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Purpose: The development of novel detectors for dosimetry in advanced radiotherapy modalities
requires materials that have a water equivalent response to ionizing radiation such that characteriza-
tion of radiation beams can be performed without the need for complex calibration procedures and
correction factors. Organic semiconductors are potentially an ideal technology in fabricating devices
for dosimetry due to tissue equivalence, mechanical flexibility, and relatively cheap manufacturing
cost. The response of a commercial organic photodetector (OPD), coupled to a plastic scintillator, to
ionizing radiation from a linear accelerator and orthovoltage x-ray tube has been characterized to
assess its potential as a dosimeter for radiotherapy. The radiation hardness of the OPD has also been
investigated to demonstrate its longevity for such applications.

Methods: Radiation hardness measurements were achieved by observing the response of the OPD to
the visible spectrum and 70 keV x rays after pre-exposure to 40 kGy of ionizing radiation. The
response of a preirradiated OPD to 6-MV photons from a linear accelerator in reference conditions
was compared to a nonirradiated OPD with respect to direct and indirect (RP400 plastic scintillator)
detection mechanisms. Dose rate dependence of the OPD was measured by varying the surface-to-
source distance between 90 and 300 cm. Energy dependence was characterized from 29.5 to
129 keV with an x-ray tube. The percentage depth dose (PDD) curves were measured from 0.5 to
20 c¢m and compared to an ionization chamber.

Results: The OPD sensitivity to visible light showed substantial degradation of the broad 450 to
600 nm peak from the donor after irradiation to 40 kGy. After irradiation, the spectral shape has a
dominant absorbance peak at 370 nm, as the acceptor better withstood radiation damage. Its response
to x rays stabilized to 30% after 35 kGy, with a 0.5% difference between 770 Gy increments. The
OPD exhibited reproducible detection of ionizing radiation when coupled with a scintillator. Indirect
detection showed a linear response from 25 to 500 cGy and constant response to dose rates from
0.31 Gy/pulse to 3.4 x 10~* Gy/pulse. However, without the scintillator, response increased by
100% at low dose rates. Energy independence between 100 keV and 1.2 MeV advocates their use as
a dosimeter without beam correction factors. A dependence on the scintillator thickness used during
a comparison of the PDD to the ionizing chamber was identified. A 1-mm-thick scintillator coupled
with the OPD demonstrated the best agreement of + 3%.

Conclusions: The response of OPDs to ionizing radiation has been characterized, showing promis-
ing use as a dosimeter when coupled with a plastic scintillator. The mechanisms of charge transport
and trapping within organic materials varies for visible and ionizing radiation, due to differing prop-
erties for direct and indirect detection mechanisms and observing a substantial decrease in sensitivity
to the visible spectrum after 40 kGy. This study proved that OPDs produce a stable response to
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6-MYV photons, and with a deeper understanding of the charge transport mechanisms due to exposure
to ionizing radiation, they are promising candidates as the first flexible, water equivalent, real-time
dosimeter. © 2020 American Association of Physicists in Medicine [https://doi.org/10.1002/

mp.14229]
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1. INTRODUCTION

In radiotherapy quality assurance (QA), the development of
novel materials and devices that can provide accurate moni-
toring of the amount of energy absorbed in the desired mate-
rial with instant feedback, precise spatial resolution, and
mechanical flexibility remains a substantial unsolved chal-
lenge.' The over-response of common commercially available
inorganic, solid-state devices, that is, silicon diodes, requires
complex calibration procedures to match the absorbed dose
in water.” Therefore, research has branched out to investigate
a range of devices and materials that can overcome these lim-
itations and provide a solution. Within the field of solid-state
devices, diamond is an ideal candidate as a replacement for
silicon due to its near tissue equivalence as a result of its car-
bon composition,”* radiation hardness,” and near energy
independence for x rays® and heavy charged particles.”®
However, the energy necessary to create electron-hole pairs
in diamond is very high (13 eV), reducing their sensitivity to
lower energy events.” Furthermore, fabrication of diamond
detectors is expensive due to the low yield of production and
response reproducibility. Single-crystal diamond substrates
are limited to lateral dimensions <9x9 mm?2, leading to
expensive mosaic detectors that limit their compatibility with
scaled-up fabrication processes.'”!" The PTW microDia-
mond is currently the only commercial diamond-based detec-
tor being considered for a range of radiation therapy
applications due to its high spatial resolution (1-pm-thick
sensitive volume'?) when operated in edge-on mode'® and
capability to perform dosimetry in real time.'"* However, in
small field dosimetry, the PTW microDiamond over responds
in fields smaller than 20mm compared to other detectors due
to the perturbation created by extra cameral materials such as
the electrodes."”

