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Motivation:
Large area, flexible X-and gamma- ray detectors

health diagnostic applications Citizens security: “smart walls/pillars” Airport security

—

Many novel applications for detectors
combining: low cost, low power supply ,
mechanical flexibility and real time
response
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State-of-the-art Direct
Semiconductor detectors

CZT Single Crystals a-Se + TFT AMA

Material CdTe (0
Crystal structure Cubic (ZB) ,ngo
Growth method THM
Atomic number 48,52
Density (g/cm’) 6.20
Band gap (eV) 1.44
Falr creation
4.43
energy (eV)
Resistivity (Qem)  10° a-Se
Pete (em*/V) 10° Eg 2.2 eV
T [cmlf\'} 1o ] 49 pm at 20 keV
p— 998 pm at 60 keV
Wy 45 eV at 10V/pm
20 eV at 30V/pm
Photoconductor : _ T 0B [V
T = 7, Electron Hole Electron g7, 3= 1077 = 10"2em?/V
? Hole 106 =6 % 10 *em?/V
/ . . \Y HeT, (cm’ J'V) LT [cmE;’V) ole jipTh x r“mr.
Best performlng (hlgh HT) Dark Current 0.1pA/mm?Z at 10V L
X very expensive OVim 07001 ¥ Large (limited) active area
0 V/ipm -
X mechanical stiffness X Expensive
4
. 5 D . ;
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State-of-the-art Direct
Semiconductor detectors

CZT Single Crystals

Material CdTe

Crystal structure Cubic (ZB)
Growth method THM

Atomlc number 48, 52
Density (g/cm’) 6.20
Band gap (eV) 1.44
Fair creation

4.43

energy (eV)
Resistivity (£ cm) 10°

a-Se + TFT AMA

a-Se
Eg 22eV
] 49 pm at 20 keV
998 pm at 60 keV
W 45 eV at 10V/pm

Electron g7,
Hole ppm,
Dark Current
Electric Field
Thickness

Electron transit time

20 eV at 30V/pm
3% 1077 = 10" %em?/V
106 6% 10 5em?/V
0.1pA/mm? at 10Vpm

10430V, pm
200=1000m
0.1+0.5ms at 10Vum

p,t,{tmz."\"} 0
T (€ mlf\"} 10
Photoconductor
Stat o at 20 keV E, W Electron Hole
atc 3
, O at 60 keV eV eV HeTe (cm™/V) | i (cmE;’V)
Preparation
Stabilized a-Se 19 45 at 10 V/
Amorphous > Hm 22 atmYIm  3007-10° [10%-6x 107
. 098 um 20 at 30 V/um
Vacuum deposition [15]
CdgsZngsTe
Polycrystalli 80
olycrysta mel | pm 17 : 2% 107 3% 10"
Vacuum deposition 250 um
(sublimination)
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Flexible Large Area Electronics:
Material Platforms

Amorphous Silicon [Organic Semiconductors Perovskites
' e. g. TIPS pentacene e. g. MAPDI,

physical deposition solution deposition solution deposition
— 2 — 2
u=1cm?4\Vs u=1cm?\Vs u = 1-600 cm2Vs
L. Basirico et al. Nature Comm 7, 13063 (2016)

) A.Ciavatti et al., Adv. Funct. Mater. 29, 1902346
|.Temino et al., Nature Comm. 11, 235 (2020) (2019)
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Flexible Large Area Electronics:
Material Platforms

llaria Fratelli . : .
Comm (Sez V) atticon12462 Organic Semiconductor Perovskites

e. g. TIPS pentacene e. g. MAPDI,

solution deposition solution deposition
p=1cm?Vs u = 1-600 cm?Vs
Laura Basirico’ L. Basirico et al. Nature Comm 7, 13063 (2016) A.Ciavatti et al., Adv. Funct. Mater. 29, 1902346

INVITED (Sez V) 14/9 |.Temino et al., Nature Comm. 11, 235 (2020) (2019)

Andrea Ciavatti
Comm (Sez Il)
atticon12553
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Comm (Sez VI)
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Hybrid Perovskites: why?

