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The deployment of organic semiconducting materials for radiation detection is an
emerging and highly attractive area of materials science research. These organic
materials offer the enticing vision of technologies created from low-cost materials
that can be printed on-demand with a range of different tailored optoelectronic
functionalities. An explosion in the number of available materials, improved functionality of
materials, and sophistication of solution-based device fabrication techniques for organic
semiconductors in recent years have led to considerable opportunities for the utilization
of organic materials in the detection of ionizing radiation. While the potential of organic
semiconducting materials for low-cost radiation detection is clear, transitioning these
printable materials to a commercial reality presents a significant scientific challenge. In
this work, we provide a comprehensive analysis of the use of organic semiconductors
for radiation detection. We discuss the fundamental physics of these materials and how
their conduction mechanisms, including charge generation and charge transport, differ
significantly from established inorganic semiconductors. Various strategies employed to
control the nanostructure in organic semiconductors to optimize charge generation and
transport for radiation detection are discussed. We provide insights into the strategies
employed to fabricate organic semiconducting devices at industrially relevant scales
using roll-to-roll solution processing and finally discuss existing examples of organic
semiconducting materials utilized in the radiation detection arena.

Keywords: nanostructure, organic semiconductors, printing, radiation detection, sensing

INTRODUCTION

The utilization of ionizing radiation in many aspects of modern society has risen dramatically in
the past few decades, leading to a growing demand for new innovative and low-cost electronic
materials that can detect this radiation. Traditionally, radiation detectors are fabricated from
inorganic semiconducting materials such as silicon, germanium, cadmium telluride, cadmium zinc
telluride, or mercury iodide, which either directly convert ionizing radiation into an electrical
signal or detect the radiation-induced photoluminescence of a scintillation crystal [1, 2]. However,
these rigid materials, while exhibiting impressive detector performances, do suffer from some
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substantial limitations. Such limitations include difficulty in
processing into large-area pixelated detector matrixes, an
inability to conform to various complex curved shapes such
as the human body, and the requirement for calibration of
correction factors to measure the radiation dose delivered
to biological species because the device materials do not
have a water-equivalent density [3, 4]. A radiation detection
system that could address such limitations would have wide-
ranging applications across areas including radiation protection,
dosimetry measurements for radiotherapy, X-ray imaging in
diagnostic radiology, or personal health monitoring in a range
of high-risk industries [5, 6].

Demand from such applications has led to increasing interest
in organic semiconductors (OSCs) as a particularly attractive
class of materials for radiation detection [7]. OSC materials offer
the exciting prospect of combining the electronic advantages
of semiconducting substrates with the chemical and mechanical
benefits of organic compounds such as plastics. The suitability of
OSC materials for this purpose arises from the ability to easily
modify their chemical, physical, and electronic properties and
control their film-forming mechanisms through conventional
wet chemistry [8]. Furthermore, because these materials are
composed almost entirely of carbon, hydrogen, and oxygen, they
have a response to radiation that closely mimics that of water,
thus providing a key advantage for radiation dosimetry [9, 10].
Finally, organic materials, in direct contrast to their inorganic
counterparts, can be dissolved in solutions to create inks. This
property opens up avenues for printing devices directly onto
mechanically flexible substrates at high speeds across large areas
using cheap roll-to-roll (R2R) processing techniques (Figure 1)
[11-13]. However, realization of the potential for OSC materials
in such applications requires two critical parallel developments.
First, innovative manufacturing techniques that are faster,
cheaper, and more eco-friendly than conventional methods must
be developed [14-17]. Simultaneously, new electronic materials
must be developed that are compatible with these solution-
based manufacturing techniques and allow manipulation of the
nanoscale architecture of multilayer thin films to create highly
functional electronic devices [18-21].

While the potential of OSCs for low-cost radiation detection
is clear, transitioning these printable materials to a commercial
reality presents a significant scientific challenge. Through intense
research in OSC materials for applications in solar cells [22-25],
transistors [26-29], and sensor devices [30-32], it has become
clear that the photophysics of charge generation and transport
are unique and do not occur with the same efficiency as in
inorganic semiconductors. It is therefore critical to create a
highly precise nanoscale ordering of the materials across large
size scales to compensate for these deficiencies and allow the
devices to function efficiently. This precise control of nanoscale
morphology in multilayer OSC devices is typically achieved with
various carefully calibrated laboratory fabrication and processing
technique [33]. However, controlling the material nanoscale
structure and morphology across large areas during the printing
fabrication processes required for mass manufacture remains
a significant challenge due to the crude thermodynamic levers
available in the printing process [34]. In this article, we will

provide an overview of the fundamental physics of OSC materials
and then discuss their recent applications in radiation detection.
We provide insight into various materials and fabrication
innovations that are targeted toward creating, maintaining, and
characterizing the nanoscale structure of OSC materials for
radiation detection during large area printing fabrication.

ORGANIC SEMICONDUCTORS:
FUNDAMENTAL PHOTOPHYSICS

An essential requirement for electrical conductivity in a material
system is the presence of delocalized electrons that can receive
energy from an external field. Organic semiconductors, that is,
those materials whose chemical structure is predominantly based
on the element carbon, achieve such delocalization through a
m-conjugated network that connects molecules as subunits of
an organic solid. A single carbon atom is described by the
electronic configuration 15?25>2p?, a notation that denotes the
occupation of electrons in various atomic orbitals in the atom.
From this electronic configuration, it becomes clear that the s-
orbitals of the first and second shells are both fully occupied
by two electrons, while the two remaining electrons are found
distributed across two of the three degenerate p-orbitals (which
can host up to a maximum of six electrons). When neighboring
carbon atoms in a molecule form chemical bonds with each other,
the shared electron density is distributed into hybrid orbitals
formed by the interference between the C2s and C2p atomic
orbitals to maximize the spatial separation of the electrons from
each other as per the valence shell electron pair repulsion theory
(VSEPR) [35].

For a double bond between two carbon atoms in a solid,
each individual atom has only three neighbors, and thus, one
electron is provided by the s-orbital and two by the p-orbitals so
that three new sp? hybridized orbitals are created. These hybrid
orbitals lie in a plane and adopt the geometry of an equilateral
triangle. The remaining p-orbital from the carbon atom (2p,)
is not hybridized, and its axis is perpendicular to the plane
in which the hybridized sp? orbitals lie (Figure 2). The carbon
atoms can then form three o-bonds with neighboring carbon
atoms through sharing of electrons in the sp? orbitals, and a
single w-bond with one neighboring atom through sharing of
the electrons in the 2p, orbitals [36]. As this concept is extended
to a ;-conjugated network containing an increasing number of
carbon atoms, the 2p, orbitals of each atom overlap through
linear superposition to create a single molecular orbital with
delocalized electron density across the entire molecule. It is
the interaction of these 7 electrons that dictates the electronic
characteristics of the OSC. The energy levels become closely
spaced as the OSC conjugation length increases, resulting in
“band” structures similar to that observed in inorganic solid-
state semiconductors, where the analog of the valence band is
now the highest occupied molecular orbital (HOMO, or x-
orbital) and the analog to the conduction band is the lowest
unoccupied molecular orbital (LUMO, or 7 *-orbital) (Figure 2)
[37]. However, unlike inorganic semiconductors, the primary
photoexcited state occurs as a bound electron-hole pair (exciton)
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FIGURE 1 | (a) Chemical structure of some organic semiconductors (OSCs) used to detect radiation [PTh, poly(thiophene); PTAA, poly(triarylamine); PEDOT,
poly(ethylenedioxythiophene); Rubrene; PCBM, phenyl-Cg1 -butyric acid methyl ester). (b) several different organic scintillator and semiconductor materials dissolved
into printable inks. (c) Image of a dielectric ink being printed onto a semiconducting polymer for radiation detectors. (d) A roll-to-roll coating machine printing OSC
inks. (e) An image of large area organic semiconducting materials printed at industrial scale. (f) Printed flexible organic radiation detectors fabricated at the University
of Newcastle’s Center for Organic Electronics. The authors have confirmed that any identifiable participants in this study have given their consent for publication.

