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Abstract
Objective.Microbeam radiation therapy (MRT) is an alternative emerging radiotherapy treatment
modality which has demonstrated effective radioresistant tumour control while sparing surrounding
healthy tissue in preclinical trials. This apparent selectivity is achieved throughMRT combining ultra-
high dose rates withmicron-scale spatial fractionation of the delivered x-ray treatment field. Quality
assurance dosimetry forMRTmust therefore overcome a significant challenge, as detectors require
both a high dynamic range and a high spatial resolution to perform accurately.Approach. In this work,
a series of radiation hard a-Si:H diodes, with different thicknesses and carrier selective contact
configurations, have been characterised for x-ray dosimetry and real-time beammonitoring
applications in extremely highflux beamlines utilised forMRT at theAustralian Synchrotron.Results.
These devices displayed superior radiation hardness under constant high dose-rate irradiations on the
order of 6000Gy s−1, with a variation in response of 10%over a delivered dose range of approximately
600 kGy.Dose linearity of each detector to x-rays with a peak energy of 117 keV is reported, with
sensitivities ranging from (2.74± 0.02)nC/Gy to (4.96± 0.02) nC/Gy. For detectors with 0.8μm
thick active a-Si:H layer, their operation in an edge-on orientation allows for the reconstruction of
micron-size beamprofiles (microbeams). Themicrobeams, with a nominal full-width-half-max of
50μmand a peak-to-peak separation of 400μm,were reconstructedwith extreme accuracy. The full-
width-half-maxwas observed as 55± 1μm.Evaluation of the peak-to-valley dose ratio and dose-rate
dependence of the devices, as well as an x-ray induced charge (XBIC)mapof a single pixel is also
reported. Significance. These devices based on novel a-Si:H technology possess a unique combination
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of accurate dosimetric performance and radiation resistance,making them an ideal candidate for
x-ray dosimetry in high dose-rate environments such as FLASHandMRT.

1. Introduction

The generation of ultra-high dose-rate x-rays at synchrotron facilities is extremely attractive as an alternative
radiotherapy treatmentmodality for incurable tumours. Known as the ‘FLASH’ effect, the exposure of tumour
tissue to dose rates on the order or above 40Gy s−1 has been reported to result in less damage to surrounding
normal tissues whilstmaintaining tumour control similar to that seen in conventional radiotherapy techniques
that deliver a dose rate of 6Gymin−1 (Wilson et al 2020, Posar et al 2021). Additionally, the collimation of high
dose-rate synchrotron beams intomultiplemicron-sized beams (known asmicrobeam radiation therapy or
MRT) has demonstrated promising results in animal-based studies with improved effectiveness on tumour
control (Laissue et al 1998, Bräuer-Krisch et al 2010, Bouchet et al 2013, Engels et al 2020). As the development of
MRTmoves towards clinical applications (Grotzer et al 2015, Adam et al 2022), devices that can accurately
monitor dose deposited prior to and during treatment, offering capabilities to resolve the profile ofmicrobeams
with high spatial resolution are vital. The quantities of interest for quality assurance (QA) inMRT are the full-
width half-maximum (FWHM) and the centre-to-centre (c-t-c) spacing of the fractionatedmicrobeams, as well
as quantifying the ratio of the dose deposited by themicrobeampeaks to the dose in the valley regions between
peaks, also known as the peak to valley dose ratio (PVDR).

Providing accurate dosimetry forMRT is challenging as detectors need to havemicron-scale spatial
resolution, awide dynamic range to copewith the extremely high dose rates and provide accurate dosimetry
under soft x-ray irradiation conditions. At the ANSTOAustralian Synchrotron (AS), light forMRT is generated
with a continuous spectral distributionwith average energy ranging from60 to 120 keV (Livingstone et al 2016),
depending on the beam filtration option selected. Commercial devices such as ionisation chambers (ICs)
routinely used in clinical radiotherapy can operate accurately at ultra-high dose rates with appropriate
correction factors (Fournier Crosbie et al 2016), but lack the spatial resolution required to resolve individual
microbeams. Radiochromic films are also commonly used in FLASH andMRTdosimetry as they can accurately
measuremicrobeamwidths and separations (Pellicioli et al 2019). However, the shortcomings offilm-based
dosimeters include lack of real-time response, the requirement of two different films to quantify PVDR (one
sensitive to the high peak doses and one sensitive to the low valley doses), and spatial resolution limited by the
granularity of thefilms and polymer diffusion after irradiation (Crosbie et al 2008). Organic photodiodes
(OPDs) have demonstrated extremely promising results inMRTdosimetry applications, demonstrating
excellent spatial resolution, tissue-equivalence, and radiation hardness up to 40 kGy (Posar et al 2020). The
shortfall of OPDs arises from their requirement of encapsulation due tomaterial instability in air (Logothetidis
et al 2010), with encapsulationmaterials (often Polyethylene-based) observed to generate artificial satellite peaks
when attempting to resolve individualmicrobeams (Posar et al 2021). Dosimeters employingmicron-sized
plastic scintillators with optical-fibres have also been investigated in thework of Archer et al (2018), resulting in
accurate real-time dosimetry of synchrotronmicrobeamswith a 10μmthick sensitive volume.However, the
energy dependence of the combination offibre-optic andOPDdosimeters are heavily dependent on the plastic
scintillatormaterial used (Archer et al 2018, Posar et al 2020, Large Posar et al 2021). Silicon strip detectors are an
attractive solution forMRTdosimetry, with spatial resolution able to resolve individualmicrobeams and
dosimetric response closelymatching commercially available detectors (Lerch et al 2011,Wong et al 2011,
Petasecca et al 2012, Fournier et al 2016,Davis et al 2022). A promising solution forMRTdosimetry is also
represented by single-crystal diamond dosimeters such as the commercially available PTWmicroDiamond
60019, which has demonstrated exceptional performances for dosimetry of synchrotronmicrobeams. This
detector has the greatest one-dimensional spatial resolution (1μm) and has demonstrated accurate and reliable
microbeammeasurements (Livingstone et al 2016, Livingstone et al 2018,Davis et al 2019). However, alignment
remains a difficult and time-consuming step as the large aspect ratio of the PTWmicroDiamond’s cylindrical
sensitive volume (1μmthick and 2mmdiameter) can result in significant impacts onmeasurement of the
synchrotronmicrobeams from even slightmisalignments.Moreover, the PTWmicroDiamond detector is
designed for operation in conventionalMV radiotherapy, and so the energy dependence and limited radiation
lifetime in ultra-high dose rate environmentsmust be considered for its application inMRTdosimetry.