- High perfoming,
solution processed solar cells

|
24— v NREL Solar ZSW o
Sanyo (15.4% : °
o Sl KRICT/ s
= 7SI EMPA (Flex poly) NREL T NS o
20 - T oW s S g -y High attenuated fraction:
NREL U L
. U. Stuttgart_ Eraunhofer ISE f_Tina Solo Heavy atoms (eg Pb) inside
2 V First Solar rontier
°>. 16 - " Mitsubishi B GID Jph '3
ar ; searc ] -
= } Urited Solar CheD | ecyonics RPFLG NREL Q ] Jooy enerdy
o (aSi/ncSilncSi) D—= 3.4% ? 17keV
B sl ik :
) 12 1T ne = BM U.Toronto el 017
= o— " Chem s
= 8 KonarkagsZ & Uéft‘am : U.Toronto - ]
B Solarmer < L ISYMT ) Toront S
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U. Linz g E
A U.Toronto °
; (PbS-QD) 2 1
i Siemens U.Dresden < | NREL S 1E-3
(ZnO/PbS-QD) qc) E
| | | | | | | | ] | | | | = = = {|0S-pen
0 | | | ‘ z ips-p
2005 2010 2015 2020 e m— Cytop
3 == perovskite (CH3NH3PbI3)
. . - = Silicon
=== High charge carrier mobility : ——CZT
up to 1 — 70(600) cm?/Vs 1E-6 e —
1E-5 1E-4 1E-3 0.01 0.1 1

thickness (cm)
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Perovskites for direct X-ray detection

THICK SINGLE CRYSTALS

FILMs 300nm — 60um

S. Yakunin et al, Nature Photonics, 9 (2015) 444 C. Stoumpos, Cryst. Growth Des., 13 (2013) 2722
Liu et al, Advanced Materials 31, (2019) 1901644 D.N. Dirin et al., Chem Mater., 28 (2016) 8470
FLEXIBLE S. Yakunin et al, Nature Photonics, 10 (2016) 585
THICK FILMs/wafers 200um-1mm Wei et al., Nature Photonics, 10 (2016) 333
S. Shrestha et al., Nature Photonics, 11 (2017) 436 Wei et al., Nature Photonics, 11 (2017) 315
Y.C. Kim et al., Nature, 550 (2017) 87 Wei et al., Nature Mat., 16 (2017) 826
Bruzzi et al, /APL Materials 7, 051101 (2019) O. Nazarenko et al., NPG Asia Materials, 9 (2017) 373

Pan et al, Nature Photonics 11 (2017) 726
Steele et al, Adv. Mater. 30 (2018)1804450
Li, ACS Appl. Mater. Interfaces (2019)11, 7, 75\22

W. Pan gt al, Adv Mat (2019)%9
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DIRECTDETECTION

Organic semiconductors and Perovskites

for X-ray detection: sensitivity

X photons to electrical
charge carriers

Printed large area perovskite film s e V;
T Hybrid 3 -
‘ o BHJ:Bi203  %E&.|} -
blend 3
Py N —

High-sensitive full-organic
thin-film

Organic Films

Organic Single Crystals
Perovskite Films
Perovskite Single Crystals

N
o
)
SO

S Flexible OSC

£ 10°
© poly-CZT
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M 107

O A

= 10

b p % el
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E 100 mss W54 e O - First lead-free PSC /\
- — . 56 ) & | | o  Flexible PET
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-2 O20
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2006 2008 2010 2012 2014 2016 2018 2020 2022

Year
Basirico’, Ciavatti & Fraboni Advanced Materials Technologies 2000475 (2020)

A.Ciavatti et al. Advanced Functional Materials (2019)

