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Abstract:
Recently, a new family of low-cost X-radiation detectors have been developed, based on
semiconducting polymer diodes, which are easy to process, mechanically flexible, relatively
inexpensive, and able to cover large areas. To test their potential for radiotherapy applications such as
beam monitors or dosimeters, as an alternative to the use of solid-state inorganic detectors, we present
the direct detection of 6 MV X-rays from a medical linear accelerator using a thick film,
semiconducting polymer detector. The diode was subjected to 4 ms pulses of 6 MV X-rays at a rate of
60 Hz, and produces a linear increase in photocurrent with increasing dose rate (from 16.7 to 66.7
mGy.s-1). The sensitivity of the diode was found to range from 13 to 20 nC.mGy-1.cm-3, for operating
voltages from -50 to -150 V, respectively. The diode response was found to be stable after exposure to
doses up to 15 Gy. Testing beyond this dose range was not carried out. Theoretical calculations show
that the addition of heavy metallic nanoparticles to polymer films, even at low volume fractions,
increases the X-ray sensitivity of the polymer film/nanoparticle composite so that it exceeds that for
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silicon over a wide range of X-ray energies. The possibility of detecting X-rays with energies relevant
to medical oncology applications opens up the potential for these polymer detectors to be used in
detection and imaging applications using medical X-ray beams.
PACS: 07.85.Fv X-ray detectors, 29.20.Ej Linear accelerators, 87.53.Bn Dosimetry of x-rays and
gamma rays, 81.05.Fb Organic semiconductors, 61.82.Pv Radiation effects of polymers.

1.

Introduction

Over the past 60 years, radiation oncology apparatus has been developed, based on Linear Particle
Accelerator (LINAC) technology, to provide precision targeting of a beam of X-rays. [van Dyk 2005,
Thwaites 2006] To ensure that the dose from a medical LINAC is delivered accurately the emitted Xrays should be characterised fully, currently achieved by carefully calibrating the radiotherapy beam
according to dosimetry codes of practice and professional recommendations. [e.g. IAEA 2006, IPEM
2007, Thwaites 2003, IPSM 1991] A variety of detectors are available for the measurement of
incident radiation, based on ionisation chambers, film and luminescence dosimeters, and inorganic
semiconductors, and each have their advantages and disadvantages and specific applications.
[Podgorsak 2005]
Semiconductor detectors employed in radiotherapy applications have typically been based on diodes
containing p-type silicon (which is more resistant to radiation damage [Rikner and Grus 1983] and
provides a lower dark current than its n-type analogue) or metal-oxide semiconductor field-effect
transistors (MOSFETS). [Asensio et. al. 2006, Verellen et. al. 2010] These detectors are particularly
useful for dose measurements or beam imaging due to their ability to directly measure spatial dose
distribution, but are less useful for beam calibration due to their propensity to damage from
accumulated dose and drift due to environmental effects. [Podgorsak 2005] Solid-state detectors do,
however, have an inherent sensitivity advantage (up to 104 times) over gas-phase ionisation chambers:
a lower activation energy is required to produce an ionisation pair (approx. 10 times lower), and the
higher material density leads to a higher efficiency (up to 103 times greater), making them ideal
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candidates for dosimeter miniaturisation. [Fowler 1963] The semiconductor detectors have a wide
range of application in radiotherapy, [Rosenfeld 2006a, Rosenfeld 2006b] for example, semiconductor
diodes are already used in urinary (bladder) and rectal dose measurements using external beam
radiotherapy and brachytherapy. [Essers and Mijnheer 1999, Waldhausel et. al. 2005] Examples of
some novel solid-state dosimeter materials currently under investigation can be found elsewhere.
[Lansley et. al. 2009, Sellin and Vaitkus 2006, Wang et. al. 2005, Mainwood 2000]
We have recently shown that semiconducting polymers can be used for direct detection of low energy,
“soft” X-rays (50 kV Molybdenum [Mo] X-rays) [Boroumand et al 2007] for which the polymers
have a relatively high attenuation coefficient. Here, we describe the use of semiconducting polymer
diodes for the detection of high energy, “hard” X-rays (6 MV X-rays from a tungsten [W] target)
produced from a medical LINAC. In this case, the attenuation coefficient of the polymer for the high
energy X-rays is approx. 30 times less than that for the lower energy X-rays.

