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T

The atten\Qapplication of organic electronics for the detection of ionizing radiation is

I
rapidly grriing among the international scientific community, due to the great potential of the
organic tegi§hol to enable large-area conformable sensor panels. However, high-energy photon

absorption is lenging as organic materials are constituted of atoms with low atomic numbers.

SC

Here it is ted/how, by synthesizing new solution-processable organic molecules derived from

6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) and 2,8-Difluoro-5,11-

Ul

bis(triethylsi yl)anthradithiophene (diF-TES-ADT), with Ge-substitution in place of the Si

n

atoms to the material atomic number, it is possible to boost the X-ray detection

performan anic thin films on flexible plastic substrates. TIPGe-pentacene based flexible

ql

OTFTs lectrical performance with higher mobility (0.4 cm”® V' s*) and enhanced X-ray

sensitivity, up t x 10° uC Gy ' ecm?, with respect to TIPS-pentacene based detectors. Moreover,

M

similar obtained for diF-TEG-ADT devices, confirming that the proposed strategy, i.e.

increasing ihe atomic number of organic molecules by chemical tailoring to improve X-ray sensitivity,

£

can be ge to organic thin film detectors, combining high X-ray absorption, mechanical

O

flexibility a area processing.

Auth
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1. Introduction

The detecfiion of ionizing radiation is an increasingly important task in a great number of

industrially, cially relevant activities, such as medical diagnostics and therapy, cultural
heritage, c rport security, defence, environmental monitoring, non-destructive industrial
H I

testing, an@_wearable personal dosimetry[”. In particular, large area, thin, flexible sensors are
needed to @#€tect¥@nizing radiation impinging on complex geometrical structures in real-time and at
affordable costs,_Unfortunately, current technologies cannot deliver all these features in one single
device?. nghg direct detectors, they are typically solid-state devices based on inorganic
materials (siIicon,Sadmium telluride, amorphous selenium, silicon carbide, diamond, and others),

which inde excellent detecting performance, but are rigid, heavy, power-consuming, toxic in

some case y allow a small active detection area®. The quest for flexibility, conformability,

low cost, Im consumption and portability (i.e. low weight and battery supply operation), will

require ials and device architectures.
materials have recently attracted major attention because they demonstrated, in

the case of other electronic/optoelectronic devices (e.g. transistors™®, organic solar cells"®), room

temperatuLtion, low environmental impact, low fabrication costs and the possibility of

fabricatingnt and flexible devices, allowing unprecedented and integrated device functions
and archite s ionizing radiation detectors, fully organic direct detectors based on organic
semicoﬁ crystals and polymers have demonstrated promising active sensing properties,
despite thefr lower carrier mobility and low ionizing radiation absorption coefficient with respect to

inorganic semicoSuctors[H”. In particular, solution-processed flexible direct radiation detectors

based on thin film transistors (OTFTs) with a 100nm-thick micro-crystalline (e.g. TIPS-

pentacene layer have been recently reported to outperform all the polymeric devices
This article is protected by copyright. All rights reserved.
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sensitivity, operating at room temperature and at very low bias voltages (<5V), thanks to a

photoconductive gain mechanism!™>*.,

1

such devices high-energy photon absorption is challenging as organic materials

are constit s with low Z atomic numbers. The blending into the organic matrix of high-Z
|

nanoparti

(14351 carbon nanotubes™ and inorganic micrometer-sized scintillating particles™” has

been explof€d as @possible solution. However, although improvement in the detecting performance

has been shown,for all of the above solutions, the presence of even small fractions of the “dopant”

S

(i.e. nano | carbon nanotubes or scintillating particles) strongly degrade the electrical

performance and fhe stability of the organic film. Moreover, the employment of thick films™ or

Ul

[

bulky singl 1019 to increase the absorption, results in an increase of the operating voltage

q

and limits bility of the device, thus sacrificing the potential advantages.

a

tly, hybrid lead-halide perovskites have broken into the scene as alternative

candid organic materials, as they combine excellent semiconducting properties like high

charge mobility and long diffusion length, with high-Z elements (such as Pb) intrinsically

M

incorporated into the ionic crystal structure®?!. Despite the evidence of record sensitivity values,

r

their insta to strong reactivity in air and the lack of comprehension on ionic current

mechanis ow restrict their employment in real life applications and limit their industrial

scalability.

h

Wegpropoge here an alternative approach to increase radiation capture cross-section that

!

takes adva the “tunability” of organic materials by addition of high-Z atoms into the basic

U

molecular e. These intrinsically improve the ionizing radiation absorption while maintaining

A
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the low-cost, the solution-processability and the mechanical flexibility peculiar to organic materials,

as well as the high structural quality and charge transport properties of the deposited thin films.

