2) Neutron energy range [0,5 eV – 10 keV]
3) Fast neutrons and gamma rays as low as possible

Incident Beam Quality

WEARABLE DOSIMETER

LOW-COST RAD-HARD

LOW POWER CONSUMPTION

Dymova MA, et al. Boron neutron capture therapy: Current status and future perspectives. Cancer Commun 2020;40(9):406–21.
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Stato dell’Arte per la rivelazione di neutroni
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• Xie A, et al. Lithium-doped two-dimensional perovskite scintillator for wide-
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VACUTEC

Contatori Proporzionali a Gas Scintillatori Rivelatori allo Stato Solido

• McGregor DS et al. Self-biased boron-10 coated high-purity epitaxial GaAs 
thermal neutron detectors. IEEE Trans Nucl Sci. 2000;47(4 PART 1):1364–70.
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Carenza di 3He
Alti costi di produzione
Impatto ambientale
Alto consumo energetico

Bassa emissione di luce

Tempi di risposta

Accoppiamento→ < SNR

Trasferimento alpha inefficiente

Ilaria Fratelli – 16 Dicembre 2024



Interazione neutrone termico-materia

Cross Section (barn) @ 0.025 eV Natural Abundance (%)

6Li 942 7,6%

10B 3842 19,9%

(Q = 2,31 MeV)

(Q = 2,792 MeV)

(Q = 4,78 MeV)

Ilaria Fratelli – 16 Dicembre 2024



Spettrometria con PVK - letteratura

Quevedo-Lopez M., et al. Adv Mater Technol. 2020;5(12):3–9.

AlphaGamma
CsPbBr3

He, Y., Matei, L., Jung, H.J. et al. Nat Commun 9, 1609 (2018). 
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Electron/hole pair creation mean energy

W = 2EG + 1.43 eV

The energy gap value of (PEA)2PbBr4 of EG = (3.00± 0.03) →W(PEA)2PbBr4 = (7.43 ± 0.06) eV.

empirical model of Devanathan



REQUIRED PROPERTIES

o HIGH SENSITIVITY

5 MeV proton Detection @ LABEC
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MATERIAL
ELECTRIC 

FIELD
(V µm-1)

PROTON 
ENERGY
(MeV)

SENSITIVITY REF.

MAPbBr3 + (PEA)2PbBr4 0.2 5 (1.12 ± 0.01)·10-18 C H+ -1 [1]

TIPGe-pentacene 0.03 5 (6.4 ± 0.2)·10-20 C H+ -1 [2]

MAPbBr3 0.01 3 (2.19 ± 0.03)·10-18 C H+ -1 [3]

CsPbCl3 2 100-228 4·10-20 C H+ -1 [4]

(PEA)2PbBr4 0.2 5 (4.25 ± 0.02)·10-18 C H+ -1 This 
work

Dose Linearity

Low Bias Operation

Basiricò, Fraboni et al., Adv. Sci. 2022, 2204815, 1.

I. Fratelli, Fraboni et al., Sci Adv 2021, 7, eabf4462.

H. Huang, et al., ACS Appl Electron Mater 2022, DOI 10.1021/acsaelm.2c01406.

M. Bruzzi, et al., Front Phys 2023, 11, 1.
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REQUIRED PROPERTIES

o HIGH Signal to Noise Ratio → dark current has
to be lower than 1% of the signal current

5 MeV proton Detection @ LABEC
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REQUIRED PROPERTIES

o FAST RESPONSE for Real-Time monitoring

5 MeV proton Detection @ LABEC

Fratelli et al., Adv. Sci. 2024, 101002/advs.202401124
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REQUIRED PROPERTIES

o TRANSPARENT to be placed in-line avoiding 
perturbation of the primary beam

5 MeV proton Detection @ LABEC
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Each 5 MeV proton passes through the 2D 
perovskite layer releasing 12 keV μm-1

Fratelli et al., Adv. Sci. 2024, 101002/advs.202401124
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REQUIRED PROPERTIES

o RADIATION TOLERANT for reliable and stable 
response ( > 2 Gy)

5 MeV proton Detection @ LABEC
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REQUIRED PROPERTIES

o LARGE AREA and FLEXIBLE (> 10 x 10 cm2) and 
good SPATIAL RESOLUTION device 1

 device 2
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Pixel dimension 
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Flexibility
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Energy Deposited by 1H and 12C (MeV)
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Studio di diversi spessori per aumentare l’efficienza

10 µm 20 µm 40 µm 60 µm 100 µm



Boron 
(400 nm x 6h)

Boron + Ti
Co-sputtered

(few nm x 30 min)

Titanium
(35 nm x 1 h)



Meadows, J. W. (1993). The 9 Be(d, n) thick-target neutron spectra for deuteron energies between 2.6 and 7.0 MeV. In Nuclear Instruments and 
Methods in Physics Research (Vol. 324).
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