This work explores the possibility to combine the advantages of silicon detectors (with proved fabrication
stability and limited cost)with the advantage of diamond devices with theirmicron-scaled sensitive volume.
This combination is possible usingHydrogenated amorphous silicon, or a-Si:H. Thismaterial, historically
developed for energy harvesting by the solar-panel industry, has been investigated for direct ionising radiation
detection using a planar diode architecture. An advantageous feature of a-Si:H is its superior radiation hardness,
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withWyrsch et al (2006) reporting an increase in the leakage current of a 32.6μma-Si:H p-i-n diode of only a
factor of 2when held at a 9× 104 V cm−1 electricfield and irradiatedwith 24GeVprotons up to afluence of 7
× 1015 p cm−2. Furthermore, the radiation hardness and sensitivity of a-Si:H devices exposed to gamma
irradiation has been reported (Boudry andAntonuk 1994, Kim et al 2002,Menichelli et al 2021). Detailed
motivations behind the use of a-Si:H diodes for beammonitoring and dosimetry in high-dose environments is
presented in full inMenichelli et al (2020). The structure of ionising radiation detectors based on a-Si:Hmay be
in the p-intrinsic-n (p–i–n) or in the Schottky junction forms. The intrinsic a-Si:H layers used in both p–i–n and
Schottky devices are produced via plasma enhanced chemical vapour deposition (PECVD) of amixture of Silane
gas (SiH4) andmolecular hydrogen at temperatures of up to 250 °C (Shah et al 1992). The introduction of
hydrogen gas during PECVD is optional, as the hydrogen content in the Silanewill still provide hydrogenation of
the amorphous silicon.However, the addition ofH2 gas alongside Silane during PECVDhas been previously
observed to improve bothmaterial and device qualities (Guha et al 2003). The resultingmaterial is a disordered
semiconductor with short-range order. In a-Si, the absence of long-range order gives rise to broken or
unsatisfied Si–Si bonds resulting in tail states fromboth the conduction and valence bands, which extend into
the band gap (Klaver 2007). For a-Si:H, the introduction of hydrogen (at least 4%–10%atomic) passivates the
effect ofmost of the dangling bonds, reducing the defect density within the amorphous silicon structure and
reducing recombination cross sections. The lowered defect concentration also enables the deposition of doped
regions (Street 2005). In alternative to p–i–n structures, a-Si:H devices can be fabricated using dopant-free
carrier selective contacts (CSC). Both electron and hole CSCswere recently successfully developed at École
Polytechnic Fédérale Lausanne (EPFL) for c-Si and a-Si:H solar cell devices. These includematerials such as
MoOx,WOx, TiOx or LiF, that can be often deposited by atomic layer deposition (Bivour et al 2015). Deposition
of a-Si:H via PECVDallows for the fabrication of a-Si:H devices over large areas at low cost with high
reproducibility. Furthermore, PECVDof a-Si:H can be performed on awide variety of substrates including
flexiblematerials such as polyimide (Kapton©), polyethylene naphthalate (PEN) and polyethylene terephthalate.

The experimental dosimetric characterisations summarised in this work are performed on an innovative
a-Si:H device structure based on a selection of CSCdeposited on an intrinsic amorphous substrate (Menichelli
et al 2021). The dosimetry protocols adopted are the ones developed for synchrotron-based radiotherapy and
MRT as outlined in theworks of Prezado et al (2011) andDavis et al (2022).