{

Here we r , by synthesizing new solution-processable organic molecules derived from 6,13-
bis(triisopr nyl)pentacene (TIPS-pentacene) and 2,8-Difluoro-5,11-
H I

bis(triethyl§illylethynyl)anthradithiophene (diF-TES-ADT), with Ge-substitution in place of the Si

i

atoms to ificreas@jthe material atomic number, we boosted the X-ray detection performance of

organic thin fi X-ray detectors based on such organic thin films show an X-ray mass absorption
dia

coefficient s higher than their silicon counterparts, better charge transport properties, an X-

ray sensitivity ps unit area comparable with amorphous selenium and a good crystalline

morphologC
2. Considem Photoconductive Gain

The E—ray sensitivities reported for organic thin films pushed the performance of
organic i ctors closer to the one of inorganic detectors thanks to a photoconductive gain
mechanisn!! as mentioned above. Nonetheless, a further step in their radiation detection sensitivity

specificati following, we recall the principles of the photoconductive gain process, in order

to discuss Epossibly increase the electrical signal output and the X-ray sensitivity in organic

thin film Xﬁy det'tors. The X-ray photocurrent is given by Al = G I, where G = TT/Tt is the gain

is necessary tf fake them competitive against current technologies and to fulfil the required market

2
factor, 7, tEe rrejcarrier lifetime and 7, = L /HV the carrier transit time (see reference ™ for
details on the el). Io¢c is the photocurrent generated by primary collection of the charges
generat he direct X-ray absorption in the active layer. I is proportional to the photon

This article is protected by copyright. All rights reserved.
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absorption rate, which is very low for organic thin films (attenuated fraction of 0.0015% for 150 nm

thick film of TIPS-pentacene). On the other hand, the gain factor can be maximized by increasing the

t

P

free carrief lifetime 7,- and by reducing the carrier transit time ;. The transit time reduces if the

carrier mo ses. Shortening the channel length L or increasing the bias voltage V reduces

|| . . . . .
T, but, at,fhe same time, results in a large increase of the dark current Iy and in the electrical

1

instability of thegdevice. The analytical expression of 1, is complex, however, considering its most
used empi cription for organic thin films; it is related to the charge carrier density flowing
into the d@vig@l T® summarize, three major approaches can be considered to enhance the X-ray

sensitivity c thin film detectors: i) increase the radiation absorption, maximizing the primary

Usgc

generated carriers; ii) increase the charge carrier mobility, reducing 7, and improving the

charge collgction efficiency; iii) increasing the charge carrier density to maximize t,.and thus the gain

[})

factor.

3. Resu

Ma

Bearing in mind the above considerations, we synthetized bis(triisopropylgermylethynyl)

£

pentacene -pentacene, hereafter TIPGe), where Ge atoms substitute Si atoms in the TIPS-

pentacene r TIPS) molecule (Figure 1a)??. Thanks to the much higher Ge atomic number (Z

O

= 32) thanfthe one of Si atoms (Z = 14) the X-ray attenuated fraction of TIPGe is intrinsically much

h

higher thangthe TIRS molecule (Figure 1b), and the attenuation length at an X-ray energy of 17keV, is

{

ten times .8 mm for TIPS and 0.6 mm for TIPGe). Moreover, the substitution of Ge for Si

U

led to a ne 1al with similar solubility and processing parameters as TIPS. Actually, TIPGe keeps

A
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many of the desirable features of TIPS, like solution processability, good morphology, nice film

crystallization and very good electrical properties in the thin film shape.