Radiographic film dosimetry is achieved by film polymers
changing optical density due to the interaction with radiation
to provide a latent image. Calibration of the optical density
with known delivery of the dose is then required to obtain a
quantitative map of the absorbed dose.'® This method has
high two-dimensional spatial resolution and provides simple
field mapping. However, film requires a minimum pre-read-
out wait time of 24 h to allow for stabilization of postirradia-
tion darkening, and its response is dependent on the protocol
used, that is, cut margin, calibration area, handling, scanner
resolution, and temperature.”’ " Gel-based dosimetry pro-
vides all the advantages of its film-based counterpart, how-
ever, it also extends the data acquisition into three
dimensions. Similar to film, gel dosimetry uses radiation
chromatic material.® Like film, gel dosimetry is also time
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sensitive and labor intensive, requiring immediate access to a
medical imaging apparatus, commonly computed tomogra-
phy (CT) or magnetic resonance imaging (MRI), to obtain
the three-dimensional dose distribution. While film and gel
have high spatial resolutions, their inability to be used as a
real-time dosimeter for in vivo applications is an unavoidable
issue.

Current tissue-equivalent devices that achieve real-time
monitoring are fiber-optic dosimeters. These devices, com-
prised of a scintillator optically coupled to a photomulti-
plier tube (PMT) or a silicon-based photodiode via an
optical fiber, have been extensively investigated for radio-
therapy applications.”’ A plastic scintillator generates light
with an intensity that is proportional to the energy deposi-
tion of the incident ionizing radiation and travels through
an optical fiber to a detector. Fiber optics-based devices are
capable of real-time monitoring, and have been described
as flexible dosimeters with high spatial resolution due to
their small size (from 1-mm to 10-um thick in special
applications).*"*> However, their flexibility is limited by the
defined minimal angle a fiber optic can bend without
breaking and the scintillator being glued onto the fiber, thus
the assembly is relatively rigid. Ideally, all the light from
the scintillator would travel down the fiber optic and be
detected by a device at a distance away from the radiation
source. However, many issues arise from this setup in terms
of efficiency, accuracy, and response reproducibility. First,
isotropic emission of the scintillation light results in only a
fraction of photons traveling toward the fiber optics.”* The
limited quantum efficiency of the scintillator also limits the
response, with only a small proportion of energy being
absorbed and converted into light. To mitigate these prob-
lems, highly reflective materials, that is, polytetrafluo-
roethylene (Teflon)-based tape and metal-based paint, that
is, titanium spray”* are used to trap the emitted light*"*’,
the latter often at the expense of the tissue equivalence of
the dosimeter. Also, the three devices used, that is, the scin-
tillator, fiber optic, and detector, require optimal optical
coupling to avoid large impact on the light collection effi-
ciency of the system. Finally, light can also be generated by
the direct interaction of radiation with the optical fibers,
known as Cerenkov radiation, which may not be propor-
tional to dose.”® While subtraction of this background sig-
nal can be achieved, no methodology is accurate enough to
entirely remove the effect of Cerenkov radiation. The even-
tual use of fiber optics in an array for field mapping would
also become bulky and expensive due to the need for indi-
vidual optical fibers for each scintillator, as well as sec-
ondary probes for Cerenkov signal subtraction, if required.
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Photodetectors based on organic semiconductors have
recently gained momentum in the field of radiation detection
due to their relatively inexpensive production costs and sim-
ple large area printing fabrication techniques.”’ *° Organic
materials are an attractive technology for advanced dosimetry
applications as they can be read out in real time, like solid-
state semiconducting materials, but with the chemical and
mechanical benefits of organic compounds such as plastics.
Given their low density (1 to 1.3 g/cm®) and predominantly
hydrogen- and carbon-based elemental composition, they
have a response to radiation able to mimic that of water. Fur-
thermore, they can be dissolved in solutions to create inks
that can be printed onto mechanically flexible substrates with
cheap manufacturing processes for the production of large
area detectors. Characterization of the charge generation and
charge transport in organic materials from ionizing radiation
and the effect radiation damage has on these processes is still
an ongoing field of research. Dosimeters for medical applica-
tions must withstand a minimal radiation dose of 500 Gy/
year, with any changes in the response due to radiation dam-
age to be accounted for by correction factors.’”' The first
study of electron transport variations in electron beam irradi-
ated polyacetylene was performed in 1983.° Since then,
semiconducting polymers have been used as detectors for a
variety of radiation sources.*>** Direct x-ray induced pho-
tocurrent in conjugated polymers has been achieved with kV
X rays in a range of materials including poly[2-methoxy-5-
(2’-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PVV) and
poly(9,9-dioctylfluorene) (PFO), with no observed effect on
their performance up to an accumulated dose of 10 Gy.>”
Blending conjugated polymers with highly conductive
(TIPS)-Pentacene has been shown to increase kV x-ray sensi-
tivity to 457 nC/mGy/cm®, four times that of pure Poly(tri-
arylamine) (PTAA) material.*® Research has since then
focused on increasing the direct detection sensitivity of
organic thin films by combining the active material with high
atomic number (Z) nanoparticles (NP) to increase high-en-
ergy photon absorption.””** Organic semiconductors blended
with bismuth oxide NP were shown to increase sensitivities
to 1712 pC/mGy/cm® for 50 kV x rays.” While using high Z
materials increases the photoelectric absorption cross section,
this compromises the tissue/water equivalence of the device,
which is the main benefit for use in radiotherapy applications.
This study focused on the characterization of an organic pho-
todetector (OPD) combined with a plastic scintillator for
detection of ionizing radiation for dosimetry applications.
Organic photodetectors are constructed of acceptor and donor
materials, similar to many solid-state detectors currently
available and used in clinical practice.*’ However, unlike
their crystalline solid-state counterparts, there is no one dis-
tinct junction between the two materials as they are structured
as a blended heterojunction. The most common donor mate-
rial for organic solar cells is the conjugated polymer poly(3-
hexylthiophene) (P3HT) blended with fullerene derivative
phenyl-C61-butyric acid methyl ester (PCBM) as the accep-
tor.*"*> The use of P3HT:PCBM to measure 70 kV x rays
has been reported within the context of their exploitation in
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the field of medical imaging, showing that with the aid of a
Nal(T1) or a CsI(T1) scintillator the device response is linearly
dependent on the x-ray dose rate.”> This material has also
been shown to be sensitive to 6 MV x rays via indirect detec-
tion (Gd,O,S:Tb phosphor material) with stable performance
(2% loss in photocurrent) up to 360 Gy,** suggesting its
longevity for applications in ionizing radiation environments.
Currently, no clinical-based measurements have been carried
out to show how the device would perform if used for
dosimetry purposes, nor have OPD devices been tested past
500 to 600 Gy of total irradiation doses. Such investigations
can be used to determine if organic photodetectors are suit-
able for use after being exposed to harsh irradiation condi-
tions, and whether correction factors are needed for their use
in radiotherapy.

