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ORGANIEYBRID SEMICONDUCTORS FOR
IONIZING RADIATION DETECTIADVANTAGES

Low-cost largearea printing techniques

New generation of |
low cost low power supplyandmechanicaflexible
Thinand comformablesensormpanels and patches
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THIN FILM AND LARGE AREA: WHERE?

SPACE/MISSIONS RADIATION THERAPY Lightweightfor limited amount of materials

A
A Possibility tacover large surfaceat low cost
A Realtime beam monitoring

A

Radiation hardto strong fluxes due to weak
radiation abortion

HIGH-ENERGY! PHYSICS A In-situ dose evaluation thank to conformability
EXPERIMENTS - human tissues




FLEXIBLE LARGE AREA ELECTRONICS:

MATERIAL PLATFORMS

HighMobility Oxide
Semiconductors

e.g.GalnZn0

Physicdlsolutiondeposizion
1 =10¢ 50 cn¥/Vs

T. Cramer et alSc.Ady 4, 63 (2018)

Organic Semiconductors
ene

solution deposition
u=1cm?/Vs

L. Basirico et al. Nature Comm 7, 13063 (2016)
|. Temino et al., Nature Comm. 11, 235 (2020)

Perovskites
e. g. MAPDI,

solution deposition
u = 1-600 cm?Vs

A.Ciavattiet al., Adv. Funct. Mater. 29, 1902346
(2019)
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FLEXIBLE LARGE AREA ELECTRONICS:

MATERIAL PLATFORMS

Organic Semiconductors
e. g. TIPS pentacene

N — D R " SN

solution deposition
u=1cm?/Vs

L. Basirico et al. Nature Comm 7, 13063 (2016)
|.Temino et al., Nature Comm. 11, 235 (2020)
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Sensitivity (uC Gy cm?)
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ORGANIC/HYBRID MATERIALS FOR >RAY RADIATION

DETECTION

Printed large area perovskite film
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Perovskite-filled

\ First 2D-PSC

High-sensitive full-organic
thin-film

Flexible inkjet perovskite film
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WHY HIGH SENSITIVITY?

Chemicatompositionformed

by
LOW-Z EEEMENTS

HUMANTISSUE
EQUIVALENCE—— \/ MedicalDosimetry
Applications

X POOR
ABSORPTIO

l

\/ Butstill highSensitivity Why?

N\_>V HighRadiationHardness

1 mm
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WHY HIGH SENSITIVITY?
CHARGE TRAPS AND PHOTOCONDUCTIVE GAIN

Vpe=0.2V

under X-ray irradiation:

1) Additional electrons and holes are generated.

2) Holes drift along the electric field and reach
the collecting electrode while electrons remain
trapped in deep trap statesandactasindopi ng
cent.erso

3) To guarantee charge neutrality, holes are
continuously emitted from the injecting
electrode.

4) Recombination process takes place

Organic
microcrystals

- trapping of n-type carriers I | CnPGzG ICC |
- injecting contacts G = phot oconductti ve

L. Basirico et al., Nature Commun. 7, 2016.
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PHOTOCONDUCTIVE GAIN MECHANISM

T, a v V.
Photocurrent =G - [ =— - I = ; - [a - [n (—) 'z Icc

PHOTOCONDUCTIVE
GAIN EFFECT

Study of the electron
trap states

A MORPHOLOGY
A INTERFACES

10

Tt Px

TRANSPORT IONIZING RADIATION DEVICE ARCHITECTURE
PROPERTIES ABSORPTION
OFET structure
Boosting the Small molecules
electrical mobility CHEMICAL TAILORING | s-Laet al,Adv.Electr.Mat8, 1600409 (2017)

A. Ciavatti et al.Adv. Funct Mater. 29, 1¢8 (2019).

I. Temifig L. Basirico et al., Nat.ommun, vol. 11, 2136, 2020
Tamayo, A., Fratelli, I., et al, Adv. Electron. Mater., 2200293
(2022).
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DEVICE ARCHITECTURE/TRANSPORT PROPER Fl&ESvent = - o= e = [ m(g_)]_ VAl e
OrganicFieldEffectTransistorsas X-Rays detectors —

BAMS BarAssistedMeniscousShearingrechnique y | H JH L
BOMTOM:GATEBOTTOM CONTACDEETS