{

TIP, ilms were grown by drop-casting onto interdigitated gold electrodes on flexible
plastic sub ils in experimental section). Good crystallization and uniform polycrystalline
H I

films wereQobtained, enabling the efficient flow of electrical current through the fingers of the

electrodes #Opticalland AFM images show needle-like crystals, hundreds of micrometer-long and 200

G

nm thick (Figure 1c and Figure S1). The coverage of the active area strongly depends on the
deposition iw®ns and vary from 40% to 75% of the full relevant surface. The X-ray attenuated

fraction at the conBidered energy of 17keV (Ka peak of Mo) in a 200nm thick film of TIPGe is 0.034%,

Ul

a value tha m low but is actually twenty times higher than the one for equivalent TIPS drop-

n

cast thin ure S2). UV-Vis photocurrent spectroscopy investigation confirms the good

optoelectr@ni erties of the film and its quality. A high and stable photocurrent signal with a

dl

smooth presenting evident vibronic modes was obtained, as expected for such

[23,24] [25]

devices 1d). The forbidden energy gap has been extracted from the Tauc formula*”>,

\l

since the UV-Vis photocurrent signal is well approximated by the absorption spectrum in low

absorptionf€ondition as at the rising edge of the gap™®. The measured energy gap for TIPGe is (1.60

I

+0.03) eV, arger than the one of TIPS, (1.56 £ 0.09) eV (Figure S3).

(6.

o
5

detector devices have been realized by depositing TIPGe films onto bottom gate

bottom -voltage Organic Thin Film Transistors (OTFTs) on flexible PET substrates (Figure

t

2a and experimental section). This structure was used previously to obtain TIPS thin film devices

with the highest X-ray sensitivity reported™, thus constituting an optimal benchmark for the

U

characteriz TIPGe detecting performance. Moreover, the OTFT architecture will allow us to

extract the values and the electronic performance of TIPGe-devices which has never before

This article is protected by copyright. All rights reserved.
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221 \we fabricated OTFTs from solutions

been subjected before to studies in transistor configurations
of TIPGe at a concentration of 0.5wt.% in toluene or in chlorobenzene solvent, and we monitored
the solvhon the mobility, the threshold voltage and the on/off current ratio. We further
investigate t of using interdigitated (the geometry used for detectors to maximize the

sensitivfy)rr inear source-drain electrodes. Statistical results over 45 devices are reported in the

Supplementary kaformation Section (Figure S4). In general, very good p-type transistors were

C

obtained. al electrical behavior of TIPGe OTFT devices fabricated with the optimized recipe

is reported inWFiglire2b,c. The output /ps-Vps characteristics present excellent field effect and

D

saturation rain current (Figure 2b). No hysteresis is visible and low contact resistance is

U

present, p e good quality of the deposited films and the efficient charge injection at the

electrodes§ln addition, the transfer /5s-Vss characteristics show very low threshold voltage (< -0.2V),

A

low leakag (<10°A) and good on/off ratio (10?-10°) (Figure 2c). The average mobility values

4V

it

for devices orobenzene solvent is (0.28 + 0.11) cm?*V™'s™, while the highest measured value

was 0.40 ¢ s . These mobility values are not the highest reported in the literature for organic
thin fil abricated our devices by solution on flexible plastic substrates. Indeed, it is

noteworthy that the value is close to the highest reported one for solution-processable flexible

I

OTFTs®! and more than one order of magnitude better than for TIPS based OTFTs, (0.018 + 0.010)
cm®V'is? f @ 1 on exactly the same device architecture (Figure 2d). To evaluate the mechanical
flexibility

es have been stressed by incrementally reducing the bending radius and thus

increasing the strain on the film. The current variation is small up to strain of 1% (Figure S5a). The

th

transfer ch istic returns to the starting points when the samples are restored in the initial flat

U

state at th he procedure (Figure S5b), meaning that no permanent damages are induced in

A

This article is protected by copyright. All rights reserved.
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40 minutes of bending (the time of the full process). The results are in line with the mechanical

stress studies on similar OTFTs architectures based on TIPS?2%29,
Lo OTFTs based on TIPGe are therefore suitable for high sensitivity direct X-ray
detectors TIPS, since beside the higher X-ray absorption, TIPGe also exhibits higher