We assessed the potential of thin-film photodetector tech-
nology in the area of radiotherapy dose verification. In partic-
ular, the response to radiation was characterized under
various clinically relevant conditions when preirradiated up
to 40 kGy of gamma radiation for investigation of radiation
hardness/damage in medical radiation applications.

2. METHODS AND MATERIALS
2.A. Organic photodetector

The OPDs were produced by ISORG (Grenoble —
France) and feature a 500-nm-thick bulk heterojunction with
an active area of 4.91 mm?”. The basic structure is presented
in Fig. 1, consisting of an indium tin oxide (ITO) transparent
anode deposited on the top side of the substrate and a back
contact attached to a gold pad. The photodetector was cov-
ered with a protective film (Polyethylene, 25-pum thick) and
mounted onto a Printable Circuit Board (PCB) (FR-4) for
ease of connection to the readout electronics via pins 1 and 2.
A plastic scintillator (RP400, Rexon), with thicknesses vary-
ing between 0.5 and 2 mm, was coupled to the OPD with
optical grease (RX-688).

2.B. Radiation hardness study

In the past, radiation damage to plastic scintillators, such as
the RP400, has been extensively characterized for high-energy
physics applications due to their low cost, mechanical plasticity,
and fast decay time. It has been proven that the plastic scintilla-
tor RP400, adopted in this work, has a relatively low variation
of the light yield due to radiation damage up to 10 kGy (<8%)
of accumulated dose by irradiation with a cobalt-60 gamma
source. 40 So, in order to establish the stability of the combina-
tion of an RP400 scintillator with an organic photodetector, we
tested the response variation of two OPDs by irradiating them
with a cobalt-60 gamma source (dose rate = 1.2 kGy/h) to a
total irradiation dose (TID) of 40 kGy. During irradiation, the
photodetectors were embedded in a plexiglass holder with a 1.5-
cm-thick window between the gamma source and sample sur-
face. Irradiation occurred in five steps from 0.1 to 1 kGy in
steps of 0.25 kGy with further larger steps of 10 kGy to reach a
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FiG. 1. (a) Cross section (not to scale) and (b) picture of the photodetectors architecture. The 25-um-thick protective film sits on top of the indium tin oxide trans-

parent contact, attached to the Printable Circuit Board with gold pads.