2.

Methods

2.1 Materials
Poly([9,9-dioctylfluorenyl-2,7-diyl]-co-bithiophene) (F8T2, number-average molecular weight (Mn)
= 45,000 g.mol-1, weight-average molecular weight (Mw) = 120,000 g.mol-1) was prepared as
previously reported. [Theim et. al. 2005] Polyimide (Kapton®, 0.025 mm thick), coated on one side
with aluminium (50-100 nm thick) with a nominal sheet resistance of 2.5 Ω□-1 (ohms per square), was
purchased from Goodfellow Ltd., UK. Indium Tin Oxide (ITO) coated glass, with a nominal sheet
resistance of 25 Ω□-1 and an oxide thickness of 80-120 nm, was purchased from Delta Technology
Ltd., USA (CB-60IN). Toluene (99.99%, Sigma-Aldrich Chemical Co., UK) was used as received.
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2.2 Detector production
F8T2 (5 wt.% solution in toluene) was spin-cast on top of the aluminium (Al) layer of the aluminiumcoated polyimide or the ITO surface of the ITO-coated glass (ca. 1.5 x 1.5 cm2). The spin processing
conditions for the polymer films were: 1) accelerated at 100 rpm/s to 200 rpm and held for 100 s, 2)
accelerated at 100 rpm/s to 500 rpm and held for 60 s, 3) accelerated at 100 rpm/s to 2000 rpm and
held for 30 s, 4) decelerated at 100 rpm/s. This procedure produced a relatively smooth polymer film
with a thickness of approx. 10 μm. After this, the films were typically dry to the touch; a short period
of drying under atmospheric conditions was however required for some films, before annealing under
vacuum at 110°C for 24 h. The thickness of the polymer layers was subsequently measured using a
surface profilometer (Dektak 8, Veeco Instruments). To complete the diode, gold (Au) or Al
electrodes (100 nm thick, 0.5 x 0.5 cm2), depending on the substrate used, were thermally evaporated
onto the F8T2, through a shadow mask, at a pressure of 10-6 mbar. The diodes were connected to the
measurement electronics through filament wires attached by gold paste to the electrodes. Finally, the
diodes were coated with paraffin wax (0CON-194 Logitech Ltd, UK) by dip coating in the molten
wax. Upon completion, the detectors were stored under nitrogen and in the dark to minimize any
adverse oxidation effects.

2.3 Irradiation experiments
The current-voltage (I-V) characteristics of the diodes were examined using a voltage sourcepicoammeter (487, Keithley Instruments, UK) by applying a bias voltage to the appropriate electrode.

2.3.1 Visible light illumination
The photocurrent response of a paraffin wax/Au/10 µm F8T2/ITO diode to visible light was measured
by exposing the diode alternatively to indoor laboratory fluorescent lighting and partial sunlight. The
diode was biased by -50V applied to the ITO, and illuminated through the ITO. The external bias
4
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ensured the diode was operated in reverse bias conditions to minimise the dark current (reverse bias
leakage current) in the device. Illuminance levels were measured using a lux meter (Macam R203
Radiometer).

2.3.2 X-ray irradiation
X-ray detection measurements were performed using 6 MV X-rays from a multi-mode linear
accelerator (Clinac iX, Varian USA). For each measurement, the detector was mounted in an open
plastic box, to minimise X-ray scatter by metals, and covered by two sheets of 10 mm thick epoxy
resin water-equivalent phantom (RMI451 Gammex Inc., USA) (Figure 1), in order to position the
detector close to the depth of maximum dose. A polyurethane foam insert was used to position the
detector against the rear side of the phantom. During exposure, the detectors were mounted 1 m from
the X-ray source (focus-surface distance [FSD]) with a 10 x 10 cm2 field size. [Radaideh and Alzoubi
2010]