2.Methodology

2.1.Detector architecture and assembly
The a-Si:H detectors were fabricated at the photovoltaics laboratory of EPFL, located inNeuchâtel, Switzerland.
The detectors can be described as planar barrier diodes with electron selective contacts on one side and hole
selective contacts on the other side. The electron selective contact is formed through the deposition of either
ZnO:Al (AZO) orTiO2 on glass via sputteringwith thicknesses of 60 nmor 10 nm, respectively. The active a-Si:H
detector layer is intrinsic (undoped) and deposited via PECVDat selected thicknesses of 0.8 and 6.2μm.The
hole selective contacts on the top of the devicewere fabricated via sputteringwith a 20 nm thickMoOx layer and
protected by 60 nmof indium titaniumoxide (ITO). Each device contains 4 pixels with an area of 4× 4mm2.
The devices aremounted on polyimide (Kapton) tails and readout in real-time using a custom-designed,
multichannel electrometer developed by theCentre forMedical Radiation Physics (CMRP) at theUniversity of
Wollongong, Australia (Fuduli et al 2014). Each pixel of the a-Si:H devices are connected to gold contact pads on
theKaptonPCB tails via thin copperwires (50μmdiameter) bondedwith silver paint and epoxy to the a-Si:H
detector ITO top contacts (see figure 1(b)). The detector architecture is illustrated infigure 1(a).

A preliminary characterisation of the electrical behaviour and sensitivity of these devices irradiated by x-rays
from a 50 kV, 200μAx-ray tubewith a 125μmBewindow are presented byMenichelli et al (2022).

2.2. Synchrotron beamline and reference dosimetry
Experimentalmeasurements were performed at the Imaging andMedical Beamline (IMBL) of theANSTO
Australian Synchrotron. The IMBL x-ray beam is extracted from the electron storage ring (3GeV, 200mA) by a
superconductingmultipole wiggler with operatingmagnetic field strengths between 1.4 T and 4.2 T. In this
study, the beam is configuredwith a 4 Twiggler field tomaximise the beam intensity. All experiments were
conducted ex-vacuo on the dynamicMRT stage (DynMRT) in hutch 2B of the IMBL,with the beamwindow
located 32mdownstreamof thewigglermagnet. Filtration and hardening of the beam are controlled via five in
vacuofilter paddles, located upstreamof hutch 2B. Paddles 1 to 3 are left in the standard configuration (paddle
1= 14.14mmhigh-density Carbon, paddle 2= 0.64mmCarbon, paddle 3= 0.35mm). For paddles 4 and 5,
different combinations ofmetallic foils can be selected by the user to alter the energy profile and dose rate of the
extracted synchrotron beam. In this paper, three alternative filter configurations are adopted, with the selected
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filter combinations and their impact on the delivered beam summarised in table 1. Such a configuration at the
IMBLbeamline is referred to as ‘pink’ beam settings due to the polychromatic x-ray beam resulting from the
filtration. The extracted beam traverses along the defined x-axis of the beamline and is shaped via a conformal
mask to produce a 20× 20mm2

field in theY–Z plane. A beam-defining aperture (BDA) further controls the
height of the beam (in theZ direction), with heights ranging from0.5 to 2mm.A complete description of the
IMBL, including beamline components, the adopted coordinate system and delivered energy spectra, are given
in theworks ofHausermann et al (2010), Stevenson et al (2017) and Livingstone et al (2018), respectively. The
beamwith 0.5–2mmheight and awidth of 20mm (in theY direction) is referred to as ‘broad beam’, in contrast
to the ‘microbeam’modality where an additionalmulti-slit collimator (MSC) is placed in the beambetween the
BDA and the target device or object under study.

Dose calibrationmeasurements were performed in broad beam, using the commercially available PTW
(Freiburg, Germany) type 31022 PinPoint IC, with a 0.016 cm3 cylindrical sensitive volume (radius 1.45mm,
length 2.9mm). The response of the PinPoint ICwas corrected to account for pressure, temperature, and
polarisation conditions duringmeasurements. For the reference dose ratemeasurements presented in table 1,
the ICwas placed at two selected reference depths in awater-equivalent plastic phantom (solidwater)with
approximately 60mmof backscatter. The reference depths of 15mmand 37mmwere selected as devices were
placed at these depths during radiation damagemeasurements. The IC has been calibrated by PTWwith a TH
200 x-ray beam (109 keVmean energy), allowing for the accumulated charge to be used to calculate the absorbed
dose towater. This reference data is used to calculate the absorbed dose towater at the two reference depths for a
variety of beamfiltrations and deliveries. As a result, the response of the a-Si:H detectors under identical
conditions can be converted to absorbed dose and expressed in the SI unit of Grey (Gy).

2.3.Detector phantom andbeamline set-up
All experiments were conducted on theDynMRT stage inHutch 2B of the IMBL.Measurements were
performedwith set at various depthswithin awater-equivalent plastic phantom, custom fabricated for each
detector tominimise air gaps. The result allows for the direct comparison between the absorbed dose towater as
estimated by the referencemeasurements and the delivered dose to the detectors.