TID of 40 kGy. The remaining nonirradiated OPDs were used
as reference samples. Three characteristic measurements were
performed as a function of accumulated radiation exposure.
First, the current density-voltage (JV) characteristics were mea-
sured using a Picoammeter/Voltage Source (Keithley 487)
applying bias from —10 to 2 V, in dark conditions. The second
measurement was determination of the UV—Vis photocurrent
variation as a function of the wavelength after the TID of
40 kGy. A monochromator (9055F, Sciencetech) was used to
step through a range of visible wavelengths from a xenon lamp.
The monochromator had a slit aperture of 0.25 mm, allowing
for approximately 0.8 nm resolution. Each wavelength was
pulsed via a mechanical chopper (SR540) before reaching the
tested sample. The photocurrent response from the sample due
to the incident wavelength was measured and averaged over
multiple pulses. The spectrum was split into two ranges, 300 to
600 nm and 540 to 900 nm, as two different gratings were
required due to the latter range requiring a filter. To account for
the response of the lamp, the response of a silicon diode was
tested as a normalization measurement. The photoresponse of
the silicon diode was corrected using its known responsivity.
The third measurement was determination of the photocurrent
variation generated by direct interaction of x-ray photons with
the device as a function of the accumulated dose.

The direct response to x rays was also characterized as a
function of radiation damage by irradiation with x rays with
an average energy of 70 keV and dose rate of 3.9 kGy/s. The
OPD was irradiated in steps depositing 400 Gy per step, up
to a total dose of 40 kGy. The response of the detector was
recorded in real time using the XTREAM data acquisition
system (DAS).47 Uncertainties were determined by the stan-
dard variation of the intensity from the DAS due to the intrin-
sic noise of the response.

2.C. Response characterization

X-ray response measurements were performed using
6 MV x rays from a Varian Clinac 21iX linear accelerator
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(LINAC). The LINAC produced a pulsed radiation source
with a pulse width of 3.6 pus and an instantaneous dose
rate of 2.7 x 10~* Gy/pulse at calibration conditions. At
a nominal rate of 600 MU/min, the dose rate in reference
conditions equals 6 Gy/min. The detectors were embedded
within a 30 x 30 x 1 cm® plexiglass holder and con-
nected to a custom-designed electrometer for real-time col-
lection of the instantaneous charge for all measurements.*®
Each scan was repeated three times to calculate an average
and evaluate uncertainties as one standard deviation of the
intensity. An external reverse bias of 2 V was applied
across the OPD. Reference conditions for dosimetry in the
6-MV photon beam were a source to surface distance
(SSD) of 100 cm, a field size of 10x10 cm?® and sample
depth of 1.5 cm, that is, d,. for 6-MV modality in a
water equivalent plastic phantom, with an additional
10 cm of backscatter. The detector was composed of a
scintillator and a photodiode which are both exposed to
the same photon flux. In order to establish the signal
induced by radiation interacting directly with the OPD,
the device response was tested by exposing the samples to
ionizing radiation in two modalities: by direct interaction
(radiation interacts with OPD devices directly) and by
indirect interaction (radiation is converted into optical pho-
tons within the scintillator). The plastic scintillator
(RP400) had a peak emission wavelength of 420 nm. To
minimize reflections at the surface the scintillator was
coupled with the devices using optical grease with a
refractive index of 1.457 to 1.466* which is close to that
of the organic scintillators, 1.58,°° and the OPD protective
layer, 1.3.

2.C.1. Linearity

Dose linearity measurements were performed for 6-MV
photons at reference conditions as previously described
(1 MU =1 cGy). The response was recorded from 25 to
100 cGy in 25 cGy increments then up to 500 cGy in
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increments of 100 cGy. Photodetector sensitivity was calcu-
lated from the gradient of the linearity plot (nC/cGy).