2.3.2.1 Single 6 MV X-ray pulse measurement
The photocurrent response of a silicon photodiode (S1223-01, Hamamatsu Corp.), with an active area
of 0.13 cm2, thickness of 300 μm, and operated at -100V, was measured using an amplifier (DLPCA
200 variable gain, low current, trans-impedance amplifier, FEMTO Messtechnik GmbH) connected to
an oscilloscope (Tektronix 2022B). The diode was exposed to multiple pulses of 6 MV X-rays
providing a dose of 50 mGy/s (= 3 Gy/min). The amplifier was set to provide 104 V/A gain (± 1%),
with a 0.7 µs rise time (10-90%) and 500 kHz bandwidth, and incorporated a 10 Hz low pass filter to
eliminate wideband noise, allowing accurate, low noise DC current measurements down to fA levels.
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2.3.2.2 Continuous 6 MV X-ray pulse measurement
The photocurrent response of a paraffin wax/Au/10 µm F8T2/Al/Kapton diode was measured, while
applying a constant operating voltage to the Au electrode (-50, -100 or -150V), using the
picoammeter/voltage source. Again, the diode was exposed, through the metal top electrode, to
multiple pulses of 6 MV X-rays with X-ray dose rates of 1 - 4 Gy/min (equivalent to 16.7 - 66.7
mGy/s), but in this case the picoammeter/voltage source was used to measure the average current
output over a 30 s interval. As for the visible light illumination, the diode is operated in reverse bias to
minimise dark current.

2.3.3 Response characterisation
An ideal response to illumination by light, or irradiation by X-rays, would be a “top hat” step
function, such that the response of the diode is instantaneous with the switching on and off of the
incident radiation. [Taylor 2006] Instead, an exponential function characterises the charging and
depletion of the diode (which may be fast but not instantaneous). Using a curve fitting program
(Sigma Plot v8, SPSS Inc) the time constant (τ) - the time to reach 63% of maximum amplitude (or
37% for decaying process) - can be calculated. Figure 2 shows the F8T2 diode response to incident
illumination, whereas Figure 3 shows the photodiode response to incident irradiation. In each case, a
single time constant (τR) could be calculated from the rising signal, but the decay signal was found to
consist of two distinct exponential functions (τD).
Assuming F8T2 is a p-type polymer, it is expected to produce an ohmic contact with the ITO
electrode (due to the similarities in the energies of the Fermi levels of the ITO, approx. -4.7 eV,
[Intaniwet 2010] and that of the semiconductor; the latter of which lies just above the highest
occupied molecular orbital (HOMO) level of the p-type F8T2, approx. -5.0 eV), and a rectifying
contact with the Al contact. [Mills 2009] The response of the diode to incident radiation is due to the
promotion of electrons into the diode conduction band, [Knoll 2000, Pieirls 1955] a process which is
optimised in the depletion region adjacent to the rectifying Al electrode, [Tyagi 1991] and the
6
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subsequent removal of the electrons to the external circuit. Conversely, the two exponential decay
components may reflect the movement of electron and hole charge carriers. The drift velocity of the
charges is proportional to the electric field such that,
,

(1)

where, µ is the mobility. Rewriting equation 1 to obtain the drift time (td), [Taylor 2006]

,

(2)

where, l is the drift length and V is the applied voltage, shows that the drift time is inversely
proportional to the mobility.

3.

Results

To allow for comparison with other photodetectors and examine the electrical properties of the F8T2
diode, Figure 2 shows the photocurrent produced by a paraffin wax/Au/10 µm F8T2/ITO diode,
biased at -50 V, exposed alternatively to indoor laboratory fluorescent lighting (approx. 350 lux,
measured using a lux meter) and partial sunlight (approx. 2,000 lux).
A silicon photodiode was used to measure the characteristics of the X-ray pulse from the LINAC.
Figure 3 shows the photocurrent response of the silicon photodiode when exposed to a single 4 µs
pulse of 6 MV X-rays. The inset in figure 3 shows consecutive X-ray pulses detected by the silicon
photodiode detector.
In contrast, the X-ray response of the F8T2 diode is averaged over a number of X-ray pulses (approx.
30 s at 60 Hz = 1800 pulses) due to the low current level of the signal produced. Figure 4 shows the
photocurrent response of a paraffin wax/Au/10 µm F8T2/Al/Kapton diode when exposed to multiple
6 MV W X-ray pulses, at dose rates from 16.7 to 66.7 mGy/s, measured directly using the
picoammeter/voltage source.
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4.