rather than free charge carriers. Furthermore, the transport
of charge carriers cannot be understood with a model of
band transport due to the weak interaction among m-orbitals.
Each of these features becomes important when considering
either indirect ionizing radiation detection (high energy particle
interacting with a scintillating material, which produces optical
photons), where photoexcitation of the OSC is critical, or
direct ionizing detection of radiation (high energy particle
interacts directly with the OSC substrate), where the transport
properties are essential. It is therefore worth considering how
both charge generation and charge transport are unique in OSCs
to understand how to optimize the use of these materials for
ionizing radiation detection.

Charge Generation

The primary photoexcitation process in all semiconducting
materials involves the conversion of incident radiation into an
electron-hole pair in the excited state of the absorbing material.
Efficient detection of the incident radiation requires separation
of the photogenerated electron-hole pair into dissociated free
charge carriers with a high quantum yield and minimal loss of
free energy. To achieve such free carrier separation, the electron-
hole pair must overcome their mutual Coulomb attraction
potential, V:

&2

V= —— (1)

4me, g0t

where e is the charge of an electron, ¢, is the dielectric constant of
the semiconducting material, &g is the permittivity of free space,

and r is the electron-hole separation distance. In traditional
inorganic semiconductors, the dielectric constant is high (for
instance, &, for silicon is ~12), which provides a strong screening
of the Coulomb attraction. Furthermore, the electronic states
are strongly delocalized in the crystalline bands (a value of r
larger than the lattice spacing), leading to Coulomb potentials of
the order of 10 meV and the production of Wannier excitons,
which are easily dissociated with high yield at thermal energy.
Thus, experimental observation measures free charge generation
in response to photoexcitation in these materials. However, for
carbon-based OSCs, the photogenerated electron-hole Coulomb
attraction is substantially stronger (~0.5eV) due to both their
smaller dielectric constant (g;, ~ 3) and the electronic states
being localized to individual molecules instead of delocalized
across the entire organic solid. The primary photoexcitation
for OSCs, therefore, produces a tightly bound Frenkel exciton,
a singlet excited state in which the electron and hole are
still influenced by a strong Coulomb attraction. The strong
Coulomb attraction creates a binding energy for the exciton
that is significantly larger than the thermal energy kgT [5].
The mechanism of free charge carrier generation in OSCs thus
first requires the splitting of this exciton with an appreciable
quantum yield. Owing to their electrically neutral nature, the
motion of excitons in OSCs is unaffected by electric fields, and
thus, they diffuse through the material randomly. The exciton
dissociation yield is thus a critical consideration in designing a
device, which converts incident radiation to free charges that can
be extracted, and can range from 5 to 100 nm depending on the
type of OSC selected [38-40]. This limited exciton dissociation
length provides a limit on the thickness of pure material radiation
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FIGURE 2 | (A) A schematic illustration of hybridized sp? and unhybridized
2p, orbitals combining to form a o -bond and a =-bond in a carbon-carbon
double bond. (B) An extension of molecular orbitals to long conjugated
oligomers and polymers indicating the origin of band structures (VB, valence
band; CB, conduction band) in organic semiconductors.

detectors that are well-below the values typically required for
substantial photon absorption, although the yield has been shown
to become enhanced with an increase in the incident photon
energy for some OSC materials [41]. The problem of poor
photogeneration of free carriers in pure organic materials has
been overcome in many electronic devices based on OSCs by
the introduction of two-phase electron-donor/electron-acceptor
material system, which split the exciton using the free energy
difference between the respective HOMO and LUMO bands
of the two materials. In such systems, the nanostructure of
the two materials is critical and must be controlled to create
donor/acceptor material interfaces that occur on a smaller size
scale than the exciton diffusion length [42, 43].

Charge Transport

Organic materials are held together by weak Van der Waals
bonds, compared to the strong coupling of inorganic molecules
by covalent bonds. A consequence of the weaker bonds in OSCs
is that the mean scattering length of charge carriers and the
intermolecular spacing between atoms are comparable, and thus,
charge transport cannot be explained using the band transport
theory applied to inorganic semiconductors [44]. Instead, charge
transport in OSCs is typically dominated by a phonon-assisted
tunneling of charge carriers from an occupied localized state to
a nearby unoccupied localized state, known as “hopping” [45].

This hopping process creates additional atomic collisions and
scattering events, and consequently, the charge carrier transport
in OSC materials is slower than in their inorganic semiconductor
counterparts. However, it is worth noting that both the charge
generation and charge transport mechanisms of OSC materials
in response to ionizing radiation remain an open question, with
no models currently developed to explain this behavior.

Following the creation of free charges from excitons in a
radiation-sensing device, these charges must be subsequently
swept out of the OSC material for detection. In the absence of
an applied electric field, charge carriers will move randomly,
resulting in no net movement of charge and a non-functioning
electronic device. However, the application of an electric field to
OSCs containing free charge carriers will accelerate the charges,
which collide and scatter with defects in the semiconductor
lattice to reach an average drift velocity that provides net motion
through a material. The drift velocity of the carriers (vq) will
vary depending on the electric field (E) driving carrier movement,
with the proportionality constant between these two parameters
given the name of the charge carrier mobility, p [46].

vqg = nE (2)

The mobility of an OSC material is dependent on the ability for
charge carriers to tunnel between neighboring molecules without
becoming trapped. Trapping can originate from a complex range
of structural and electronic origins, some of which include
material impurities, molecularly disordered systems, material
morphologies and grain boundaries, and the nature of the charge
carrier (electron or hole) [47-49]. Owing to the localized hopping
mechanism and these trapping effects, OSC materials typically
exhibit relatively low charge carrier mobility values of between
107% and 10! ¢cm? V~! s7!. The total drift current that is
subsequently produced due to the movement of charges in the
electric field (Jysif) is then dependent on the mobility and the
total density of the charge carriers, n, produced by separating
photoexcited excitons:

Jarife = eunE (3)

The carrier concentration in the device is dependent on the
balance between extraction of free charges in the field and
recombination of electron-hole pairs initially dissociated from
excitons. This kinetic competition can be monitored on the
extraction side by measurement of the mobility, while the
recombination rate can be monitored by measuring the charge
carrier lifetime, 7 [50]. These key charge carrier processes are
indicated for a typical OSC donor/acceptor system in Figure 3.