2.C.2. Dose rate dependence

The response of the detector, relative to an ionization
chamber (IC) (NE2571 Farmer) positioned in reference con-
ditions, was tested under different irradiation dose rates by
varying the SSD from 300 to 90 cm. This corresponds to a
dose per pulse (DPP) range between 0.31 x 10~* Gy/pulse
and 3.4 x 10~ Gy/pulse, respectively. Readings at each
SSD were divided by the response of the IC and the ratios
were normalized to the response ratio measured at an SSD of
100 cm, corresponding to a DPP of 0.28 mGy/pulse. Assum-
ing that the IC response was dose rate independent in the
range of interest, then normalizing the response of the OPD
to this chamber at different SSDs provided a mechanism for
determining the dose rate dependence of the OPD.

2.C.3. Energy dependence

For energy dependence measurements, the response of the
OPD coupled with a plastic scintillator to 6-MV photons at
reference conditions was compared to keV energies from a
Gulmay orthovoltage x-ray tube. The x-ray tube operated at
accelerating potentials between 50 and 250 kVp correspond-
ing to incident mean photon energies of 29.5 and 129.4 keV.
100 MU was incident onto the OPDs at 30 and 50 cm focus
skin distances (FSDs), depending on the applicator used for
the desired energy. All measurements were conducted at the
surface with 10cm backscatter of water equivalent plastic
phantom.

2.C.4. Percentage depth dose

Percentage depth dose (PDD) measurements for pulsed 6-
MYV photons were obtained for the device in a water equiva-
lent plastic phantom and compared to an IC (Scanditronix/
Wellhofer CC13) in a water tank. With the SSD remaining
constant, that is, 100 cm, the PDD was measured from 0.5 to
25 cm by stacking increasing thicknesses of water equivalent
plastic phantom on top of the device, with a constant 10 cm
backscatter. The PDD of the OPD was measured via direct
detection (no scintillator) and indirect detection with plastic
scintillators of different thicknesses (from 0.5 to 2 mm). The
response of the OPD was compared to the response obtained
using an IC.

3. RESULTS
3.A. Radiation hardness study

The results of the JV characterization performed between
—10 and 2 V bias as a function of ionizing radiation dose are
shown in Fig. 2. An inset highlights the effect on current
density of accumulated dose at —2 V. This value of external
bias was subsequently used as the operating voltage for all
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further experiments as it represents the minimum reverse bias
value required to ensure complete charge extraction under
operating conditions.

The effect of radiation damage to the OPDs ability to
detect visible light is illustrated in Fig. 3. The maximum pho-
tocurrent for the nonirradiated device was obtained at a wave-
length of 640 nm compared to 370 nm after 40 kGy. The
change in spectral shape was due to the acceptor (absorbance
peak at 370 nm) clearly withstanding the irradiation better
than the polymer donor (broad 450 to 600 nm peak). The
wavelength of maximum photocurrent was chosen for the
scintillator to optimize the signal of the OPD after preirradia-
tion.

The effect of irradiation by high-energy x rays on the pho-
todiodes ability to directly detect ionizing radiation is illus-
trated in Fig. 4. The photodiodes had a response efficiency
of approximately 30% after a cumulative irradiation dose of
30 kGy. At doses of 35 kGy or higher, the variation of any
subsequent changes in charge output was observed to be
<0.5%.

3.B. Response characterization

Response of the organic photodetector to a 6-MV photon
beam was measured via direct interaction (without a scintilla-
tor) and indirect interaction (with a 0.5-mm-thick scintillator)
as presented in Fig. 5. Direct interaction produced a low x-
ray induced photocurrent with a poor signal-to-noise ratio
(approximately (5 4+ 1) pC of charge integrated over 1 ms)
with respect to the signal generated by optical photons from
the scintillator corresponding to a charge of (135 + 1) pC.
Response timing of the OPD to direct interaction with the x
rays shows a different behavior with respect to the response
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FiG. 2. JV characteristics for the organic photodetectors preirradiated to a
total irradiation dose of 20 kGy (blue triangles) and 40 kGy (red circles)
with respect to the reference sample (nonirradiated) (black squares). The
inset shows the trend of the leakage current density at —2 V as a function of
the accumulated dose.
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generated by the optical photons emitted by the scintillator.
The electrons generated directly in the OPD device by the x
rays do not generate a conductive current for the first few sec-
onds of irradiation. This effect, often referred to as the prim-
ing effect, has been observed in several different analogous
radiation detectors, in particular for amorphous detectors
such as polyCVD diamond devices.”">> The delayed current
response is generally ascribed to carriers filling the traps of
the low-energy tail states of the acceptor and donor materials.
For the OPDs in this study, priming was required every time
the detector was left un-irradiated (in dark conditions) for
5 min or more.