Discussion

4.1 F8T2 diode illumination
F8T2 is a chemically stable, conjugated semiconducting polymer, which is soluble in a range of nonpolar solvents because of its pendant alkyl chain moieties on the conjugated polymer backbone. It
displays thermotropic liquid crystallinity, in which the polymer chains can be aligned through thermal
annealing and cooling, allowing for increased chain packing through self-assembly. [Whitehead et. al.
2000] We have previously shown its suitability for the production of flexible, thick film X-radiation
detectors for the detection of soft X-rays. [Mills et. al. 2009] A diode produced from F8T2 has a dark
current of approx. 1.2 nA, but produces 10 nA and 50 nA current, respectively, when exposed to
approx. 350 and 2000 lux visible radiation (Figure 2). Assuming a linear current increase with
increasing illumination (inset Figure 2), this corresponds to a photocurrent sensitivity of 25 pA.lux-1.
The response of the diode to the light can be quantified. In each case, a single time constant (τ R) could
be fitted to the rising signal using the equation,

(

), where τR = ⁄ , but two distinct

exponential functions (τD) were required to fit the decay signal using the equation
(

(

)

), where the time constants were τD1 = ⁄ and τD2 = ⁄ . The values of the time constants

and the harmonic mean of the decay constants are given in Table 1. The different time constants
calculated for the illumination at 350 and 2000 lux, from the different light sources (fluorescent lamp
and solar respectively), can be explained to be due to complex charge injection and/or drift due to trap
states in the polymer. [Taylor 2006]

4.2 Irradiation experiments
4.2.1 Silicon photodiode irradiation
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The silicon photodiode registered pulses from the LINAC that were 16.67 ± 0.25 ms apart (Inset
figure 3), corresponding to a frequency of 60.0 ± 0.9 Hz. [Karzmark and Morton 1998] The
oscilloscope, with a 10 ns measurement interval and 60 µV sensitivity, was then used to isolate a
single, approx. 4 µs pulse response (Figure 3). Measurement of the baseline prior to the pulse gives
the noise level, with an average voltage, VA = 6.6 ± 6.5 mV. The voltage can be converted to current
by dividing by the gain, i.e. VA/104 = 660 ± 650 nA. The response of the silicon photodiode to the 4
µs X-ray pulse gives a peak maximum, Vmax = -552 mV (again, Vmax/104 = -55.2 µA), producing a
signal-to-noise (S/N) ratio of 3,483.
As for the polymer diode, the rise component of the pulse was fit to the equation,

(

)

where τR = ⁄ = 1.14 μs (R2 = 0.997). In comparison, the rise time of the amplifier is 0.7 µs. The
rising signal recorded is therefore due to the irradiation of the silicon photodiode and is not apparatus
limited. The decay component was also fit using the equation,

(

)

(

). In this case,

the time constants were τD1 = ⁄ = 0.74 μs, and τD2 = ⁄ = 11.36 μs respectively (R2 = 0.988),
again suggesting that the decay function has fast and slow components.
The X-ray pulse is estimated to be approx. 3.7 μs long, equivalent to 3.77τR. In contrast, the charge in
the photodiode takes approx. 43 μs to decay completely. As the LINAC pulses every 16.67 ms the
photodiode is a capable detector for characterising the LINAC pulse shape. The fast response and
decay for X-ray irradiation mirrors that for the visible light illumination (Table 1), and allows the
characterisation of the individual LINAC pulses at ms time scales.

As previously stated, the drift time is inversely proportional to the mobility (equation 2). For silicon,
the electron and hole mobilities, at 300K, are 1350 and 480 cm2(Vs)-1 respectively. [Knoll 2000] In
comparison, F8T2 has high hole mobilities (up to 10-2 cm2(Vs)-1) for a semiconducting polymer, due
to its liquid crystalline character, [Sirringhaus et. al. 2000, Salleo et. al. 2002] and potentially similar
electron mobilities (e.g. 6 x 10-3 cm2(Vs)-1 [Chua et. al. 2005]). The τD values calculated given these
charge mobilities, and using equation 2, are in the region of ns for the silicon and µs for the polymer,
9
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and are significantly shorter than the experimental values. This is probably because the response
mechanism, especially in the polymer, will be complex, primarily due to the presence of traps etc.,
[Taylor 2006] and will not necessarily lend itself to simple, optimised electron or hole mobilities.
Even though the diode properties have not been optimised to enhance mobility, the p-type F8T2 has a
proportionally slower response than the silicon diode.