CONTROLLING MORPHOLOGY IN
ORGANIC SEMICONDUCTING MATERIALS

The internal microstructure of OSC materials, often referred
to as the material morphology, is fundamentally complex.
Heterogeneities often exist across multiple length scales, from
millimeter to micrometer to the subnanometer scale [51]. As
discussed in the previous section, due to the reduced exciton
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FIGURE 3 | (A) An illustration of the charge generation by photoexcitation,
exciton dissociation, charge carrier transport, and recombination and
extraction processes required to extract free charge after a photoexcitation
event in organic semiconductor (OSC) materials. (B) A schematic illustration of
a nanostructured network employed to promote transport and restrict
recombination. Figure adapted with permission from Clarke and Durrant [37].
Copyright 2010 by American Chemical Society.

diffusion lengths in OSCs, the nanoscale morphology becomes
critical in assisting efficient charge separation and transport.
Understanding the unique structure-function relationships
between morphology of OSC materials and device performance
has been at the pinnacle of cutting-edge organic electronic
materials research for the past two decades. The fundamental
conundrum that has arisen is the competing demands on the
optimum morphology for charge generation and transport. In
a pure material, such as an OSC used for direct detection
of radiation, charge transport is the key design criterion
of interest. The carrier mobility in single OSC materials is
highly dependent on the crystallinity, a term used to refer
to the molecular ordering and alignment within a material,
and thus, large aligned crystalline grains provide the optimum
morphology. However, in OSC devices using the donor/acceptor

blended mixture to maximize the exciton dissociation yield
and enhance the charge generation, such as those employed
for indirect radiation detection, a bicontinuous donor-acceptor
interpenetrating network that is intimately mixed on the
nanoscale and contains no large pure material crystallites
is desirable [52]. Indeed, in the most sophisticated devices,
these concepts can be combined to create a three-phase OSC
morphology that includes amorphous and closely intermixed
domains of the donor and acceptor for maximizing exciton
dissociation, in addition to pure crystalline donor domains for
hole transport and pure crystalline acceptor domains for electron
transport [53, 54]. In this section, some key strategies to modulate
the morphology of OSCs for optimizing transport and to control
the nanostructure for achieving optimized charge separation and
radiation detection properties will be introduced.

Tuning Crystallinity

Factors influencing the morphology of OSC films include the
miscibility of the multiple semiconductors (often, donor and
acceptor materials are immiscible in the solid state and cannot
be blended at the nanoscale) [53, 55, 56], the physical properties
of the ink deposition solvent (including boiling point, vapor
pressure, and relative solubility of the donor and acceptor)
[57], the nature of any coadditives for tuning ink rheology
[58], thermal annealing conditions [59], and for polymer
semiconductors, the glass transition temperature (Tg) [60],
polymer molecular weight, and synthetic regioregularity [61].

As charge carriers are transported through m-orbital
overlap of conjugated molecules in OSCs, molecular ordering
(crystallinity) is critical to charge transport. An increase in
the degree of crystallinity of an OSC material is a frequently
applied approach to improve carrier mobility [62]. When coating
OSCs from ink solutions, rapid solvent evaporation prevents
the spontaneous molecular ordering toward an equilibrium
morphology, instead confining molecules in kinetically trapped
states [63]. To counter this, several researchers have employed a
strategy of slowing the OSC crystal growth down by precipitating
OSC materials from solutions with high solubility into an
orthogonal solvent. Such strategies control the crystallinity and
allow single crystals to be grown from solution with either p-type
[64] or n-type [65] majority carriers. Such approaches have led to
impressive mobility values of 107221071 cm? V157! [66]. The
drawback of such approaches is the slow solution growth time,
which will be difficult to scale to large-area printing fabrication.
However, a similar effect can be achieved with faster fabrication
processing times by depositing a film with non-optimized
crystallinity from one native solvent and then processing this
film in a saturated environment of a second solvent to control
the drying. This technique, referred to as solvent annealing, has
been shown to improve OSC mobility values by several orders
of magnitude [21, 67]. The printing fabrication machinery itself
can also be employed to control crystallinity. Several approaches
have been developed to create crystallinity in a tailored spatial
dimension by induced alignment of OSC molecular chains
through applied pressure in a printing device. The essence of
this approach, generically known as shear-induced morphology,
is to employ directional application of a printing pattern roller
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in combination with a permeable membrane to simultaneously
protect the otherwise free surface and induce shear flow of
the blend solution in the desired regions. This approach has
shown impressive control over both directional crystallinity
and OSC film morphology (Figure 4) [68-70]. Finally, when
utilizing devices with multiple OSC materials, components can
preferentially segregate and diffuse toward the film/cathode
or film/anode interface depending on the surface energy of
the organic semiconductors in comparison with that of the
underlying substrate [51, 57]. Use of judicious solvent washing,
which selectively moves one of the OSC materials through
the device, was shown to substantially enhance transport and
photodiode performance in a photodiode using PTB7-Th as the
donor and PC7;BM as the acceptor [71]. Such an approach has
also been used to selectively improve the transport properties
of the n-type semiconductor in a dual OSC blend to achieve a
balanced mobility of donor and acceptor materials and ensure
that there is no build-up of space charge from one carrier with a
significantly faster extraction process [72].

Thermal annealing of OSC materials is the other major
thermodynamic handle that can be used to influence the
crystallinity and morphology of the semiconductors [59, 73—
75]. Perhaps, the simplest approach for tuning crystallinity
in OSC materials is to cast the film from a solvent of
high solubility irrespective of its drying kinetics and then
thermally anneal the deposited film over time to induce the
desired level of crystallinity [76]. For polymer semiconductors,
the thermal treatment takes the material above its glass
transition temperature, Ty, which creates thermodynamic
realignment of molecular chains to induce a transition from
an amorphous to a crystalline morphology. This phenomenon
has been studied heavily for electronic devices based on
OSC materials, with a range of advanced optical, electrical,
and X-ray characterization techniques revealing that thermal
annealing induces an increase in the polymer chain spacing
and the coherence length of the crystallites with increasing
temperature [77-80]. These crystalline domains continue to
grow in size as the annealing temperature is increased up
to the melting point of the polymer. Upon cooling, there is
subsequent heterogeneous nucleation and a reorientation of
the crystallites, which become kinetically trapped as the quasi-
equilibrium structure [75]. For films and devices employing a
blended OSC donor/acceptor approach to charge generation,
the concept becomes more complicated. Not only does
each material show independent crystallinity growth rates
dependent on their individual Ty values in comparison to the
annealing temperature, but the thermal treatment now also
induces solid-state diffusion and a mixing or demixing of the
phases depending on their enthalpic drive toward interaction
[81]. It is consequently rather challenging to optimize the
non-equilibrium morphology of blended OSC films through
thermal annealing alone, as the film evolution kinetics are
controlled by a coupled crystallization-diffusion mechanism,
and thus, key morphology parameters, such as crystalline
domain size, phase purity, and extent of crystallinity, cannot be
varied independently [82].