The responses of the OPDs to indirect detection of high-
energy photons were observed to be linear from 25 to
500 Gy with an R value of 0.9991 and 1 for the nonirradi-
ated and preirradiated sample (Fig. 6), respectively. Their
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Fic. 5. Response of preirradiated organic photodiode to beam from pulsed
LINAC for 100 MU in calibration conditions via direct (black solid line) and
indirect (0.5-mm-thick RP400 plastic scintillator) (red dash-dot line) detec-
tion in passive mode. Waiting 5 min between prior exposure to 6-MV pho-
tons showed a delayed response between the beam turning on (blue arrow)
and the response observed from direct detection.

sensitivities to 6-MV photons were determined to be
(190.0 £ 0.3) pC/cGy and (170 £ 0.10) pC/cGy at =2V,
respectively.

Figure 7 shows that, if the detector is equipped with the
scintillator, the dose rate dependence is uniform and the indi-
rect detection of ionizing radiation for organic semiconduc-
tors is constant, irrespective of the injection level and
preirradiation conditions. The response of the OPD to direct
interactions with secondary electrons at d,,,x (under 1.5 cm
of solid water) is a factor of 2 higher at lower dose rates,
before stabilizing at rates higher than 2 x 10~* Gy/pulse.
This dose rate dependence for direct detection was even
higher for the preirradiated device, reaching a factor of 2.4.

The energy dependence was measured for a preirradiated
organic photodiode for indirect detection (2-mm scintillator
thickness) of low keV energies from an orthovoltage x-ray
unit and compared to the response from pulsed 6-MV pho-
tons, as shown in Fig. 8. The gradient from 30 to 100 keV is
due to the absorption properties of the plastic scintillator
used. The mass-energy absorption coefficient ratio of the
plastic scintillator to water provided by the National Institute
of Standards and Technology (NIST)? in Fig. 8 proves this
hypothesis. The uncertainty is strongly affected by the dose
rate from the orthovoltage x-ray tubes at a specific energy
due to the need for longer/shorter acquisition times to depos-
ited 100 MU during each scan. The dose rates ranged from 9
to 42.5 mGy/s, occurring at 100 and 50 keV, respectively.
However, as shown in Fig. 7, when coupled with a scintillator
the device is not dose rate dependent, it is only the signal-to-
noise ratio from the orthovoltage output that affects the uncer-
tainty in Fig. 8. The energy offset observed between the
NIST data and the experimental data from the detector is due
to the use of a broad spectrum with a nominal average energy
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external bias. The uncertainties were calculated as one standard deviation
from three datasets.
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water equivalent solid phantom with a 6-MV photon beam at a field size of
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(organic photodetector) and indirect (organic photodetector coupled with a 2-
mm-thick RP400 plastic scintillator) detection are reported for comparison.
The uncertainties were calculated as one standard deviation from three data-
sets.

for the experimental measurements while the absorption cal-
culated by NIST is for a monochromatic source. Fig. 8 also
compares the energy dependence for commercially available
detectors as a reference.

A comparison of the PDD measured for the photodetector
from the surface to 20 cm depth in solid water is presented in
Fig. 9. All datasets were normalized to d,,x for a 6-MV pho-
ton beam with 10 x 10 cm? field. Figure 9(a) illustrates the
effect of the PDD using a range of plastic scintillator
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thicknesses. The data collected with the 1-mm scintillator
provide the most accurate match with respect to the IC data
as demonstrated in Fig. 9(c). The percentage difference for
the 1-mm scintillator with readout from the nonirradiated
OPD was within +3%, while the preirradiated device over
responded by up to 5%. The inherent damage of the material
due to the TID of 40 kGy has an impact on the ability of the
device to accurately measure the dose deposited in direct
comparison to an IC.