4.2.2 F8T2 diode irradiation
The response of the F8T2 diode (Figure 4) is measured at increasing operating voltages applied to the
Au electrode, giving electric fields through the diode in the range from 5 to 15 MV.m-1. The diode is
exposed to between 0.5 and 2 Gy per 30 s exposure depending on the dose rate. At the end of the
measurements, it is exposed to 15 Gy in total (5 Gy per set of measurements at each diode operating
voltage [-50, -100 and -150 V]).
The F8T2 diode response is seen to increase linearly with increasing dose rate. The data presented are
corrected for the dark current produced by the device at each voltage, and can be used to calculate the
sensitivity of the diode to 6 MV X-rays (Table 2). The highlighted data point in the -150 V data set is
considered to be an outlier using Cook’s distance analysis (Di > 1, or Di > 4/n) calculated using
Matlab numerical software (the analysis parameters are given in the supplementary data), and hence
the data for the -150 V data set has been fit to a linear regression with the outlier removed (assuming a
linear relationship between the remaining three data points).
The data also display an approximate linear increase in current, for increasing voltage, at constant
dose rates. This is corroborated by examining the data from a similar 10 µm thick F8T2 diode
irradiated with 17.5 keV Tungsten Kα X-rays reported previously, [Mills et. al. 2009] which displayed
a similar approximately linear increase in current with increasing voltage (from -50V to -150V). For
comparison with the values in Table 2, the sensitivity of the reported 10 µm thick F8T2 diode to 17.5
keV X-rays is 158.2 nC/mGy/cm3 when operated at -50 V. [Mills et al. 2009] This sensitivity is
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approx. 12 times greater at the lower X-ray energy when compared to the irradiation of our F8T2
diode by 6 MV X-rays.
The sensitivity of the diodes at the different incident X-ray energies can be explained by examining
the attenuation coefficient at those energies. The mass attenuation coefficient (µ/ρ) for F8T2 at 17.5
keV is 1.64 cm2g-1, compared to approx. 0.05 cm2g-1 at 2 MeV, given that the average incident X-ray
energy of the 6 MV X-ray beam is approximately 2 MeV; [Hinson et. al. 2008] suggesting that the
F8T2 detector should be approx. 30 times more sensitive to the lower energy X-rays. At 17.5 keV the
majority charge production mechanism is the photoelectric effect, whereas at 2 MeV the predominant
mechanism is Compton scattering. A high energy X-ray in Compton scattering is deflected and, if it
retains enough energy, may go on to produce further Compton or photoelectric effect interactions with
the polymer molecules, which would potentially increase the produced photocurrent. However, due to
the higher energy of the X-ray, the probability of interaction with the atoms of the polymer is reduced,
and the majority of X-rays pass through the polymer without interacting.

4.2.3 Future work: Detector optimisation
Finally, we have recently demonstrated that the integration of heavy metallic/metal oxide
nanoparticles (NPs) into polymer X-ray detectors increases the X-ray induced photocurrent output.
[Intaniwet et. al. 2012, Mills et. al. 2013] Because of their nm-size, NPs can advantageously be added
to the semiconductor polymer without being inter-connected and creating a short-circuit. NPs with a
high atomic number (Z) are strong attenuators of X-radiation, whereas low-Z polymers are not.
Detectors for the characterisation of LINAC X-rays, a high photon flux application where detector
sensitivity does not limit the measurement, are currently based on inflexible solid-state silicon
photodiode detectors (e.g. Scandidos Delta 4 system [Scandidos 2012]). In comparison, an F8T2
diode containing 50 wt.% tantalum (Ta) nanoparticles (equivalent to approx. 10 vol.% Ta) will
attenuate more high energy X-rays (> 1 MeV), up to approx. 80% more attenuation at energies above
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50 MeV (Figure 5). At lower energies (< 1MeV), the F8T2/Ta diode will attenuate up to eight times
more incident radiation than will the silicon diode, while retaining polymer flexibility.
The polymer films on their own have an energy dependence that is close to that of human tissues
(tissue equivalence) making them attractive for radiotheraphy applications. This tissue equivalence
will worsen for NP loaded polymer films as the concentration of NPs increases, but the inclusion of
the NPs improves the quantum efficiency of the diodes. Even with a low concentration of Ta NPs
(approx. 10 vol.%) the polymer films are potentially seen to be more sensitive to X-rays than Silicon
at a range of energies (Figure 5). For radiotherapy applications a compromise may have to be
determined between tissue equivalence and increased sensitivity.
Because of the mechanical flexibility of the polymer detector, it can be folded. Hence, multiple layers
of the polymer/NP film can be used to attenuate even more of the incident radiation. [Mills et. al.
2013] Improvement of the charge generation and collection from these light-weight, flexible
polymer/NP materials would potentially allow for their integration into disposable adherent plasters to
allow for short duration, real-time detection/imaging of the X-ray beam. Although even thin films of
polymer can be shown to resist high-dose radiation damage over short exposure times, [Kingsley et.
al. 2010] future degradation studies will give an idea of the applicability of such X-ray detectors,
based on polymer semiconductors, to medical applications. [Street et. al. 2012]