Figure 1. (a)Architecture of the a-Si:H planar diode structures employed in this study, the top hole selective contact is comprised of
MoOx and has a protective ITO layer on top, while the bottom electron selective contact can beAZOor alternatively TiO2. (b)
Fabricated device as assembled on theKapton tail for electronic read-out. Visible here are the thin copperwires attached to the diode
top contacts using conductive silver paint and epoxy.

Table 1.Beamproperties asmeasuredwith PTWType 31022 PinPoint chamber exposed to 4T ‘pink’ beamwith
2mmBDAand 20× 20mm2

field (measured at 10mm s−1 scan speed). Uncertainties in the dose rates are
calculated from compounding uncertainties in the calibration factor and recorded current of the PinPoint
chamber.

Beam filtration Peak energy (keV)a Dose rate (Gy s−1)—15mmb Dose rate (Gy s−1)—37mm
b

Al–Al 47.8 6963± 258 5041± 188

Cu–Cu 87.5 702± 26 523± 19

Mo–Moc 117 128± 5 93± 3

a Peak energies taken fromLivingstone et al (2018).
b Nominal depths inwater-equivalent plastic during irradiations.
c Short-hand for filtration paddles 4 and 5with anAl-Mo alloy selected.
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To take advantage of themicron-scale sensitive volume of the a-Si:H detectors, an ‘edge-on’ orientation can
be adopted for high spatial resolution dosimetry. In contrast to a ‘face-on’ orientationwhere the beam is
incident normal to the surface of the detector, the ‘edge-on’modality situates the detector such that the surface
of the detector is oriented parallel to the direction of the beam. As a result, the spatial resolution of the detector is
defined by the active layer thickness. An illustration of the two detector orientations utilised in this study are
provided infigure 2(b).

3. Results and discussion

3.1. Radiation damage
The effects of radiation damagewere investigated on the 6.2μmthick a-Si:H detector withAZO electron
selective contact. The detector was placed at a depth of 37mm in solidwaterwith 40mmof backscattermaterial.
Incremental irradiation steps were performed using the 4TAl–Al ‘pink’ beammodality of the IMBL in broad
beam conditions with a 20× 20mm2

field and 2mmBDA, producing the highest dose rate available at the
IMBL. A total ionising dose of over 700 kGywas delivered in increments of 20–150 kGy. Such large dose
increments were delivered via repeated 10mms−1 vertical scans of the 2× 20mm2

field, delivering
approximately 1 kGy per scan. The device was held at a 3 V reverse bias during irradiations. After each
irradiation step, the response of the detector at 3V reverse bias to three 10mms−1 vertical scanswithMo–Mo
filtration (lowest dose rate)was recorded,measuring integral response and variation of the baseline
(corresponding to the dark current) as a function of total ionising dose (TID). The response and associated error
bars were calculated as the average and one standard deviation of the threeMo–Mo scans between each
irradiation step, delivering approximately 20Gy per scan.

Infigure 3(a), the initial response of the a-Si:H detector structure is observed to decrease rapidly with
increasing TID. Between 0 and 175 kGy, the integral response of the device to the reference 4TMo–Mo scans
degraded by 24% from153 to 116 nC. Above 175 kGy, this variation is reduced towithin 19%,with a difference
in integral charge collected for TIDs of 175 and 700 kGy of less than 6.5%. This suggests that past 175 kGy the
radiation effects within a-Si:H stabilise and the detector can be used reliably for high dose-rate applications such
asMRT.

The value of 19%degradation in the TID range of 175–700 kGy refers to the large drop observed in response
seen between points I and II infigure 3(a). Due to the extremely high dose rates delivered to the detector from
repeated scans through the 4TAl–Al synchrotron broad beam (5 kGy s−1

—table 1), a large amount of heat was
generated in both the sample and thewater-equivalent plastic phantom. Between points I and II infigure 3(a),
irradiationswere halted for 1 h. This break in irradiations allowed for adequate cooling of the sample and, as a
result, a large reduction in the response of the device. As irradiations re-commenced and the sample approached

Figure 2. (a)Detector as positionedwithin thewater-equivalent plastic phantomandmounted on theDynMRT stage of hutch 2B. (b)
Illustration of the detector in face-on and edge-on orientations.
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the same temperature equilibrium reached at point I, the integral response increases back towithin 6.5%of its
pre-break value.

Figure 2(b) investigates the relationship between the device leakage current andTID. Between 0 and 290 kGy
(point I), the leakage current was observed to increase linearity at a rate of (2.62± 0.18) fC/kGy. Following the
break in irradiations, the leakage current again increased linearly at a comparable rate of (2.82± 0.07) fC/kGy
between 380 kGy (point II) and 700 kGy.Hence, this cooling or annealing effect is also reflected in the leakage
current of the device, withfigure 2(b) displaying a drop in leakage current between points I and II. Further study
on annealing effects in a-Si:H should be undertaken to investigate the effects of recovery and stabilisation of the
response after heavy irradiation by x-rays. To allow for amore controlled assessment of radiation-induced
damages in a-Si:H devices, futuremeasurements should adopt a lower dose rate to ensure thermal stabilisation
of the samples and heat-induced sample damage isminimised. Future depth-dosemeasurements conducted in a
water tank phantomwould also reduce sample heating effects.