4. DISCUSSION

The radiation tolerance of organic semiconducting materi-
als is a crucial parameter for design of a QA device for radio-
therapy and must be proven to ensure that sensitive volume
composites have a stable and reproducible response and a
long shelf life for applications with high ionizing radiation
exposure. JV characteristics of a device exposed to a TID of
20 kGy showed a decrease in the current rectification with an
unchanged reverse bias leakage current (Figure 2). A
decrease in the leakage current was observed for a TID of
40 kGy with an even further decrease in the rectification
junction. This characterization suggests that an OPD can be
used with a small bias applied because the baseline decreases
with the exposure to radiation with a rate of approximately
0.01 fA/Gy. The JV characteristics suggest also that both life-
time and mobility of thermal carriers decrease. The effect of
radiation damage on the OPD response has been character-
ized using both optical light and direct x-ray interaction
(without a scintillator). Ionizing radiation induced trapping
sites resulted in an overall decrease in sensitivity of the highly
irradiated OPD which exhibited a shift in the maximum UV—
Vis absorbance from 600 to 370 nm, substantially altering
the spectral shape (Fig. 3). Since the photocurrent spectrum
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is determined by the efficiency of current generation for each
wavelength, it shows that radiation damage has a larger
impact on the OPD in detecting long wavelengths than short.
This result suggests that the polymer acceptor is more radia-
tion tolerant compared to the polymer donor. Investigations
of the effect that radiation damage has on their sensitivity to
x rays, with an average energy of 70 keV, showed that the
OPDs exhibit an acceptable response efficiency of approxi-
mately 30% after 35 kGy of irradiation (Fig. 4). Substantial
degradation up to 1 kGy has been confirmed in other work™”
and is consistent with the morphological degradation
expected for P3HT.”* A stabilization of the response after
1 kGy is hypothesized to be a result of radiation induced con-
ductivity (RIC). Radiation induced conductivity is a phe-
nomenon observed in polymers irradiated with x rays from
20 to 400 keV. Photons generate free holes (as secondary
electrons are promptly trapped) which undergo a rapid pro-
cess of geminate generation and recombination, facilitating
an increase in conductivity of the material.”> This effect
enhances the current signal collected at the electrode during
irradiation and has been previously investigated in polymer
materials. The RIC effect was found to be dependent on the
electric field, temperature, and relative work function of the
metal and organic substrate in these materials.'*>® Thus, sev-
ere radiation damage with doses up to 30 kGy acts as a get-
tering effect, varying the fine structure of energy levels at the
lowest unoccupied molecular orbital (LUMO) band, and
improving the charge collection efficiency. We suggest that
the mechanisms for the two charge transport processes differ
such that exposure to high fields of ionizing radiation is only
substantially affecting the photo generated charges via the
absorption of visible photons. This hypothesis was formu-
lated as a result of the substantial degradation of sensitivity
when exposed to visible photons (Fig. 3) compared to the
stabilizing effect for ionizing radiation (Fig. 4). The radiation
damage effects were investigated for the response to 6-MV
photons by comparison of a non- and preirradiated photode-
tector. All response and dosimetric measurements were con-
ducted for a device consisting of an OPD coupled with a
plastic scintillator emitting in the 400 to 420 nm range to take
advantage of the response obtained from the UV—Vis pho-
tocurrent spectra. Coupling the organic photodiode with a
plastic scintillator was also shown to produce higher sensitiv-
ity and a more stable response compared to direct detection
(Fig. 5). The sensitivity to 6-MV photons when coupled with
a 0.5-mm-thick scintillator was determined to be
(190.0 £ 0.3) pC/cGy and (170 % 0.10) pC/cGy for the
nonirradiated and preirradiated sample at —2 V external bias,
respectively, Fig. 6. The observed linear response of the
OPDs when coupled with a plastic scintillator allowed for
successful dosimetry measurements to be achieved before
and after preirradiation. Differences in the response for direct
and indirect detection were observed when measuring the
dose rate dependence, Fig. 7. The response obtained with a
scintillator across a large range of dose rates shows an excel-
lent uniformity in comparison with a Farmer IC. The OPD
without a scintillator instead shows a variation in the response
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by a factor of approximately 2.5 before stabilizing past
2 x 10~* Gy/pulse, suggesting that the exposure to high-en-
ergy photons changes the transport mechanism or the interac-
tion of the carriers with the fine structure of the molecular
orbitals in the substrate. Further studies of the carrier mobil-
ity and lifetime are required using pulsed x-ray sources to
understand the mechanism of mobility underlying this effect.