Directed Nanostructure in Organic

Semiconductors

Controlling OSC material nanoscale morphology across large
areas during printing fabrication presents significant challenges
using the crude thermodynamic levers of solvent treatments
and thermal annealing [83]. One potential avenue to circumvent
this challenge is to create discrete nanoparticles from the
OSC materials, where the desired morphology is imprinted
into the particles through chemically directed assembly using
surfactants [84, 85]. Such an approach is attractive for two
fundamental reasons. First, it allows the OSC nanoparticles to
be removed from toxic organic solvents and dispersed into
greener solvents such as water and alcohols. Furthermore, the
nanoparticle approach also ensures that the thermodynamic
control of the OSC film morphology is decoupled from the
printing fabrication process, removing the need to consider
solvent and thermal annealing treatments. Such nanoengineering
approaches to building OSC devices thus enable the dual benefits
of exquisite nanoscale film structure and low-cost, large-area
printing of electronic devices to be simultaneously realized
(86, 87].

There are two main techniques that can be employed to
create organic electronic nanoparticles suspended in an aqueous
solvent (or alternative non-toxic polar solvent). The first involves
precipitation of a presynthesized OSC material from a solution
into a non-solvent where the OSC material will crystallize
in the non-solvent [88]. This method provides high-quality
nanoparticulate electroactive inks; however, they are typically
unstable and will form large aggregates over a time period of
hours to days. Nanoparticles of donor/acceptor OSC blends
synthesized via the nanoprecipitation method are reported to
possess a morphology that is intimately intermixed at the
nanoscale [87, 89, 90]. Such a morphology is highly beneficial
for creating multiple heterointerfaces to maximize free charge
generation from excitons. The second method involves creating
an organic-aqueous heterophase emulsion, where the OSC
materials can be transferred from their organic solutions into the
aqueous phase through the use of a solubilizing molecule such
as a surfactant. This emulsion method provides nanoparticulate
OSC inks that are stable over time periods of months to
years. Nanoparticles of OSCs synthesized via the miniemulsion
method encompass various morphologies, including pristine
pure semiconductors [84, 91, 92], core-shell combinations of
two semiconductors [23, 93-97], and highly intermixed blends
of two semiconductors [8, 98]. This morphology has been
shown to be tuneable and highly dependent on the relative
surface energies of the two materials [99]. Nanoparticles of OSC
materials can be synthesized with customized sizes by varying the
surfactant or OSC material concentrations to preset the material
domain size in thin films in electronic devices. For example,
the particle size can be customized between 20 and 200 nm to
ensure that the crystalline domain feature size closely matches
the exciton diffusion length in organic semiconductors [98, 100].
The miniemulsion method does have the drawback of leaving
residual insulating surfactant embedded in an electroactive
device film [86, 97]; however, recent progress has developed
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grazing-incidence wide-angle X-ray scattering (GIWAXS) image of P3HT thin films on Si substrate at the optimum condition, MCU-0.25. (D) Tapping-mode AFM image
of films spin coated from P3HT/2-ethylnaphthalene solution at 10 mg/ml under unsheared and 24 h sheared conditions. (E) Schematic of molecular stacking in PSHT
fibrils. The arrow indicates the fibril long axis. (F) Change in viscosity over time under a steady shear rate of PSHT solution at various concentrations. (G) Schematic of
roll-to-roll coating with shear denoted as ESSENCIAL. (H) UV-visible spectra of thin film solar cell deposited from multiple methods. Figure reproduced with permission
from Qu et al. [68] (and various references contained therein). Copyright 2016 by American Chemical Society).

clever techniques to remove this surfactant using a temperature-  into a blended nanoparticle with a donor polymer material
induced critical micelle concentration switching technique that  [7]. This approach allowed the intermolecular spacing between
reduces the temperature of the films, causing surfactants to  charge carrier and radiation absorber to be brought into the
aggregate and be washed out of the film [90]. Recently, the OSC  realm of single nanometers, allowing all photons absorbed by
nanoparticle approach was employed in a novel approach to  the scintillator to be directly transferred to the semiconducting
indirect radiation detection, where the scintillator was embedded ~ polymer through Forster resonance energy transfer without any
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losses from scintillator emission. The study reported that the
device fabricated from these blended nanoparticles exhibited
impressive gamma ray detection using an all-organic radiation
detection device (Figure 5).

PRINTED DEVICE FABRICATION

There is a strong drive toward upscaling of various OSC-based
technologies such as solar cells, transistors, and sensors due
to their ostensible compatibility with roll-to-roll printing. This
drive toward industrial-scale prototypes and commercialization
pathways has led to an increasing interest in discovering
production methods that are ultimately compatible with large-
scale processing [101]. The printing and coating methods for
large-scale fabrication of organic electronic devices have been
predominantly reported in the solar cell application arena [102—
107], although increasing numbers of transistor-based devices
are continuing to be reported in recent times [16, 108, 109].
Each of these technologies provides useful platforms for either
the photodetector component of an indirect radiation detection
system (solar cell) or a direct radiation detection system
(transistor) using OSC materials printed at large scale. The
major reason for the lack of progress in translating many of the
OSC technologies that have been refined in highly controlled
laboratory environments over the last two decades to large-scale
products is the fundamentally different fabrication tools required
to work on the mass manufacturing scale [33]. Consequently,
the structure-function relationships that have been so carefully
elucidated on the laboratory scale over decades for many of the
solar cell, transistor, and sensor devices that will be described
in the following section do not translate directly to the larger
scale. This discrepancy explains the significant gap between the
high performance of small-scale devices and the lack of larger-
scale examples [63]. To bridge this “lab to fab” gap, a systematic
pathway is used to transition from small-scale to roll-to-roll
production environments in stages. These transitional printing
stages can generally be divided into three scales: small (device
area < 1 cm?), intermediate (1 cm? < device area < 1 m?), and
large (device area > 1 m?) [101].

The small-scale approach typically investigates a transition
from laboratory equipment such as spin coaters and vacuum-
based small molecule and metal evaporation systems to low-
cost rapid prototyping equipment such as inkjet printers and
blade coaters. This fabrication scale investigates the feasibility of
transferring OSC fabrication to printing and coating techniques
and evaluates ink formulations and additives that will be
required to transfer fabrication to larger scales [12, 110-112].
The intermediate scale employs larger-area analog procedures
such as screen printing, flexographic, and gravure printing. It
is at this scale that investigations into transferring some device
component fabrication to roll-to-roll continuous throughput
techniques are typically commenced [103, 113, 114]. Large-scale
fabrication efforts use fully continuous roll-to-roll processing
for all OSC device components and fabricate devices with areas
of 1 m? or larger [16, 83, 115, 116]. These large-scale studies
are most readily applicable to the industrial fabrication of OSC

devices; however, the significant absence of such reported work
in the scientific literature is indicative of the substantial capital
expenditure required to purchase equipment and the complexity
involved in producing functional devices where the nanoscale
morphology is controlled over large size scales. Nonetheless,
for OSC materials and devices to truly become ubiquitous in
radiation detection, it is the research in the large-area printing
space that will be required to drive this transition.