5.

Conclusions

To be useful as the active component in a radiation dosimeter, semiconducting polymers need to be
compared to the existing technology in a variety of areas. [Podgorsak 2005] The repeatability and
precision of dose measurements using semiconducting polymers have previously been proven for
small numbers of repeat measurements (n = 3) [Mills et. al 2009] with excellent linearity over dose
rates between 10 and 70 mGy.s-1 at X-ray energies of 17.5 keV [Intaniwet et. al. 2010, Intaniwet et. al.
2012]. In this work, linearity was demonstrated for a nominal accelerating potential of 6 MV with a
mean incident energy of 2 MeV (Figure 4). The diodes have also been shown to be stable over long
12
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storage periods, with a repeatable response after 6 months, [Intaniwet et. al. 2009] and during
exposure to high doses, e.g. 80 Gy delivered over 20 min. at 67 mGy.s-1. [Intaniwet et. al. 2012]
Semiconducting polymer diodes also lend themselves to a high spatial resolution and can adapt to
directional dependence. Polymer diodes can be produced with sub-micrometre dimensions,
[Boroumand et. al. 2005] over large areas, [Yu et. al. 2000] and on flexible substrates, [Mills et. al.
2009] and a combination of these technologies will allow them to be positioned three-dimensionally
in an incident radiation beam. As dose is a one-dimensional quantity, [Podgorsak 2005] a dosimeter
with a small volume will have a high spatial resolution. The ability to “fold” a single polymer detector
so that the incident beam passes through it multiple times allows for greater detector sensitivity.
Finally, the rugged, solid-state, semiconducting polymer diodes offer the advantage of a real-time
electrical response, which can be directly read out, and low operating voltages, [Mills et. al. 2009]
which may allow them to be battery operated, increasing their portability.
Here, we have shown that it is possible to directly detect 6 MV X-rays emitted from a medical linear
accelerator using a polymer diode. The currents produced with a non-optimised diode are small (nA)
and require a sensitive ammeter to detect, but with optimisation of the diode architecture to increase
current output the diodes show promise for medical X-ray detection, and potentially for other medical
ionising radiation techniques such as proton beam therapy. [Burnet et. al. 2009, Smith 2006, Levin et.
al. 2005] Detection and imaging of X-ray beams can potentially be achieved by producing flexible
large-area, pixelated diodes, using convenient solution-processing techniques, which could for
example be incorporated into adherent plasters. Finally, the potential to incorporate heavy metallic
nanoparticles in the polymer matrix, at low volume percentages, could also see them rival silicon for
sensitivity to X-rays across the energy spectrum. The challenge for the future is to efficiently collect
the photocurrent produced in the diode by the incident X-rays.
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Figure 1. Diagram of the experimental apparatus for X-ray irradiation of the silicon photodiode and
F8T2 diode positioned 1 m from the LINAC X-ray source. Key: (A) LINAC X-ray source;
(B) direction of X-ray travel; (C) 2 x 10 mm thick epoxy resin phantoms; (D) LINAC
patient couch; (E) silicon photodiode or F8T2 diode; (F) foam insert; (G) plastic box; and
(H) connection leads to measurement electronics. Inset is a magnified image of the F8T2
diode (E), consisting of (i) the ITO/aluminium coated polymer substrate, (ii) the F8T2, (iii)
the metal top electrode, (iv) the wax encapsulation and (v) the filament wires connecting
the electrodes to the electronics.
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Figure 2. Photocurrent response of a paraffin wax/Au/10 µm F8T2/ITO diode with -50V applied to
the ITO, exposed alternatively to (A) indoor laboratory lighting (approx. 350 lux) and (B)
partial sunlight (approx. 2,000 lux). Data are corrected for dark current (1.2 nA). Inset:
photocurrent increase with increasing illumination.
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Figure 3. X-ray photocurrent response of the silicon photodiode when exposed to a single 4 µs pulse
of 6 MV X-rays from a medical LINAC (Dose = 3 Gy.min-1) measured using an amplifier
and oscilloscope (10 ns measurement interval, 60 µV [/10 V/A gain = 6 nA] sensitivity).
The overlaid dashed lines correspond to the exponential fits used to calculate the time
constants of the rise and decay components of the response. Inset, X-ray photocurrent
response showing peaks corresponding to consecutive LINAC X-ray pulses.
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Figure 4. X-ray photocurrent response of a paraffin wax/Au/10 µm F8T2/Al/Kapton diode when
exposed to multiple pulses of 6 MV X-rays from a medical LINAC (Dose rate = 16.7-66.7
mGy.s-1) measured directly using the picoammeter/voltage source. Diode operating
voltages = () -50V, () -100V and (▲) -150V applied to the Au. The data point
indicated by * is thought to be an outlier using Cook’s distance analysis (see
supplementary information); the remaining data points are fit to the linear regression.
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Figure 5. Material attenuation coefficient (µ/ρ) of X-rays of increasing energy for bulk silicon (),
F8T2 (), and a 50 wt.% (approx. 10 vol.%) Ta nanoparticle/F8T2 composite material
(▲). Inset: relative attenuation coefficient (%) for the 50% Ta nanoparticle/F8T2
composite () with respect to bulk silicon (dashed line) irradiated with X-rays of
increasing energy.
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Table 1