As identified previously, the studies ofWyrsch et al (2006) andMenichelli et al (2022) are pivotal studies in
documenting the radiation resistance of a-Si:H to highfluence proton and neutron irradiations, respectively.
Whilst these studies display the intrinsic radiation hardness of a-Si:H, they aremore related to applications of
a-Si:H for particle detection. Concerning applications in x-ray dosimetry, Boudry andAntonuk (1994) report
x-ray induced damages of a 1μmthick n–i–p a-Si:H diode structure, irradiated up to a total dose of∼3 kGy via a
60Co source. They observe an initial region of negligible change in the leakage current of their device up to a TID
of approximately 1 kGy. After this point, a linear increase in leakage current is observed at rates of between 0.7
and 3.8 pA/Gy, a result comparable with the ones obtained in this study. Kim et al (2002) performed a similar
study via 60Co irradiations incident on a series of n–i–p a-Si:H diodes to amuch higher TID of approximately 40
kGy. These diodes also possessed intrinsic layer thicknesses of 1μm.They observe a linear increase in device
leakage currents between 0 and 40 kGy, at a rate of 0.06–0.07Amm−2 kGy−1 (depending on the device
architecture).

In clinical applications of a-Si:H detectors for dosimetry and in-line beammonitoring duringMRT,
successive high dose-rate irradiations of targets using the 4TAl–Almodality of the IMBLwould never occur.
Furthermore, these results demonstrate the detector can be used repeatedly forMRTQAmeasurements with
minimal degradation in performance or requirement of frequent calibrations. Hence, the radiation damage
measurements performed in this study at the AS align closely with the results in the literature whilst also
providing an assessment of radiation hardness in a-Si:H at a far higher TID than reported previously.

This reported radiation resistance in a-Si:H devices is essential for not only repeatedQAdosimetry
measurements under the high dose-rates ofMRT and FLASH radiotherapies, but also formeasurements
whereby the detector is subject to extended or continual irradiations. A prime example of such an application is
in-line beam fluxmonitoringwhere the detector is placed in the periphery of the beam.

3.2. Broad-beamdosimetry
3.2.1. Dose linearity and sensitivity
Figure 4 displays the dose linearity of the four a-Si:H device variations exposed to the 4T-MoMomodality of the
synchrotron broad beam. The devices were placed at a depth of 37mm in solidwater with 40mmof backscatter

Figure 3. (a) Integral response and (b) leakage current of a-Si:H as a function of total ionising dose. Between points I and II labelled on
each figure, therewas a 1 h break in irradiations. Error bars are calculated as one standard deviation. Error bars in (a) are smaller than
themarker. The large error bars in (b) are due to the electronic noise being of comparable signal strength to the detector leakage
current.
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material. The detectors were placed in a face-on orientation and scanned vertically (along theZ axis) through the
centre of the 20× 20mm2homogenous irradiation field using the 2mmBDA.The dose deliveredwas
modulated by selecting scan speeds of 5, 10 and 20mms−1, corresponding to delivered doses (inwater) of 40, 20
and 10Gy, respectively. Dose linearity wasmeasured for all devices operated passively (0 V) and under reverse
bias (1 V for 0.8μm, 3 V for 6.2μm). The response of the device at each dose point was calculated as the average
integral charge (above background) received over all 4 pixels of the device from the 3 repeated scans. The
associated error bars represent one standard error between pixels. Uncertainties in the delivered dose due to scan
speed uncertainties are on the order of 0.05%, hence horizontal error bars are containedwithin the size of the
marker. The sensitivity of each device, calculated from the gradients infigure 4, are presented in table 2.

Excellent dose linearities (R2> 0.999) are observed for all device thickness and electron selective contact
material combinations, under both passive and reversed bias operations. The calculated sensitivities to the 4TMo–
Mobroad beamof the IMBL range from (2.73± 0.19)nC/Gy for the 0.8μmthickTiO2 selective contact variant
under 0Vbias to (12.2± 2.2)nC/Gy for the 6.2μmAZOvariant under 3V reverse bias. The results in table 2
suggest deviceswithAZOelectron selective contacts possess a better charge extraction than their TiO2

counterparts, resulting inhigher sensitivities. For example, 6.2μmthick devices operatedpassively (0 Vbias)
return sensitivities of (3.97± 0.43)nC/Gyand (4.49± 0.83)nC/Gy forTiO2 andAZOelectron selective contacts,
respectively. This increased sensitivity inAZOdevices can also be attributed to the larger effective atomicnumber
(Zeff)ofAZOcompared toTiO2, resulting inmore charge being generated immediately under the contact. Using
the formula forZeff inheterogeneousmaterial byMURTY (1965) and the estimated stoichiometry for theAZOand
TiO2CSCmaterial layers, itwas calculated thatZeff(AZO)= 27.6 andZeff(TiO2)= 18.5.