The main solution-based fabrication techniques that are
compatible across each of these size scales include technologies
such as slot-die coating, screen printing, flexographic printing,
gravure coating, electrospraying, and inkjet printing (Figure 6)
[103, 111, 117-121]. These techniques each have their own
unique advantages and disadvantages, but all use the same
principle of transferring an ink from a solution reservoir to a solid
substrate using various mediums to pattern the ink deposition
as desired. Flexographic, gravure, and screen printing are staple
fabrication procedures in the print industry, each transferring
a wet film to a substrate through a soft impression roller that
applies backing pressure. The shape and layer thickness of the
applied pattern are determined by the depth and density of
the patterned features. Gravure contacts with a third medium.
Gravure printing transfers ink from raised micropatterned
features on a central roller, with a moving substrate brought into
contact with the patterned features printing best suited for the
fabrication of inks with a low viscosity and at very high speeds (up
to 600 m/min). However, its major limitation is that substantial
optimization of the ink rheology is critical, as the print quality is
strongly dependent on the ink properties, the print speed, and
the pressure of ink application to the substrate. Flexographic
printing is a similar technique but operates through a negative
imprint pattern deposition method using an additional roller.
In this method, fountain rollers are utilized to continuously
transfer ink from a central reservoir onto a patterned anilox
roller that contains patterned microcavities embedded into the
roller. This allows the collection of a metered volume of ink,
which is then transferred to a third patterned printing cylinder
that performs the final transfer to the substrate. Flexographic
printing is most suited for processing of fine feature sizes (down
to tens of micrometers) at high speeds. Screen printing, in
contrast to flexographic and gravure printing, is most suited
for the formation of very thick wet layers, which will dry into
thick dry electroactive films. This is a suitable technique for
applications requiring substantial optical thicknesses for high-
energy photon absorption and films where high conductivity is
required. The technique involves a squeegee blade that moves
relative to a mesh screen and forces ink between openings in the
mesh (which define a pattern). This technique can be employed
for thicknesses in the range of 10-50 um with suitable ink
formulation viscosity [122].

Other large-scale OSC deposition methods include coating
techniques that lead to a continuous wet ink layer deposited
continuously along a substrate without contact between the
coating head and the substrate. The coating is supplied by
continuous feeding of ink to a meniscus that is standing between
the coating head and the web. Such coating techniques are,
therefore, zero-dimensional in the sense that no pattern is
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FIGURE 5 | A blended two-phase organic semiconductor (OSC) nanostructured radiation sensor. (A) Schematic illustration of Forster resonance energy transfer from
the 1-phenyl-3-mesityl-2-pyrazoline (PMP) scintillator (donor) to the violanthrone-79 (VA79) polymer (acceptor). (B) Normalized spectra comparing the
photoluminescence output of PMP with the absorbance spectrum of VA79. (C) A schematic illustration showing the process of blended OSC nanoparticle formation
using the miniemulsion method. (D) Steady-state photoluminescence measured at an excitation wavelength of 315 nm for solid films prepared with pure VA79, pure
PMP, and a VA79/PMP blend. The large growth in the output of VA79 in the presence of PMP indicates efficient Forster resonance energy transfer. The inset shows an
SEM image of the nanoparticulate film structure. (E) Device current plotted as a function of bias voltage for sensors fabricated with a 50% mixture of VA79 and PMP.

Data are shown for sensors in the dark (black circles), under illumination from a Xen
squares). The inset shows the radiation sensor device structure.

on lamp (purple triangles) and under irradiation from a '3’ Cs source (orange

created, as it is simply an even coat over the substrate. Most
often, however, the control of the wet thickness is far superior
to any of the printing techniques, and very uniform thin layers
can be prepared. The two coating techniques that have found
most use thus far for roll-to-roll processing of polymer solar
cells are slot-die coating and knife coating. The knife coating
process has an ink reservoir before the knife that serves to supply

the meniscus with new ink as it is gradually deposited behind
the knife as the web passes by. In the case of slot-die coating,
it is possible to coat stripes of a well-defined width along the
web direction, and it is the only film forming technique that
inherently allows for one-dimensional patterning. This aspect has
enabled the very convincing demonstration of slot-die coating
for the manufacture of polymer solar cells. In slot-die coating,
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FIGURE 6 | Printing techniques and equipment for upscaling fabrication of organic semiconductor (OSC) devices. (A) Schematic illustrations of various printing and
coating techniques that can be used for upscaling fabrication. (B) Photographs of laboratory equipment that match the techniques illustrated in (A). (C) A schematic
outline of an intermediate-scale roll-to-roll system for contact-free continuous deposition of OSC materials with different print techniques. Also shown is a simplified
schematic of a roll-to-roll system testing inline fabrication treatments such as surface energy (corona) and thermal annealing in drying ovens. (A-C) Reproduced with
permission from Hosel et al. [101]. Copyright 2015 by John Wiley and Sons. (D) Images from a recent pop-up installation of 50 m? of structure-integrated organic
solar cells created for a demonstration in Melbourne (Australia) by researchers at the University of Newcastle.
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the ink is supplied to the meniscus via a slot and a pumps; it thus
becomes possible to adjust the wet thickness by controlling either
the speed of the web or the ink supply (or both). The natural
limits to the achievable wet thicknesses depend on the coating
window, which is defined not only by the ink properties and the
web surface properties but also by the coating geometry.

Two final large-scale printing methods that can be used to
deposit OSC electroactive inks without contact with a substrate
are inkjet printing and electrospray printing. In inkjet printing, a
two-dimensional pattern can be printed by specifically addressing
each pixel across an area with (or without) an ink droplet. The
third dimension (thickness) can, in principle, be achieved by
printing multiple layers or by adding more ink to one spot.
These systems are typically operated as drop-on-demand (DOD)
techniques, where individual voltages are used to control droplet
formation across many piezoelectric nozzles independently. In
early systems, the DOD systems were limited by the achievable
web speeds and resolution, but today, high-resolution systems are
commercially available that are capable of fast web speeds. From
an industrial point of view, inkjet printing is a relatively new
processing method with some speed limitations and restrictions
on ink formulations. The latter point in particular has put
restraints on the use of the technology for OSC technologies.
Another film forming technique is spray coating, which, like
inkjet printing, achieves film formation through droplets and
without physical contact between the coating head and the web.
Similar to inkjet printing, the ink is applied through droplets, but
where inkjet printing achieves high graphical resolution through
control of the droplets, spray coating does not allow for control
of the pattern and is thus inherently a zero-dimensional coating
technique. It is possible to pattern through a shadow mask, but it
is likely to prove impractical outside of the laboratory.