H I
charge carfiler mobility. The typical X-ray photocurrent response of TIPGe based OTFT detectors,

working in@n regime (Vps = -3V, Vs = -2V), is reported in Figure 3a. The signal follows the

typical dynamig,_where the photoconductive gain process dominates: it quickly increases
immediatemwitching on the radiation and reaches saturation after a few tens of seconds. The

response is repeaSbIe and nicely scales with the dose rate. In particular, the signal amplitude in Ips,

which is o rder of hundreds of nanoamperes, increases linearly with the dose rate, as
expected i nductive gain model for “short” exposure (i.e. when the exposure time is lower
than the tied to reach saturation) (Figure 3b). The X-ray induced gate current is limited to
20 pA, igi il respect to X-ray photocurrent at Ips. The mean sensitivity (averaged over 15

samples) is (3 20) nC Gy ™ ((6.2 £ 0.1) x 10° uC Gy ' cm™) (Figure 3e), with top recorded value of

(4460 + 50) nC Gy = ((9.0 + 0.1) x 10° uC Gy* cm™) (Figure S7). The direct comparison with TIPS thin
film detec!rs fabricated on the same flexible substrate™ confirms the better performance of
TIPGe. In f verage sensitivity of TIPGe thin film detectors is three times higher than for TIPS-
based devic ure 3b, c). Figure 3e summarizes the main features and the sensitivity values of
TIPS and T‘Ge OTFTs X-ray detectors. Indeed, the improvement of X-ray sensitivity of TIPGe-based
detectowially even higher. In fact, the average detector active area coverage of TIPS
crystallitesE%% with small variation between the samples, while the variation of percentage

of full coverage ingdIPGe-based devices is relevant, in the range 40-75%. If we calculate the potential

sensitiv he sensitivity normalized for the actual coverage as if the full area is covered, we

This article is protected by copyright. All rights reserved.
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obtain 3.4 x 10° uC Gy™ cm™ for TIPS devices, and 21 x 10°uC Gy cm™for TIPGe ones (with an area
coverage is only 43%, see Figure S7a). It is noteworthy that the average sensitivity per unit volume of
TIPGe dm the highest reported among solid state X-ray detectors™. Moreover, the
corresponaty per unit area, equal to 12.3 uC Gy™ cm™, is competitive with some state-of-
the-art Ho_ianlcmaterials currently used to fabricate large area detectors (amorphous selenium has

typical vaIUﬁ oij uC Gy cm?)B. This is a fundamental milestone for organic ionizing radiation

detectors, heir performance comparable and competitive with commercial devices, while

maintaining th& péctuliarities of organic thin films, i.e. the low-cost, the low voltage operation and

the mecha:bility.

We so considered and assessed the minimum detectable dose by TIPGe detectors.
Figure 3c port the photocurrent response of TIPGe detectors as function of time and of

dose rate, %ely, in linear region (Vs = -0.5V) at low exposure doses, down to a dose rate of
1

6.4 pG kably, the detectors show a linear response to X-rays over four orders of

magnitude in se rate range. If we estimate the lowest detectable dose rate (defined as three
times the detector noise) from the slope of the linear fit of Figure 3d, it results equal to 1.66 pGy s
In additionse have measured the smallest total dose detectable over an X-ray exposition of 1 s and
we could Qetect down to 12 uGy have been detected (Figure S6). These values are the

lowest repo r organic direct X-ray detectors, and are below the threshold of regular medical

diagnostic gose rate about 5.5 uGy s'l)[31'32]. Noteworthy, also the minimum total dose is close to

the vaIM for high performing thick perovskites X-ray direct detectors as wavers?! (10

UGy) or single crystals®® (0.5 uGy).

At sidered energy range (17keV) the primary X-ray/organic materials interaction is

dominated toelectric effect (Figure S8a). Thus, the role of metal electrodes cannot be

This article is protected by copyright. All rights reserved.
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ignored, as a non-negligible contribution has already been reported®**). The impact of the layers of
the transistor structure (Al gate, Al,0s/Parylene dielectric, Au source/drain electrodes) on the X-ray
photoremm amplitude has been evaluated by measuring the X-ray response of a blank
device, i.e structure of Figure 2a, without the active organic layer (Figure S8b). The
contribtﬂiomdrain current is of 315 pA at dose rate of 56 mGy/s and driving voltage Vps=-3V,
Vgs=-2V ani:hejne to the gate current is of 20pA. The value is negligible (much less than 1%) in

compariso ndreds of nano-amperes of the total signal amplitude.