Steel Bar

o/ 6/

Organic Au (Drain)
Semiconductor s
Layer

Au (Source)
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DEVICE ARCHITECTURE/TRANSPORT PROPER Méa&rent =6 - 1. == ICC—E- « zn("ﬂ)]T-V'”-;cc

OrganicFieldEffectTransistorsas X-Rays detectors

BAMS BarAssistedVlieniscousShearingrechnique
BOTTOM-GATEBOTTOM - CONTACDEETS

Steel Bar

Organic Au (Drain)
Semiconductor '
Layer

Au (Source)

TMTES

0

il

X-rays

Source gD 0%?“0% Drain

Dielectric
| gate |
(V)
{Vas) /v-\
\C

Crystallizationin
herringbonemotif

A 2D electronic isotropy, more
desirable for charge transport
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ToRSIMS:Timeof-Flight Secondary lon Mass Spectromet

DEVICE ARCHITECTURE/TRANSPORT PROPERTIE

A : TMTES:PS
OrganicFieldEffectTransistorsas X-Rays detectors - — 11 —TMmTES
—FPS
——PFBT
. . . . —Substrate
BAMS BarAssistedMeniscousShearinglechnigue El
BOTTOM:GATEBOTTOM CONTACDEETS Majority Trap z
passivationat §
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Semizgz:fctor 2 ks "\ PS g
Layer I S
seceells Z
I :
Au (Source) s TMTES:PS 2:1 0 500 1000 1500 2000
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Crystallizationin
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desirable for charge transport
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DEVICE ARCHITECTURE/TRANSPORT PROPERTIES
ROLE OF TRAP STATH3electric /SC interface -

14

|los| (A)

Highelectronicperformance and
reproducibility

Lower trapdensityfor holes
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DEVICE ARCHITECTURE/TRANSPORT PROPER &ESrent =6 - 1c=Z - 1, =

T
Tt

ROLE OF TRAP STATH3electric /SC interface

Mobility (cm?/V-s)
o
—

0.01
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BLEND®SC:Polystyrengassivateshe interfacestate
with the dielectricA >>hole mobility
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FILM MORPHOLOGY: ROLE of photocurrent =6 1= =% fe-m(22)] 7 Lt

t

Px

GRAIN BOUNDARIES

BAMS:. Bar Assisted Meniscus Shearing deposition technique

« « RN TR 81
GRS |\ R

g N AU N L
AR RN

SRHED o AN
TSR RN

INCREASING THE GRAIN DIMENSIONS

[. Temino, et al Nat. Commun. 11, 11 10 (2020).
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FILM MORPHOLOGY: ROLE of GRAIN photacurvent =G 1= - 1ec =% o (20)] T2
BOUNDARIES
CO?’;M Mo-target Xray tube 35 kV

s

dose rates in the rangec55 mGys> M

| S, =1-10"uC Gy” em”
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X-ray induced photocurrent (nA)

Dose Rate (mGy s™)

1743 70420 (25+0.7) -1 1.7+0.4 (1.0+0.2) - 16 Grain S/
6+2 80+ 20 (1.7£0.5) 1@ 1.8+0.5 (3.8£0.1) - 10 size
6+2 120+50 (2.4+0.6) -1¢ 1.6+0.4 (3.8+1.2) - 10

|. Temifio, et al Nat. Commun. 11, 11 10 (2020).
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CHEMICAL TAILORING/TUNING TRANSPORT PROPERTIES

Tamayo, et al, Adv. Electron. Mater., 2200293 (2022). SYRMEP beamline @ ELETSyRAhrotron .

Elettra Sincrotrone Trieste
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DIRECT RADIATION DETECTION BY ORGANIC THIN FILMS:
VALIDATION IN REAIBLIFE MEDICAL APPLICATION

DENTAL RADIOGRAPHY

¢

Intraskan DC (dental radiography
system, Skaneray Europe srl.)