Many of these techniques have been utilized to deposit
films or fabricate small-scale devices across a range of mature
research fields, the breadth of which is not possible to
outline in a single discussion. Instead, for further information
on such research efforts, the reader is directed to recent
exhaustive reviews covering progress in organic semiconductor
applications including light emitting diodes [123, 124], thin-
film transistors [125, 126], solar cells [127, 128], sensors [30,
129], and bioelectronics [130]. However, in terms of translating
such technologies to large-scale fabrication, there has been
substantially less work. Perhaps, most progress has been made
in the arena of large-scale fabrication of printed organic
photodiodes [15, 33, 105, 116, 131-149] and field effect or
electrochemically gated transistor devices [17, 19, 29, 32, 83, 111,
150-157]. Each of these technologies provides a useful platform
for the direct (transistors) or indirect (photodiode) detection
of ionizing radiation using printed OSC technology, an area of
research that is attracting increasing attention in recent years.

RADIATION DETECTORS FABRICATED
FROM ORGANIC SEMICONDUCTORS

The application of organic materials for radiation detection has
gained momentum in the past decade due to their mechanical

flexibility, low cost, and simple processing, something that is not
possible for inorganic solid-state devices. The effect of radiation
on device photophysics has been an important concern for
the performance of all organic radiation detectors; however, it
remains an aspect of OSC materials that is not well-characterized.
The ionizing effects depend on the absorbed dose, measured in
SI units of Gray (Gy), where 1 Gy is 1] of energy absorbed per
kilogram of exposed mass. Radiation imaging corresponds to
doses in the order of 0.1-1 mGy for a mammograph or chest
X-ray [158]. Therefore, due to the relatively low exposure to
radiation for imaging applications, much of the early research
focused on these dose ranges [159-161]. The use of OSC
materials for higher energy radiation detection has not been
investigated as extensively due to their sensitivity to radiation
damage and variation of electrical properties as a function of
accumulated dose. However, in recent years, these aspects have
begun to be addressed through a series of novel materials
physics innovations.

Radiation Damage in Organic

Semiconductors

The radiation damage of inorganic materials is well-known due
to the extensive use of these devices in radiation detection,
particularly for high-energy physics experiments. A study
reviewing historical high-energy experimental results from the
CERN (Geneva) collaboration shows that radiation damage
in silicon detectors results from microscale defects that induce
macroscale device effects such as a change in the depletion
voltage due to the generation of defect levels in the forbidden
bandgap, an increase in leakage current due to generation of,
and recombination from, trap energy levels, and a decrease
in charge collection efficiency due to damage-induced trapping
centers [162]. However, such insights cannot be applied directly
to organic materials since the charge generation and transport
behavior of OSCs arise from their molecular properties and
not the properties of a solid crystal. Rather, it has been
shown that during exposure to radiation, OSC materials
experience bond cleavage and cross-linking between molecular
chains, resulting in mechanical brittleness and significantly
reduced carrier transport properties [163]. The first study of
irradiated OSC materials occurred for polyacetylene in 1983
[164]. The increased irradiation dose resulted in a decrease
in the electrical conductivity of iodine predoped polyacetylene,
although the effect was substantially greater in the undoped
polymer. This result was explained by inferring that the dopant
material reduced the radiation damage by capturing the ionized
electron formed during photoexcitation. The same polymer
was subsequently investigated for its ability to detect charged
particles. Use of polyacetylene and poly(propylvinylene) (PPV)
as detectors for 5 MeV alpha particles revealed that films
with a thickness of 1-10 um could detect these particles by
measuring the drift velocity of charges, which are set free during
the passage of a charged particle, as function of temperature,
electric field, and anisotropy of the (stretched) foil. The low
drift velocity (40cm s~') made detection difficult, although
stretching the polymer film induced an order of magnitude
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higher drift velocity and significant charge transport anisotropy.
However, the radiation hardness of these sensitive polymers was
limited [165].

Further investigations into radiation hardness were conducted
on polymer transistors using ion beams, with irradiation of
field-effect transistors (FETs) containing an organic dielectric
with 10 MeV protons at a dose of 2.85 kGy exhibiting no
change in threshold voltage or off current [166]. Organic
scintillator performance has also been tested using ion beams.
Standard scintillators 2,5-diphenyl oxazole (PPO) and 5-bis(5-
tert-butyl-2-benzoxazolyl)thiophene (BBOT) were mixed into
polysiloxane matrixes and exposed to 1.8 MeV Het and H*
ion beams at a flux of 1 LA cm™2. lon-beam-induced light
(IBIL) emission measurements showed a loss in scintillator light
yield of 70% [167]; however, the scintillators exhibited much
greater radiation hardness when combined with a polyimide
matrix [168]. Exposure of plastic scintillator EJ200 mixed into
a poly(vinyl toluene) matrix to 6 MeV protons showed no
structural damage and negligible loss-of-light emission at a
dose of 0.8 MGy. However, an increase in the ion beam
dose to 8 MGy induced 20% loss of scintillation performance
and substantial molecular structure damage [169]. Studies on
radiation hardness of organic semiconductors against high-
energy neutron beams were first initiated in 1985, with the
polyimide materials studied showing no change in conductivity
or flexural strength after exposure to a neutron beam of flux
of 10" em™2 (E > 0.1 MeV) [170]. Further examinations of
carrier mobility and device performance in organic capacitors
and transistors reported a drop in charge carrier mobility of
5-10% for polycarbonate capacitors exposed to a neutron flux
of 10 em™2 (E > 0.1 MeV) [171]. Similar measurements
using a neutron beam with flux of 10" cm™2 s! directed
onto thiophene materials poly(3-hexylthiophene) (P3HT) and
PBTTT showed no loss in charge carrier mobility for PBTTT
and a 65% loss in mobility for P3HT. This loss in mobility
in P3HT was fully recovered upon annealing the polymer
after removal of the neutron exposure [172]. Studies on mixed
radiation beams composed of ions and neutrons to mimic
the cosmic environment have found that materials provide a
stable response in high radiation environments, making them
acceptable candidates for use in harsh cosmic environments
[5, 173].

Further studies in this space then transitioned from ion and
neutron beams toward damage caused to OSC materials by
irradiation with high-energy photons. Initially, this consisted
of taking polymer photodiodes composed of P3HT photoactive
layers and testing their photocurrent degradation in response
to X-ray irradiation. Li et al. irradiated P3HT:PCg;BM devices
with soft X-rays from a tungsten source (50 kV) and
found an initial current drop of 46%, with a subsequent
recovery to 70% of the initial performance under a total
irradiation dose of 5 kGy [174]. Following on from this,
Kingsley et al. irradiated P3HT:PCg BM samples with high-
energy X-rays from a medical linear accelerator. They found
a 2% degradation in performance after 360 Gy total radiation
dose for 6 MV X-rays [175] and a 5% degradation after a
500 Gy total dose for 15MV X-rays [176]. Other polymers

to be tested include poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene) (MEH-PPV), where X-rays from a Mg source
(12kV) were shown to cause loss of conjugation due to oxidation
[177, 178]; poly(triarylamine) (PTAA), which was shown to be
stable to radiation and provide a linear output photocurrent
up to a total dose of 600 Gy from a molybdenum X-ray source
(50 kV) [179, 180]; and polyphenylene vinylene (PVP), where
a radiation dose of 2.5 kGy from a tungsten source (40 kV)
was shown to produce an enhanced charge carrier mobility
and quenched photoluminescence output [181]. Interestingly,
a distinct difference between OSC molecular crystals, such
as sexithiophene or pentacene, and OSC polymers, such as
P3HT, was observed under synchrotron X-ray irradiation with
a flux density of 10'° photons s~' mm™2. The molecular
crystals showed strong stability, while the polymer materials
were observed to degrade and show a strong breakdown
in their crystallinity and material film properties [6]. This
finding suggests that these two classes of OSC materials exhibit
different interaction mechanisms with ionizing radiation and will
therefore be considered independently.