Time constants and coefficient of determination for the rise and decay components of the
F8T2 diode photoresponse given in Figure 2.
Rise
Illuminance (Lux) τR (s)

Decay
R2

τD1 (s) τD2 (s)

(s)

R2

350

0.38

0.960

0.85

23.2

0.82

0.966

2000

0.19

0.969

0.55

5.92

0.50

0.983
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Table 2

Sensitivity of paraffin wax/Au/10 µm F8T2/Al/Kapton diodes, operated at increasing
operating voltages, exposed to 6 MV X-rays from a medical LINAC

Applied Voltage (V) Electric Field (MV.m-1) Dark current (nA) Sensitivity (nC.mGy-1.cm-3)
-50

5

0.04

13.3

-100

10

0.19

16.6

-150

15

1.9

20.4
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Supplementary information

Cook’s distance (Di):
In Matlab, Cook's distance, Di, is algebraically equivalent to the following expression: [Matlab 2012]
(

(

)

)

where, MSE is the mean squared error, p is the number of coefficients in the regression model (linear
regression, p = 2), ri is the ith residual, and hii is the ith leverage value.
Highly influential observations can be discerned if Di > 1 [Cook and Weisberg 1982] or Di > 4/n,
[Bollen and Jackman 1990] where n is the number of observations (here n = 4).
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Table S1:

Cook’s distance calculations, using Matlab, for the X-ray photocurrent response of a

paraffin wax/Au/10µm F8T2/Al/Kapton diode when operated at -150 V and exposed to
multiple pulses of 6 MV Tungsten X-rays from a medical LINAC (data taken from Figure 4)
Dose Rate / nC.mGy-1.cm-3

ri

hii

Di

Di/n

16.67

-3.2086 0.6081 0.6457 0.1614

33.33

-0.3828 0.2977 0.0014 0.0004

50.00

6.6032 0.2523 0.3117 0.0779

66.67

-3.0119 0.8419 4.8432 1.2108
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