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




DIRECTDETECTION

e e o X ray beam
Organic semiconductors and Perovskites ||
for X-ray detection: thickness -.
. m Perovskite | i |
— 10 3 e Organic
E el o [22]
Tu 10 E .[23]
@ 10° m[64] wl[101] i
U =
=
@ 1073 15 o) ]
£ [25]
< 1 o[28] ® o971 gl59]
E\ 101 3 .[TS] ..[BD] 3
=
'E 10° 3 o[21] nl16] -[54][5g][56] ]
® o 2%
10-1_'I LRI | L | L | LR | L L | T
10~ 10" 10° 10’ 10° 10°
Thickness (um) ¢ Flexible
Y. C. Kim et al Nature 550, 87 (2017) - QDs phOtOCOﬂdUCtOI’
J. Liu et al, Advanced Materials 31, 1901644 (2019) [64] . tability/ ducibilit
W. Pan et al Advanced Materials 31, 1904405 (2019) poor stability/reproducibiiity

Basirico’, Ciavatti & Fraboni Advanced Materials Technologies 2000475 (2020)
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DIRECTDETECTION

Our approach s

B

X photons to electrical
charge carriers

» Mixed-halide perovskite thin films (solution deposited)

(CS.05(FA0.83MAg 17)0.05Pbl3.,Br,) - 500 nm thick

PET 1.4 micron thick substrate

» Photodiode architecture (solar cells know-how)
Inverted (p-i-n) configuration

> Interface materials and properties
ETL: PCBM (phenyl-C61-butyric acid methyl ester)

PTCDI (N,N’-Dimethyl-3,4,9,10-Perylentetracarboxylic diimide)
HTL: PEDOT:PSS (poly(3,4-ethylenedioxythiophene):PSS)

NiOXx
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Our ultraflexible perovskite detectors

encapsulation

top contact

buffer layer ~ !
ETL —3

Perovskite @ @\
HTL ™
bottom contact —
detector PET(1.4 um) \\
—al SN\
c Device architeciure Sensitivity dark current LoD
_r PEDOT/Per/PCBM/BCP 22401 2.740.1 25404
?
% - PEDOT/Per/PCBMITIO, 75:03 1.62:0.06 06:0.1
£
L NiO,/Per/PCBM/ECF (LC) 30102 0.03040.004 25103
—  PEDOT/Per/PTCDICr,0, 7.9:0.4 2.120.1 9.9:0.2
; g ] |
84 PEDOT/PerPTCDICKO, (LC) f' 93105 |—H 0.5:0.2 | 241206
O
=
& | pEDOTPerPTCDICHO, (FS) H-| 73103 | 3311 H-| 1.710.2
0 2 4 6 8 10 12 0.01 0.1 1 10 100 041 1 10
(LC) - large contact Normalized sensitivity (LC/(Gy cm?)) Dark current (nA cm?) Limit of detection (uGy/s)

(FS) - free standing
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Our ultraflexible perovskite detectors

encapsulation
top contact
| AP 7 = Kbuﬁer layer
| Different structures show different behaviours
B\t A S
TR (and performance) S
PO g <
o \5& bottom contact
detector h PET(1.4 um) = \
\ —a N\
c Device architeciure Sensitivity dark current LoD

- PEDOT/Per/PCBM/BCP 2.2:01 2.7:0.1 2.540.4
(1))
w
% - PEDOT/Per/PCBM/TIO, 7.540.3 1.62+0.06 0.6+0.1
£

— NiO,/Per/PCBM/BCF (LC) 3.010.2 0.030+0.004 25+0.3

— FPEDOT/Per/PTCDICr.O, 7.8140.4 21101 9.940.2
; 5 ] I
Ol PEDOTPerPTCDICHO, (LC) f' 9.3405 |—H 0.540.2 | 24.110.6
O
=
o L PEDOT/Per/PTCDI/Cr,O, (FS) H—I 7.310.3 ' 331 H'I 1.740.2

0 2 4 6 8 10 12 001 0 1 10 100 04 1 10

(LC) - large contact Normalized sensitivity (LC/(Gy cm?)) Dark current (nA cm?) Limit of detection (uGy/s)

(FS) - free standing
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PCBM-based structures