Organic Semiconducting Molecular
Crystals

Single-crystal solids are the pinnacle of materials systems for
semiconductor devices due to a combination of extremely
low chemical defects, exceptional translational symmetry,
and superior charge transport mobility [182]. It is perhaps
unsurprising given the success of single-crystalline inorganic
materials for radiation detection that researchers have shown
interest in emerging OSC molecular crystals as direct
replacement technologies [183]. Recent progress in growth
procedures required for obtaining large-area single-crystal
OSCs has enabled these materials to be explored for both
indirect and direct radiation detection [184, 185]. Single-
crystal growth is often performed by highly controlled physical
vapor deposition procedures, which can be achieved at low
temperatures and allows growth of materials on flexible plastic
substrates [186-188]. However, the cost involved in depositing
these materials for electronic applications in addition to the
small size limits (typically of the order of 0.5-1 mm) makes
such growth methods impractical for upscaling to industrially
relevant fabrication. An alternative to vapor deposition is
a solution-based growth method, which has the substantial
advantage of compatibility with large-scale printing fabrication,
as it provides a solution-processable OSC ink [189]. Initial
attempts to create solution-based OSC crystals involved the
slow evaporation of solvent from solutions containing dissolved
OSC materials using heat and light. However, this approach
was found to produce predominantly polycrystalline solids and
be too slow for upscaling considerations [190, 191]. Updating
this single-solvent approach, Mannsfeld et al. developed a
technique to selectively grow OSC crystals by precipitating
the crystals through treatment of a soluble OSC ink with an
antisolvent for the semiconducting materials. They demonstrated
pentacene crystals of 10-100 wm in size using this technique.
Other researchers quickly adapted the two-solvent approach,
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demonstrating the fabrication of molecular crystals of OSC
materials including C8-BTBT [150], TIPS-pentacene [192], and
4-hydroxycyanobenzene [193]. Excitingly, these efforts were able
to demonstrate macroscale crystals above 1 mm in size, with
some examples exhibiting 3D anisotropically enhanced mobility
and others demonstrating OSC crystals using inkjet printing
fabrication. These fundamental studies demonstrate that OSC
molecular crystals can be fabricated in a manner that enables
high charge mobility for radiation detection while also allowing
fabrication of devices that is compatible with large-scale printing.

One potential avenue for the deployment of OSC molecular
crystals in radiation detection is in their use as scintillators
for indirect detection systems. In particular, for neutron and
gamma ray detection, liquid scintillators are often employed, as
the low atomic number (Z) of the aromatic solvents helps to
moderate the neutrons to thermal energy before detection with a
dissolved fluorescent dye. However, fabrication of detectors using
liquid scintillators must overcome issues such as the difficulty
in handling, safety concerns, aggregation of the scintillating
component, and difficulty in sealing the liquid. OSC molecular
crystals offer a solid-state alternative that removes many of these
limitations while still maintaining the low Z composition to
enable efficient neutron and gamma ray detection. Examples
of successful deployment of large-area OSC molecular crystal
scintillators include diphenylethylene (stilbene) [194], 9,10-
diphenylanthracene (DPA) [195], naphthalene, and anthracene
[196]. These solution-grown OSC crystals have a series of unique
features (and limitations) that will not be described in detail here
but have been outlined extensively in a recent review [189].

The other major application of OSC molecular crystals is
their use as the semiconducting component in direct radiation
detection systems. Driven by the demand for high-quality solid
crystals with a large area that can be grown at a low cost,
OSC molecular crystals are an attractive alternative to inorganic
semiconductors. Such inorganic semiconductors are currently
limited to advanced technologies such as space exploration and
state-of-the-art medical diagnostics due to the fabrication costs
involved in producing high-quality materials. OSC molecular
crystals are able to be fabricated from low-cost industrially
relevant printing techniques [197] and, furthermore, are ideally
suited to direct radiation detection due to their high charge
carrier mobility and large exciton diffusion lengths, which
greatly exceed those of OSC semiconducting polymers [198,
199]. Fraboni et al. have pioneered the use of OSC materials
as the semiconducting component of thin film transistors for
direct radiation sensing [5, 189]. Through a series of seminal
papers, they have demonstrated the incorporation of a range
of single-crystal OSC materials into organic thin film transistor
structures that enable the direct detection of ionizing radiation
at low bias voltages. These reports include OSC crystals utilizing
TIPS-pentacene and rubrene [66, 200], 1,5-dinitronaphthalene
(DNN) [5], anthradithiophenes [201], Parylene C [66], and 4-
hydroxycyanobenzene (4HCB) [5]. Although these materials
were crystallized slowly from the solution rather than fabricated
with printing processes, the impressive results have shown
a systematic improvement in sensitivity while consistently
reducing the operating bias voltage under testing from a

molybdenum X-ray source operating at 35 kV (Figure 7).
Rubrene OSCs showed a sensitivity of 107> nC mGy ! at 10V
bias, 4HCB exhibited a sensitivity of 1072 nC mGy ™! at 400 V
bias, Parylene C exhibited a sensitivity of 1.3 nC mGy™! at 3V
bias, TIPS-pentacene exhibited a sensitivity of 3nC mGy ! at3V
bias, anthradithiophene exhibited a sensitivity of 3.4 nC mGy !
at 3V bias, and DNN exhibited a sensitivity of 6 nC mGy ™!
at 10V bias. With improvements to the fabrication procedures,
impressive OSC mobility values in the range of 1071-10! cm?
V~! 57! have been demonstrated, leading to new OSC crystal
detectors that can be fabricated by printing, operate at bias
voltages below 1V, and produce linear responses up to 500 Gy
cumulative radiation doses [200].

Semiconducting Polymers

Conjugated semiconducting polymers are the other major class
of materials that have been explored for radiation detection.
The major drivers for this interest are the ability to dissolve
the polymers in solution, leading to deposition of the OSC
active materials at high speeds through printing and coating
techniques, and the ability to achieve tissue equivalency in the
output response, as the detector materials are of the same
elements as those found in the human body. However, their
generally low carrier mobility values (107-107> cm? V! s71)
and poor radiation hardness present challenges for the assembly
of practical radiation detectors [165]. To circumvent some of
these limitations, the nanostructure of the OSC polymers can be
manipulated as discussed previously [63]. However, the materials
still face radiation hardness limitations and have historically been
examined as disposable devices due to limited their shelf-life
under irradiation from high-energy particles [1].