Devices with TiO2 selective contact appear to benefit frombiased operation to a greater degree thanAZO
devices due to their higher work function and resistivity (Sittinger et al 2008). For the 6.2μmthick devices, an
increase in sensitivity by a factor of 3 is observed in the TiO2 variant compared to a factor of 2.72 observed in the

Figure 4.Dose linearities at 0 V and under reverse bias conditions for devices with (a) 0.8μmand (b) 6.2μma-Si:H active layers
exposed to the 4TMo–Mox-rayfieldmodality of the IMBL. Error bars reflect one standard error in the response between all 4 pixels
on each device.

Table 2.Calculated device sensitivities under passive and reverse bias
operation for the 4TMo–Mosynchrotron broad beam. Sensitivities are an
average over all 4 pixels of each device, and uncertainties given as the
standard deviation between pixels.

Electron

selective con-

tactmaterial

a-Si:H layer

thickness

Sensitivity at

0V (nC/Gy)

Sensitivity

under reverse

biasa (nC/Gy)

TiO2 0.8μm 2.73± 0.19 5.86± 0.32

6.2μm 3.97± 0.43 11.9± 1.3

AZO 0.8μm 4.03± 0.46 6.57± 0.74

6.2μm 4.49± 0.83 12.2± 2.2

a Bias of+1V and+3V applied to the electron selective contact for 0.8μm

and 6.2μmthick devices, respectively.
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AZOvariant.With a variation of less than 10%, TiO2 devices also present a higher stability and reproducibility of
the response between different pixels fabricated in the same substrate, in contrast to AZOdevices which show a
variation as large as 18%under bias conditions.

3.2.2. Percentage depth dose (PDD)
PDDor depth-dose profiles for the four a-Si:H devices were recorded for the 4TMo–Mo filtration of the IMBL
for a 20× 20mm2

fieldwith 2mmBDA. The depth of each detector in solidwater was varied from15 to 60mm
from the phantom’s surface. At each depth, three vertical scans through the centre of the synchrotron’s broad
beamx-ray fieldwere performed at a scan speed of 20mms−1. The response of each detector was calculated as
the average integrated charge (above background) collected over the repeated scans at each depth, with error
bars representing one standard deviation. The resulting PDDprofiles are benchmarked against PDD
measurements fromLivingstone et al (2018) performed at IMBLunder similar irradiation conditions using a
cross-calibrated PTWmicroDiamond 60019 detector. Allmeasurements are normalised relative to the response
recorded at a depth of 20mm, the common reference depth for broad beamdosimetrymeasurements
performed at IMBL (Livingstone et al 2018, Posar et al 2020, Davis et al 2022).

Figure 5(a) shows an excellent agreement between all four a-Si:H detector variations and the commercially
available PTWmicroDiamond data as recorded by Livingstone et al (2018) even using the devices in
photovoltaicmode (bias at 0V). The PTWmicroDiamond detector is considered energy independent for this
beam spectrumdelivered at IMBL (Davis et al 2019), thus benchmarking results against themicroDiamond
detector provides insights into the tissue-equivalence of these detectors. As seen in the lower half offigure 5(a),
the percentage difference is negligible for shallow detector depths inwater-equivalent plastic. Themaximum
variation between the a-Si:H detectors and the PTWmicroDiamond detector is 11.2%, recorded for the 0.8μm
thickAZOdetector variant at a depth of 60mm.All other data points infigure 5(a) return a percentage
difference within±8%. The application of bias acts to further improve the PDD response of the a-Si:H detectors
(figure 5(b)), with percentage differences at all depths within±5%of the PTWmicroDiamond detector. To
provide further insight into the accuracy of the PDDcurves recorded, the theoretical PDD curve of IMBLs 4T
Mo–Mobeam inwater was calculated using a customGeant4 (Agostinelli et al 2003, Allison et al 2006)
application. This simulationwas run inGeant4 v11.0.1 (releasedMarch 2022) using a combination of the
QGSP_BIC_HP andG4EmStandardPhysics_option4 physics lists; recommended as themost accurate physics
lists formedical dosimetry and radiation protectionbased simulations (Arce et al 2021).

The variations observed can be attributed to the thick (∼1mm) glass substrate onwhich the a-Si:H devices
are deposited. The glass, particularly at large depths, attenuates the x-ray backscatter fromwithin thewater-
equivalent plastic detector phantom,with a rising contribution of the attenuation of the backscatteringwith
softening of the beam (i.e. at greater depths). Further explanation of this disagreement stems from the fact that
the reference data was obtained using the 3Tmonochromaticmodality of the synchrotronwith a beam energy of
120 keV, whereas the data in this studywas obtained via the IMBLs polychromatic 4TMo–Mo ‘pink’ beamwith
a peak energy of 117 keV. This is a consequence of this work being the first to publish data on the depth dose
profile of the 4TMo–Mox-ray beamoperationalmode at the ANSTOAS.However, Livingstone et al (2018) has

Figure 5.Depth-dose profiles for a-Si:H detector structures operated under (a) 0 V and (b) reverse bias conditions. For biased results
in (b), 0.8μmdetectors are operated at 1V reverse bias and 6.2μmdetectors at 3V. The subplots in bothfigures display percentage
difference in the PDD response of the a-Si:H devices compared to Livingstone et al (2018) using the PTWmicroDiamond detector.
The theoretical PDD curve for the 4TMo–Mobeam inwater was calculated inGeant4 and is included in bothfigures for comparison.
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previously demonstrated that the PDD response of the PTWμDiamond is equivalent (within uncertainty)
between polychromatic andmonochromatic beamswith closelymatching peak energies. Hence, an acceptable
agreementwas observed between the depth dose response of the a-Si:H and the reference PTWμDiamond data,
particularly under bias where agreement is within±5% (figure 5(b)). Nevertheless, referencemeasurements
performedwith commercially available detectors (such as the PTWICormicroDiamond) under identical
conditions are needed for a complete assessment of the PDDperformance of a-Si:H detectors.