PEDOT/Per/PCBM/BCP PEDOT/Per/PCBM/TIO, NiO,/Per/PCBM/BCP (LC) X-ray energy:
40KeV
8 8 T T T T T T 8 r T . ‘ : :
318 uGys —9193 nGy/p —1665 Payis 318 uGy/s —993 uGy/s —1665 PGy/s 318 pGy/s —993 pGyls —1665 PGy/s
4t ] 4 4t ]
& ol R
£ X-rgys 't £
Q o [&]
< O 2 0 < 0
£ ON | OFF| ON |OFF|ON £ i ’ £
& > =
2 4 E 4t 2 -4
3 ! \ g 3
5 4 EaC | £ 4
5 5 5
O O
12 © 2 L \ \ 12
'18 _16 1 I I I 1 1 16 I 1 1 L 1 1
5 10 15 20 25 30 0 5 10 15 20 25 30 5 10 15 20 25 30
Time (s) Time {s) Time (s)
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PCBM-based structures

e

v Llnear response (dosimeters)

v' 0V bias: fully passive detectors

PEDOT/Per/PCBM/TiO,

PEDOT/Per/PCBM/BCP NiO,/Per/PCBM/BCP (LC) X-ray energy:

40KeV
15 —o— 0.0V . 15F —o— 0.0V - 15F —o— 0.0V
—o— 0.2V - 02V : —o— 0.2V
—o— 0.4V —o- 04V —o— 0.4V
& 12 o .06V 1 12y = 12F o .06V
g —o— 0.8V § 5 —o— 08V
:(E 9_—0—-1_0\/ E 9 :é_, 9_—0—-1.0\!
= = =
_JO _JD __'D
5 6f 5 6} 5 6f
1 1 i
4 4 d
3t 3t _ S ; 3l
Slope=sensitivity
0 : : : : 0 : : : : 0 : : : :
400 800 1200 1600 400 800 1200 1600 400 800 1200 1600
Dose rate (pGy/s) Dose rate (uGy/s) Dose rate (uGy/s)
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PTCDI-based structures

PEDOT/Per/PTCDI/Cr,0, PEDOT/Per/PTCDI/Cr,0; (LC)

5| —318 uGy/s —993 pGy/s —1665 pGy/s 5 318 UGyfs =—=993 uGy/s =——1665 uGy/s |
——615 UCy/s =—=1332 nGy/s —615 uGyfs —1332 uGy/s
<« o} 0
€ E
8] I { ' Q
R €
2 =
‘@ 10} B 10—, J—
c c |
7] o]
el =]
£ -15¢ £ 15
o o
3 20| 3 20
=251 -25
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
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PTCDI-based structures

v' 0V bias: fully passive detectors

PEDOT/Per/PTCDI/CrZOS\/ PEDOT/Per/PTCDI/Cr,0; (LC)

20 . 20
—o— 0.0V
—0—-02V
~ 15} —o—-04V ~ 15
'E —o—08Y 'E
Q
P —o—-08V ;
1= —o0—-10V =
310 3 10}
5 5
K K
4 sl 3
51
0 L L 1 1 1 1 I I
400 800 1200 1600 400 800 1200 1600
Dose rate (lGy/s) Dose rate (Gy/s)
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Role of interfaces — ETL PCBM

PCBM - standard ETL material used in inverted perovskite solar cells
- low-temperature solution processing, reduction of current hysteresis

- reported to passivate the perovskite surface by reducing interface charge
recombination

additional buffer layer. BCP (bathocuproine) or TiOx to reduce the electron
injection barrier formed at the PCBM/electrode interface

TiOx interlayer - highest X-ray induced photocurrent (for PCBM)

- highest sensitivity of 7.5+0.3 uC Gyt cm=2 at 0 V (for PCBM
- Lower dark current

—) lowest LoD 0.58+0.05 nGy st
Medical diagnostic requires 5 nGy s

» TiOx high electron affinity (ETL characteristic)