In general, the low atomic number of the elements in the
materials typically employed in OSC technologies results in
limited interactions with high-energy radiation. However, recent
advancements in the deposition of thicker films (~10pwm)
of PTAA have shown direct X-ray detection sensitivities of
0.3 nC mGy~!, although they required applied bias values of
over 100V to achieve successful X-ray photocurrent production
[177, 179, 180, 202]. While radiation damage was eventually
observed, the devices showed good dose linearity responses up
to dose rates of 60 mGy s~!. The devices were able to be
improved by incorporating a small molecule with high mobility
(TIPS-pentacene) into the PTAA active layer, leading to a large
enhancement in the sensitivity for direct radiation detection up
to 1.2 nC mGy~! [203]. One novel approach to account for
radiation damage incurred by OSC polymers in direct radiation
detection devices was to develop a “normally on” transistor that
intentionally degrades and provides a reduced current signal in
response to radiation. This approach employed P3HT as the
semiconducting layer in an organic thin film transistor (OTFT)
structure, where the ON/OFF ratio was reduced from a value of
3,800 without radiation down to a value of 100 after a gamma ray
radiation dose of 2 kGy from a Cobalt-60 source [204].

Indirect sensitization has also been studied, typically
using a P3HT:PCs1BM donor/acceptor blend as the organic
photodetecting component and a common inorganic phosphor
scintillator such as terbium or europium-doped gadolinium
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FIGURE 7 | The measured (A) output and (B) transfer characteristic curves of low-voltage organic field-effect transistor devices fabricated with a Parylene C dielectric
material on plastic substrates. (C) Schematic representation of the measurement setup for characterization under X-rays. (D) The measured output response of the
low-voltage organic transistor to different X-ray dose rates in the linear, and (E) saturation regimes of the transistor response. Reproduced with permission from John
Wiley [66]. Copyright 2017 John Wiley and Sons.

oxide (GOS:Tb, GOS:Eu). Agostinelli et al. incorporated
GOS:Tb into a P3HT:PC¢ BM device prepared using spin
coating methods and showed a photocurrent response
sensitivity of 13 nC mGy~! with a bias voltage of 2V
when irradiated with 70 kV X-rays from a tungsten target.
Incorporation of a distinct pure donor-pure acceptor
bilayer device in place of the typical nanoscale-blended
structure was able to reduce the dark current below 50pA
cm ™2, equivalent to values observed in existing technology
in the medical imaging industry [159]. Recent work has
shown that large sensitivity improvements can be made by

incorporating a scintillator into devices as nanoparticles
embedded into the OSC film, with reports demonstrating
impressive sensitivities of 6 nC mGy ™! for GOS:Tb inside
a P3HT:PC4BM organic photodiode layer [205] and 11.6
nC my ! for bismuth oxide scintillator particles inside
the same photodiode structure [206]. This embedded
particle approach has also been used in direct detection,
where embedded particles of bismuth iodide [207] and
metallic tantalum [177] have been employed as high-Z
materials to improve the radiation stopping power of thin
low-Z OSC layers.
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Excitingly, such OSC radiation detection innovations are now
beginning to be translated into fabrication procedures that utilize
printing to create flexible devices, with creation of a transistor
structure composed of a commercial p-type semiconductor and
PVP dielectric being successfully created using inkjet printing
(Figure 8) [113]. This structure demonstrated a 93% increase in
photocurrent under exposure of X-rays from a copper source (40
kV). Incorporation of printable organic (plastic) scintillators is a
major advantage of OSC radiation detectors, as it allows the entire
device to maintain a tissue-equivalent dosimetry response [208].
Utilization of organic scintillators PPO and POPOP into an OSC
detector has demonstrated printed indirect radiation sensors
fabricated on an elastomer substrate. This device exhibited
only a 13% reduction in the irradiated photocurrent when the
substrate was subjected to a mechanical strain of 100% [209].
Most recently, biphasic blended nanoparticles composed of
an organic scintillator [1-phenyl-3-mesityl-2-pyrazoline (PMP)]
and donor polymer (violanthrone-79) were fabricated, allowing
photoexcited energy from gamma ray absorption to be directly
transferred to the semiconducting polymer through Forster
resonance energy transfer without any losses from scintillator
emission. The study reported that devices fabricated from these
blended nanoparticles exhibited impressive gamma ray detection
sensitivity using an all-organic radiation detection device [7].

FUTURE OUTLOOK

An explosion in the number of available materials, improved
functionality of materials, and sophistication of solution-based
device fabrication techniques for organic semiconductors in
recent years have led to considerable opportunities for the
utilization of OSC materials in the detection of ionizing
radiation. Such opportunities are driven by the unique readily
tuneable electroactive functionality and inherent low cost
of materials and fabrication offered by these carbon-based
semiconductors. Although many innovative organic technologies
have been developed in the laboratory for applications in
solar cells, transistors, and sensors, the detection of ionizing
radiation remains a relatively unexplored space. Given the well-
documented nature of such radiation and its interaction with
matter, there is still great uncertainty regarding the validity of
transferring many fundamental discoveries pertaining to OSCs
in other applications to the detection of ionizing radiation.

Consequently, there is a need to both discover and
understand how the material properties of OSCs influence
their interaction with ionizing radiation. Developing new
structure-function relationships specific to radiation detection
through advanced characterization techniques in controlled
laboratory environments is a critical next step in advancing this
field. Despite the relative novelty in applying OSC materials
to radiation detection, there are already several promising
fabrication procedures and results, such as the creation of
high-mobility single-crystal OSCs, the optimization of radiation
detection sensitivity through energy transfer in nanostructured
films, and the tailoring of interlayer materials and thicknesses to
modulate the dark current noise floor.

6
4
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Source (Ag) |

Gate (Ag)

—= PD in dark
—«- PD under X-ray radiation
+ PD + SC under
X-ray radiation .

FIGURE 8 | (A) A schematic representation of the printing procedure for
preparing multilayer radiation sensors composed of (1) a Ag electrode, (2) a
dielectric layer (PVP), (3) Ag source and drain electrodes, (4) a semiconducting
polymer layer, and (5) a scintillator ink. (B) A schematic image of the layer
structure for both the individual radiation sensors and a 5 x 5 array prepared
for imaging. (C) Photographs of the devices and /-V/ curves of one of the
single photodiodes (PDs) present in the array in dark (black curve) and under
X-ray radiation with (green curve) and without (red curve) the scintillator (SC)
film. Reproduced with permission from Oliveira et al. [113]. Copyright 2018 by
the American Chemical Society.

Controlling the nanoscale morphology of the material is
already proving critical in achieving sensitive radiation detectors,
with further work required to translate the high-precision
laboratory fabrication procedures into the large-scale printed
fabrication arena where the length scales rapidly increase.
Unlocking new printing fabrication procedures for these
solution processable OSC materials provides an avenue toward
upscaled low-cost manufacture using roll-to-roll machinery with
rapid throughput characterization performed in continuous,
high-speed processes. There is still a significant amount of
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fundamental research and fabrication engineering that must be
developed to reveal the full potential of OSC materials in the
emerging field of radiation detection. However, the existing
innovations in this space already provide clear evidence that this
ambition is achievable and that OSC materials will become an
exciting part of the future technology portfolio in the radiation
detection arena.
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