The energy dependence of commercially used dosimeters
is illustrated in Fig. 8. Silicon detectors have a characteristic
over-response to photon energies below 0.2 MeV due to the
larger cross section of the photoelectric effect of silicon
(Z = 14) with respect to water. Film displays a weak energy
dependence (within 10%) which is ideal for radiotherapy.
Compared with these devices, the energy response of the
OPDs when coupled with a plastic scintillator is dominated
by the mass absorption coefficient of the scintillating material
as shown by the match with the scintillator absorption data
obtained from NIST. The detector exhibits an energy inde-
pendent response within a wide range (between 70 keV and
1.2 MeV). This result shows that the organic semiconducting
photodiode inherently has a minimal energy dependence of
its response with the applicability to simultaneously measure
x-ray beams of different energies for applications such as
external beam radiotherapy and brachytherapy.”’ "

The PDD was measured for a range of scintillator thick-
nesses as shown in Fig. 9(a). An over-response was observed
for the thinnest scintillator compared to an underresponse for
the thicker scintillator. The latter is due to a volume averaging
effect with a sensitive volume thickness of 2 mm. The over-
response occurring with the 0.5-—mm scintillator was due to
the parasitic effect of the current generated in the OPD by
direct interaction with the beam as shown by the direct corre-
lation of the response of the OPD to a PDD curve shown in
Fig. 9(b). The PDD as measured by the photodiode without a
scintillator shows an unusual distribution of the dose. The
PDD reached up to 180% between 5 and 7 cm depth because
there is a combination of dose rate dependence (accountable
for approximately 50% over-response) and a residual 30%
dose enhancement which could be related to the extracameral
materials around the OPD. This effect is measurable in the
device without a scintillator because the current induced in
the sensitive volume by the direct interaction with the beam is
extremely small and luminescence and scattering from the
printed circuit board underneath the sensor becomes a sub-
stantial portion of the total signal. This effect disappears
when the OPD is coupled with the scintillator. Therefore, a
1-mm scintillator was observed to be the optimal thickness,
as this sensitizer/detector combination minimized the volume
averaging effect and created an intense optical signal to
ensure that parasitic contributions from the OPD direct pho-
tocurrent and scattered radiation were negligible, Fig. 9(c).

Identifying the possible interactions of the organic semi-
conductor with ionizing radiation is still to be researched. An
intensive investigation of the effect of radiation damage on
the charge transport mechanism in organic semiconductor
materials is not within the scope of this paper and is being
examined with additional measurements. However, the
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variation in current response of <0.5% after an accumulated
dose of 35 kGy demonstrates the possibility to stabilize the
OPDs response to cumulative radiation dose. This result con-
firms that the response of an organic semiconductor device to
ionizing radiation can be optimized for dosimetry in treat-
ment and imaging applications. This study also showed that
OPDs have the best response when coupled with a scintillator
to measure the indirect detection of ionizing radiation. How-
ever, coupling with a plastic scintillator reduces the spatial
resolution, increases the sensitive volume, and combines all
the limitations of scintillators including isotropic emission,
quantum efficiency of the scintillator and effects of coupling
to the readout device.

5. CONCLUSIONS

This work presented investigations into the potential
use of an organic photodetector coupled to a plastic scin-
tillator as a dosimeter for ionizing radiation. The advan-
tage of having a water equivalent material for both the
sensitive volume (plastic scintillator) and the readout
detector (photodiode) is attractive for dosimetry. The
device can potentially combine the advantages of fiber-op-
tic dosimeters and the simplicity of the readout of a diode.
Radiation damage in organic semiconductors represents a
limiting factor, which has been investigated in this work
along with their performance as dosimeter. Both the sam-
ples, before and after irradiation, showed a linear response
to accumulated dose. The nonirradiated organic photode-
tector performed slightly better, with a dose sensitivity of
(190.0 £ 0.3) pC/cGy and a percentage difference of +3%
for the PDD between 0.5 and 20 cm, than the photodetec-
tor irradiated with 40 kGy of ionizing radiation. No dose
rate dependence was observed for either photodetector,
and energy dependence was shown to only affect the plas-
tic scintillator coupled to the device. The comparison of
the dose rate dependence and PDD for direct and indirect
detection suggests that there is a differing transport mech-
anism within organic semiconducting material when
excited by either visible light or ionizing photons. The
signal generated by direct interaction of radiation with the
photodiode is strongly dose rate dependent, which affects
the response of the sensor to variation of the depth with
respect to the ionization chamber. In order to achieve a
reliable and accurate percentage depth dose curve, a mini-
mum thickness of 1-mm scintillator must be used to make
the direct interaction response of the photodiode negligi-
ble. The response of an organic photodiode to X rays can
be stabilized with a variability of 0.5% after preirradiation
with 30 kGy. This result confirms that the combination of
an organic scintillator with an organic photodiode is a
viable solution for tissue equivalent dosimetry, but investi-
gation into correcting for the lower sensitivity and dose
rate dependence for direct detection must be addressed.
This could potentially be achieved by exploring different
combinations of the bulk heterojunction materials and the
thickness of the device.
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