Comg the above results, the generated photocurrent is the product of the gain factor
G and the primarsollected charges lcc: the gain factor G rises proportionally with the improvement

of mobiIityﬁ increases with the improvement of X-ray absorption. The combination of these

two factor esults in a much higher TIPGe sensitivity compared to TIPS devices. The values

we have oman be only partially explained by the difference of area coverage between TIPS

and TI e believe the performance of TIPGe detectors could be further improved by

investigating ffects that may affect the detection process, like the energetic barrier at

Au/organic interfaces that limit injection, or the distribution and recombination time of electrically

active chars traps.

So ve demonstrated that the idea of chemical tailoring of known organic molecules
(TIPS) tcr a new molecule with high-Z atoms intrinsically bonded into the basic molecule
(TIPGe)ni ive. We would like to generalize the idea. Thus, we have fabricated spin-coated
OTFTs employing the fluorinated molecule diF-TES-ADT (Figure 4a) and its derivative with

germanium_in ;ISe of silicon atoms, 5,11-bis(triethylgermylethynyl)anthradithiophene (diF-TEG-

ADT) (Figu . The crystallization of 1.2wt.% of diF-TES-ADT in chlorobenzene solution spin-

coated on p bstrate is very good: large and thick (thickness 120 nm) crystals are observed in
This article is protected by copyright. All rights reserved.
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AFM maps (Figure 4a). For diF-TEG-ADT material, instead, small needle-like crystallites (thickness 90
nm) have been observed (Figure 4b). Despite the different crystallites dimension, their total area
coverag#rable (87% for diF-TES-ADT and 88% for diF-TEG-ADT). The X-ray attenuated
fraction is 0031% for diF-TES-ADT and 0.015% for diF-TEG-ADT (Figure S2). For both
materiale ggm effect mobility in low voltage transistor devices have been obtained (Figure S9).
In spite of the crystal dimensions, diF-TEG-ADT devices show on average a better mobility compared
to diF-TES- es®. However, we choose to compare as X-ray detectors only devices with
comparablwy values, in order to explicitly exclude its effects on X-ray sensitivity. Figure 4c
reports th hotocurrent vs. dose rate of diF-TES-ADT and diF-TEG-ADT transistors, with
mobility of 5" 0 3) x 102 cm’V's™ and (6.9 + 0.4) x 10° cm’V''s™, respectively. The extracted
sensitivity g diF-TEG-ADT-based detectors (3400 + 400) nC mGy ™ cm? is forty times higher than the
one calcul diF-TES-ADT devices (Figure 4d). This crosscheck test therefore confirms the
effectivenemr proposed strategy, i.e. increasing the atomic number of organic molecules by
chemical taE’ i that successfully leads to the improvement in X-ray sensitivity of organic thin film
detect i It represents an important step forward for the exploitation of organic detectors
as commercially competitive flexible devices for X-ray detection systems.
-

Fin the aim of maximizing the sensitivity to ionizing radiation, we also studied the
role of the ¢ molecule concentration, depositing films of TIPGe in different concentration,
spanning gm 0.5wt.% to 4wt.% in toluene solution, by both dropcast or spincast deposition
methodMed, the thickness of the crystals and the coverage of the electrodes area increase
with the rismEe concentration. In particular optical microscope images and AFM maps analyses
show 200nm thiclg crystals and coverage of 72% for 0.5wt.% solution (Figure 5a), 300nm thick

crystals erage of 77% for 1wt.% solution (Figure 5b) and B1um thick crystals and coverage of

This article is protected by copyright. All rights reserved.
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91% for 4wt.% solution (Figure 5c). As a result, not only the film morphology, but also the OTFT

mobility and the X-ray sensitivity are strongly affected by the solution concentration. The mobility
decreases re than four times from 0.5wt.% to 4wt.%; similarly, the X-ray sensitivity decreases
by one ormtude (Figure 5d). The latter results indicate that the thinnest film obtained
with thg Ii_isconcentrated solution is the best performing in term of both mobility and X-ray

sensitivity. l@ addition, it highlights an important concept: although thicker films absorb a larger

amount of otons, the degradation of the transport properties inhibits the photoconductive
)

In this wWemonstrate a novel approach to increase the X-ray detection performance of

gain mech s reducing the total detector sensitivity.