» TiOx lower conduction band (CB) level (CB(TiOx) = -4.1 eV, LUMO(BCP) = -3.5 eV).
» Improves surface roughness (reduces parallel shunt pathways)

» Prevents perovskite halide ions diffusion through PCBM
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Role of interfaces — ETL PCBM

a A b \
°T slelzTs or s[elz
s | = [ = =
Atk § % o | @ -1F % g o
2 gl - -2 gl
o 8 J 8
% P - 3 & |e
=l 4.2 AL 4.2
5k 51 =29 43 5b 5122 3
6} 5.4 6k -5.4
63 63
TS 70| _ i _
sk| = = sh| < =
PEDOT/Per/PCBM/BCP PEDOT/Per/PCBM/TIO,
TiOx interlayer - highest X-ray induced photocurrent (for PCBM)

- highest sensitivity of 7.5+0.3 uC Gyt cm=2 at 0 V (for PCBM
- Lower dark current

—) lowest LoD 0.58+0.05 nGy st
Medical diagnostic requires 5 nGy s

» TiOx high electron affinity (ETL characteristic)

» TiOx lower conduction band (CB) level (CB(TiOx) = -4.1 eV, LUMO(BCP) = -3.5 eV).
» Improves surface roughness (reduces parallel shunt pathways)

» Prevents perovskite halide ions diffusion through PCBM
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Role of interfaces — ETL PTDCI

PTDCI - well know for its exceptional stability (industrial grade material)
- excellent non-fullerene alternative for ETL for Flexible devices
- high electron mobility (~1-10 cm? V1 s'1), high electron affinity
- low-lying HOMO level (-6.3 eV),

additional Cr,O, interlayer:

- improves the performance of perovskite and organic solar cells, due to its hole
blocking capabilities (CB=4.0eV, E;=3.4 eV)

- its chemical resistance effectively shields commonly used metal contacts from
detrimental reactions with oxidizing and halide-forming iodide species, making the
devices more stable

mmm) achieve record sensitivity 9.3+0.5 uC Gylcm—2at OV
for thin film perovskite X-ray detectors
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Role of interfaces - HTL

PEDOT: PSS - ultraflexible

NiOx - very low dark currents

Comparable sensitivities
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Free-standing ultraflexible X-ray detectors

detector on glass

\  detachment plastic frame free-standing detector
\ on plastic frame

x-ray photodetector

glass support

c d
100 18 mC@y/s —— onglass 1000
e 35 MGY/S woee- free-standing 900
& — 52 mGy/s
g ok - - 800
hazez 2
E 5 700
2z g 600 -
£ -100 g 500
© puek
T ——t o 400
£ . £ 300
t --------------- P aonye -
3 -200 i » ' o .
..... "‘---..& .:-......n 100 I
-300 ; . : . : 0
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Free-standing ultraflexible X-ray detectors

T
81" oV bias . v Linear response
7} o font y (dosimeters)
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Denchyshyn, Fraboni et al Advanced Science (2020 in press)
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flexibility

P~ O
N5o108

LV[]}}O

x-ray photodetector

flat position bent position
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flexibility

AL The red dotted line marks the location
of neutral mechanical plane at 1.8 ym,
that can be calculated using the
following equation (7 layers):

PET
Au
PU

it »

1.4 pm 0.1 umulls pr’n / \\ 0.1 um b -

n i hi
i=1 Ehy [(Zj:l hj) = 7]

n —
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Conclusions

* Perovskite thin films ((Csgos5(FA ssMAG 17)0.05P Pl Br,) <500nm) are
promising X-ray direct detectors: === flexible, large-area devices

 fully passive (operated at O V) thin film perovskite X-ray detectors with a
sensitivity of 9.3+x0.5 uC Gyt cm=
arecord Limit of Detection of 0.58+0.05 yGy s

* Interfaces and buffer layers play a key role in controlling the final device
performance

« ultraflexible X-ray detectors with

- comparable performance in the free-standing form to their on-glass
substrate counterparts

- Isotropic detection of X-ray radiation (front and back)
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