£
3.2x10™- SOsERN
<
= 3.1x107°-
-
D
S
O  3.0x107°H
M LWM" MMM 'W"‘WWNVMN WH r1ﬂ\4MﬂILMMH‘
2_9x10'10 4 1L13mGys  1.42mGyls 1.74mGyls  2.02 mGyls
0 10 20 30 40 50
time(s)
Limit Of Detection = 8 uGy 100 ms

typical dose delivered during Typical frame rates of a commercial

dental diagnostic

L. Basirico, et. al. Frontiers in Physics. 8, 11 (2020).

dental radiographic apparatus
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CONCLUSIONS

Fully organic, lightweight, printedadiation detectordbased orhigh
performance printed Organic Field Effect Transistaraneffectively
anddirectly detectionizingradiation with ultrahigh sensitivity

MORPHOLOGICAL

TRANSPORT PRO FABRICATION/DEPOSITION
PROPERTIES = TECHNIQUES
DEFECTIVE'STATES Iy >

\ v ‘ | 4 /
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ROLE OF PHOTOACTIVE TRAPS STATES:
PhotocurrentSpectroscopyptical Quenching

A experimentallyassess&ndidentify the trap stateswhich activatethe photoconductivegaineffect

Fratelli et al. Adv Mater.

In organicthin film baseddevices Technal2023 2200769

A Simultanousdrradiation with X-rays(W-target X150kVp) andvisible photons

=
o
1

0.6 -
0.4 -
0.2 -

0.0 1

- —— TIPS-pen

l. Kymissigt al.,IEEE Tran&lectronDevice$7, 380:384 (2010).

= electron trapsin organic transistors,
enhance the photoconductivity for photons in the
range [350¢ 480] nm

Normalized Photocurrent (a.u.)

23

300 400 500 600 700 80D 900
Wavelength (nm)

. 2)
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A experimentallyassess&ndidentify the trap stateswhich activatethe photoconductivegaineffect

ROLE OF PHOTOACTIVE TRAPS STATES:
PhotocurrentSpectroscopyptical Quenching

in organicthin film baseddevices

Fratelli et al. Adv Mater.
Technol2023 2200769

A Simultanousdrradiation with X-rays(W-target X150kVp) andvisible photons

24

Normalized Photocurrent (a.u.)

=
o
1

0.6 -
0.4 -
0.2 -

0.0 1

' 450 nm

- — Tl

S-pen

855 nm

e ]

300 400 500 600 700 800 900

Wavelength (nm)

l. Kymissigt al.,IEEE Tran&lectronDevice$7, 380:384 (2010).

= electron trapsin organic transistors,
enhance the photoconductivity for photons in the
range [350¢ 480] nm

LED (450 nm and 855 nm) have been selected
because they correspond to two different and
crucial position in the Photocurrent spectrum.
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ROLE OF PHOTOACTIVE TRAPS STATES:
PhotocurrentSpectroscopyptical Quenching

S [ 450nm  855nm
1 0 T = 1.0
X-rays = TIPS_dark ..
e TIPS_@ 450nm g %%
A TIPS @ 855nm g 081 W
°
= 0.4
0.5 o
g oz
© - —— TIHS-pen
£ 0,01 -
[e]
z

300 400 500 600 700 800 900

o
o

Wavelength (nm)

O
ol
1

e
o
1

Normalized Photocurrent (a.u.)

o
N
o
N
o
o
o
(0]
o

Time (S)
855 nmlight (below bandgap) have no effect orra¥ response.
450 nmlight fills and saturates-déraps that become inactiv completelyquench the PC

gainX-ray induced signé decrease of currenfy X-raysfacilitate a recombination between
the electron already trapped and the hole already present/generated.
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CONTROL OF ELECTRICALLY ACTIVE DEFECTS: INTERFACE STATES

. BLENDSIPS:Polystyrengassivateshe interfacestate
with the dielectricA >>hole mobility
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Normalized IDS