4. Conclus

organic thin filiT detectors. With the aim to improve the X-ray absorption of the organic detectors
we synthesEew solution-processable organic small molecule derived from TIPS-pentacene
with n in place of the Si atoms, namely TIPGe, with an improvement of the material
mass abssption coefficient by a factor of 10. Moreover, TIPGe shows higher FET charge carrier
mobility, i.e cm® V' st vs. 0.018 cm?® V' st of TIPS-pentacene. The combination of higher X-ray
absorptio proved mobility leads to five times higher sensitivity of TIPGe based OTFT X-ray
detectﬂed to TIPS-pentacene, reaching 9.0 x 10°> pC Gy™* cm?, the record value for
organic/hlbrid X'ay direct detectors reported in literature so far. In order to assess the general

aspect off posed strategy, the experiments have been repeated by comparing the X-ray

detection ances of diF-TES-ADT and diF-TEG-ADT based OTFTs, finding that also in this case

ing molecule shows improved X-ray sensitivity. This latter result thus confirms how

This article is protected by copyright. All rights reserved.
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the small molecules tailored with high-Z elements represents a winning general strategy to increase
X-ray detection performance, maintaining good transport and collection properties, for thin film

based organic direct ionizing radiation detectors.

Pt

5. Experim tion

C

Synthesis o ic Molecules: TIPS-pentacene®, TIPGe-pentacene'®, diF-TES-ADT"®, and diF-TEG-

ADT® we pafed according to literature procedures.

$

Device FabricationfiDevices are entirely fabricated over 175 um thick, biaxially oriented polyethylene

U

terephthal substrates. Low-voltage OTFTs are fabricated using the procedure reported by

N

Cosseddu "=i% Both linear (W/L = 3000 um/45 um = 66.7) and interdigitated source-drain

electrodes|ge (W/L =50 000 um/45 um = 1223) have been used in electrical characterization.

d

The int eometry was chosen for detectors.

The se layer has been deposited by the following procedures:

- TIRGe: 0.5wt.%, 1wt% and 4wt% in toluene or chlorobenzene TIPGe solution is deposited on

f

th structure by drop cast. During the deposition of the organic solution, the

(%)
c
G

kept at 60°C, after the deposition the devices are annealed at 80°C for 1 h.

h

a and diF-TEG-ADT: 1.2wt% in chlorobenzene are spin cast at 1000 rpm for 60 s

{

celeration time of 1 s. After the deposition, the samples are put under vacuum

(=0.1 mbat) for 24 hours in order to remove the solvent.

B

A
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Electrical Characterization: Electrical characterization are performed with a dual channel Keithley
2614B SourceMeter, using a triaxial cables (that ensure low noise down to 10™A and low parasitic
capacita#ustom made Labview software. All measurements are carried out keeping the
device in metal Faraday cage to reduce electrical noise and avoid light-induced

photog(%eg!lon In the organic semiconductor.

AFM measf@irements: AFM measurements are performed on a Park NX10 system using PPP-NCHR tips

G

(Nanosensors) in_non-contact mode and applying adaptive scan-rate to slow down scan speed at

S

crystallite

U

X-ray mea s: The samples were placed in a dark faraday box with 70um Aluminum window

for X-ray [gradiation. The radiation source is a Molybdenum tube X-ray broad spectrum with

£

acceleratin of 35 kV (PANalytical PW2285/20) and Be window. The dose rate is variable in

a

the range Gy s on X-ray spot of 9 mm of diameter. A mechanical shutter controls the

beam s g for 30s on and 30s off. The dose rates were previously calibrated employing the

“Barrac

osimeter (RTlI Group). Electrical measurements were acquired with Keithley SMU

2614.
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Figure 1. a) C ical structure of the TIPGe-pentacene molecule. b) X-ray attenuated fraction at

energy as function of material thickness, showing the much smaller attenuation length of
TIPGe compared to TIPS. The attenuated fraction in the thickness region of the final films is reported
in Figure S2. c) Polarized-light optical microscope image of 200nm thick microcrystalline layer
formed by t a TIPGe 0.5%wt. solution in toluene onto plastic substrate. Red marker 100um.
Bottom: AF

blue line)

ge of a few crystallites. d) Photocurrent spectra of TIPS-pentacene (150nm thick,
-pentacene (200nm thick, green line) thin films.
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The X-ray *!ec!lon performance of organic thin films on flexible plastic substrate have been
boosted b 8l tailoring of new solution-processable organic molecules derived from TIPS-
pentacene And diFLES-ADT, with Ge-substitution in place of the Si atoms to increase the material

atomic H’%
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