3.3.Microbeamdosimetry
In hutch 2B of the IMBL, the introduction of a tungstenMSC acts to spatially fractionate the 20× 20mm2broad
synchrotron beam into 50micron-sized quasi-parallel (coplanar) beams. Themicrobeammodality of the IMBL
is advantageous for applications such asMRT,where the delivery of the treatment beamwith high dose-rates
and spatial fractionation directly correlates to an improved sparing of normal tissuewhilst delivering a
prescribed dose to a target tumour volume. ForQAduringMRT, it is imperative that the spatial distribution of
themicrobeams is quantified. In this regard, important quantities include themeasurement of the FWHMand
c-t-c peak spacing. The clinical advantages ofMRT as a radiotherapy treatment also rely on the delivery of the
treatment beamwith high dose-rates and a high contrast betweenmicrobeampeaks and valleys (Engels et al
2020). Therefore, a quantity named peak-to-valley dose ratio (PVDR) has been defined andmust also be
accurately determined.

3.3.1.Microbeam profiling
In our experiments, theMSC is placed downstreamwith respect to the BDA collimator set at 0.5mm.We
adopted the 4TCu–Cufiltration of the superconducting wiggler generated x-ray beam, leading to a linear array
of coplanar beams, eachwith a height of 0.5mm, and nominal FWHMand c-t-c distances of 50μmand 400μm
respectively (Livingstone et al 2018). To reconstruct the profile of the synchrotronmicrobeams, the device with
0.8μmof intrinsic a-Si:H substrate andAZOelectron selective contactmaterial was placed in an ‘edge-on’
orientation (figure 2(b)) at a depth of 20mm in solid water. TheAZOdevices proved to have a higher charge
collection efficiencywhich is important tomeasure simultaneously the peak and the valley dose. The spatial
distribution of all 50 synchrotronmicrobeamswas then reconstructed in real-time by scanning the detector
laterally (along the y axis) through the centre of the fractionated field at afixed speed. The real-time readout of
the CMRP’s custom-designed electrometer allows instant visualisation of the synchrotronmicrobeams,
returning collected charge in the detector as a function of time as the detector ismoved through the irradiation
field. Knowing the sampling time of the electrometer and the speed at which the detector is scanned laterally
across themicrobeams, this real-time data can be used to convert the response of the detector as a function of
time into a charge distribution as a function of distance. The resulting intrinsicmicrobeam field scan is depicted
infigure 6.

Ideally, withminimal beamdivergence and scattering, the profile of eachmicrobeam should follow a
rectangular shapewith a relatively flat top and sharp edges, as has been observedwith the PTWmicroDiamond
(Livingstone et al 2016). To assess the capability of the a-Si:H detectors to replicate this result, we took advantage
of the fast sampling and short integration time of our custom-designed electrometer.With an integration time
of 160μs and a lateral scan speed of 2mm s−1, the resulting singlemicrobeamprofile is reconstructedwith an
effective scan resolution of 0.32μm.Although uncertaintiesmay arise from the scan speed of theDynMRT
sample stage, previous publications have reported accurate profiling usingmuch slower scan speeds than the 2
mms−1 used in this instance (Archer et al 2018). Hence, uncertainty in the selected scan speed is considered
negligible. The responsewas normalised to themaximum recorded intensity. Figure 7 shows the results of this
investigation, with the profile asmeasuredwith the 0.8μma-Si:H detector after an accurate alignment in respect
to the beam. The data show the expected rectangularmicrobeam shapewithflattened peak and sharply dropping
sides with excellent agreementwith the PTWmicroDiamond detector (Livingstone et al 2016).

As the a-Si:H pixels possess 4mm side-lengths, the lateral excess of the sensitive volumewhich is not directly
in the beamwill produce an additional signal due to scattered radiation. This effectmay lead to some distortion
in the recordedmicrobeamprofiles. However, the reference data obtainedwith the PTWmicroDiamond
detector (Livingstone et al 2016)has a diameter of 2mmand thus is susceptible to similar scattering conditions.
As a result, the comparison of the performance of the PTWmicroDiamond and the a-Si:H detectors of this work
show excellent agreement as seen infigure 7.