RadiationHardness(TIP&hentaceng

1.0 ' ' ™ 0.20' ' ' 5
M : = Dark
1 _8 0.16] . : . Uitrjer X-Rays ]
O 8 0.121 =%, (Dose: 54.8 mGys™) |
i T
T 0.08) i
0.04 "1
0.6-
0.00 T . . Bpypuygs
] -0.8 -04 0.0 .0.4 0.8 1
0.4_ VGS / \

m Dark
0.2- e Under X-Rays

1 (Dose: 54.8 mGys™)
0.0

5 4 -3-2-10 1
V. IV

transfer characteristic curves :

before (black squares) and during (red
circles) X-ray exposure at a dose rate

of 54.8 mGy s-1

2

Normalized IDS

10l < T+ Prstine _

T After full characterization under |
] X-Rays

0.8 | After 24 hours in dark

0.6

0.4+

0.2

0.0

3-2-101 2 3 4
VIV

transfer characteristic in pristine
state (black squares), after X-ray
exposure with a total dose of 160
Gy (red dots) and after 24 h kept
in dark (blue stars).
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Radiation hardness under X-rays:

organic thin film (TIPS-

gl - & - & v &= o] 1.8
161 l ] 161
14- 1 i
T 12- J\ ! 1.4
jc:/ 1.0- }\1 l i 2(; 1.2-
< 08 h\\\\\\l | J = 1.0-
0.6 '
041 §§i§§% -
0.2] J & 0.6
0.0 : 0.4-

0 200 400 600 800 800
Dose (Gy)

pentacene) -

= pristine sensor
A after 750 Gy & 100 h l i

0 10 20 30 40 50 60
dose rate (mGy/s)

Four steps of 200Gy X-ray irradiation (35KV Mo tube). Total dose 800Gy
Total irradiation dose for medical diagnostic detectors:10 Gylyear

Recovery allowed only after the last step (100h in the dark)
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Idrain (uA)

Limit of Detection

= Signal/Noise
Linear Fit

1 i 1 i 1

MeasuredLoD:p Gyst ™

Extracted 0.8>Gys> ™

Typicaldose ratevaluespresentlyusedin medical

diagnostics5.5> D& ™

1 1 i
40 60 80 100

-0.050 | | -5000
+ Equation y=a+b
— 100 UGW’S - | Weight Instrurment
-0.045 - ——80 uGy/s . Residual  101.6508
4000 |2 6
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standardradiographicexaminationdhaveaverageeffective
total dosesin the range: 0.00610 mGy
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Mechanical flexibility

Bentsubstrate

bending radius of 0.3 cm
A Conformable to human body

30]| = fa b| 37 c| ADecrease of about
cps | Lo faater benaing i 251 50% after first bending
< i < 201
€ 2.0- ; = -
: _ 74 0 S S S S AStal_Jlllty over 100
15 t | 3 bending cycles.
2 - H B 1.0
0 1.0- t o
. e
05 ° 0.5
' )
5 10 15 20 25 30 35 40 45 50 55 60 0.0 be?m 1 130 230 5?0 160
Dose rate (nC/Gy) cycle cycles cycles cycles cycles

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA



31

strain direction

source

KPFM on strained transistors:
nanocrakformation

TIPSentacene

=3

Dielectric

S 00000 00 O ©

%eCT-L')

G

4

%EeC<3

Dielectric

+

S 00000 OO0 O O +X+¥ D

G

T. Cramer et al. Scientific Repd@138203 2016)
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Mechanical flexibility
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Printed organicdetector architectures

Organic Field Effect TRANSISTOR

O F ETad Vantag eS Bottom Gate — Bottom Contact (BGBC)

—
SC

v Multiparametric device DIELECTRIC

- GATE
v Vaes - switch ON/OFF, allow to address the pixel

v Vps - tuning of the sensitivity
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. |. Fratelli et al., in press AdvMatTech (2022)

Roleof photoactivetraps states

Ouenching ophotoconductivegain byvisiblelight

LED (450, 593 and 855 nm) have been selected because they
correspond to three different and crucial position in the Photocurre
spectrum.

Photocurrent (A)

855 nmlight (below bandgap) have no effect orray response.

light only partially reduce the-Ky response (absorption of
visible photons above band gap, correlated to a large conductivity
increase and a decrease in theay signal.tenoise ratio)

450 nmlight completely quench the-Ky induced sign& decrease
of currentA X-raysfacilitate a recombination between the electron
already trapped and the hole already present/generated.

|. Kymissiset al. |IEEE TransElectronDevices7, 380 384 (2010).

mmmmm)  electron traps in organic transistors, enhance the
photoconductivity for photons in the range [358080] nm

Photocurrent (A)
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CONTROL STRATEGIES OF DEVICE PARAMETERS

FlexibleX-ray detectors
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. |. Fratelli et al., in press AdvMatTech (2022)
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