3.3.2. Peak-to-valley dose ratio (PVDR)
PVDRas a function of depth between 9 and 60mmhas beenmeasured using the 0.8μmAZOdetector placed at
various depths in awater-equivalent plastic phantom. In order tomeasure the actual dose delivered in a realistic
treatmentfield scenario and evaluate the corresponding treatmentfield PVDR, a different scanmodality named
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Step-and-Shoot (SnS) is adopted. In SnSmode a full treatment irradiation delivery is performed and the total
dose at the point ofmeasurement recorded by the detector. The detector is thenmoved to the nextmeasurement
position, typically laterally by 5microns, and thewhole process repeated. The profile of the 3 central
microbeamswere recorded in SnSmode at each depth (figure 8(a)) and the PVDRwas calculated (figure 8(b)).
Allmeasurements were conductedwith the device under 0 V applied bias and exposed to 4TCu–Cu
microbeams.

The general trend of the PVDR as a function of depth recordedwith the a-Si:Hmatches closely to the
reference data fromLivingstone et al (2018), signifying that the depth variation response of a-Si:H is consistent
with the PDD for both themicrobeam and broad beammodalities. However, comparing the absolute value of
the PVDRmeasured in this workwith thosemeasured using the PTWmicroDiamond detector (figure 8(b)), we
see a considerable under-response of a-Si:H in accurately quantifying the value of the PVDR.

The a-Si:H detector under responds by a factor of between 3.5 and 4 at all depths compared to the PTW
microDiamond detector. Althoughfigure 6would allude to the PVDR response of the a-Si:H beingmuch better
thanwhat is reported infigure 8,figure 6 is produced via a lateral scan of the fractionatedmicrobeam field. This
lateral scan does not record an actual dose profile of the spatially fractionated field but simplymeasures the
intensity or beam flux. The PVDR response of a-Si:H has beenmeasured by performing full vertical scans at each
lateral position, accumulating dose from the entire beam at this position aswell as from scattered radiationwhen
the beam is above and below the sensitive volume. Estimates of the dose recorded in themicrobeampeaks of
figure 8(a) closely approximate the expected values, identifying that the origin of this poor PVDR response lies in

Figure 6.Response of a-Si:H detector with 0.8μmactive layer thickness andAZO electron selective contact operated in ‘edge-on’
mode, producing (a) spatial profile of all 50microbeams via intrinsic scan and (b) zoomed-in image of the three centralmicrobeams.
The position of the peaks resolved in (b) is indicated by the red box in (a).

Figure 7.Close-up of a central 4TCu–Cumicrobeamprofile as reconstructed fast intrinsic scan from the 0.8μmthick a-Si:H detector
with AZO selective contact in ‘edge-on’modality (red trace). Amicrobeamprofile obtained using the PTWmicroDiamond detector
(black trace) is provided for direct comparison (taken fromLivingstone et al 2016).
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the inability of the a-Si:H detectors to accuratelymeasure the valley dose. This arises from a convolution of
effects. Thefirst is the impact of the supportmaterial onwhich the a-Si:H is deposited. The substrate is a high-
density silica glass with a thickness of approximately 1mm. Thismaterial has two-fold effects of attenuation of
the lateral scattering (creating a slightly asymmetrical response of the sensor as can be observed infigure 8(a) and
enhancing spectral energy differences between peaks and valleys. The combination of these packaging and glass
support effects has been previously observed in relevant literature shown to create an asymmetric distortion in
the reconstruction of themicrobeamdose profiles (Rosenfeld et al 2005). The second, and perhapsmost
dominant cause, arises from the dose-rate dependence observed in a-Si:H detectors. Preliminary
characterisations of the a-Si:H detector dose rate dependence have been performed under exposure to 6MV
x-rays generated by aVarian 2LiX clinical linear accelerator.Measurements show a strong over-response in a-Si:
H at lowdose-rates comparable with those experienced inmicrobeam valley regions. This over-response can be
as large as a factor of 2.5 for dose-rates on the order of 0.5× 10–4 Gy/pulse in respect to 2.78× 10−4 Gy/pulse
corresponding to normalisation conditions (figure 9). For further context, the recorded dose per pulse can be
divided by the 3.5μs pulse length of the 2LiX to express the x-axis of figure 9 in instantaneous dose rate. For the
normalisation condition, this corresponds to an instantaneous dose rate of 77Gy s−1. Taking into account that
the peak dose rate can be as high as 5 kGy s−1, a relative factor of 3 observed between PVDRmeasured by a-Si:H
and diamond detector ismost likely due to dose rate dependence. Promisingly, devices that had undergonemild

Figure 8. (a)Variation in the profile of the three central 4TCu–Cumicrobeams as a function of depth in awater-equivalent plastic
phantom, obtainedwith 0.8μmthick, AZO selective contact a-Si:Hdetector operated at 0V bias. (b)Comparison of the observed
PVDR values as a function of depth obtained in this work using the a-Si:H detector at 0 V (black boxes, left axis) and thework of
Livingstone et al (2018) using the PTWmicroDiamond detector (red circles, right axis).

Figure 9.Dose-rate dependence of a-Si:H asmeasured viaDose per pulsemeasurementsmadewith a-Si:H devices exposed to 6MV
photons.
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pre-irradiations to a TIDon the order of 10–20 kGy andwere operated under an applied reverse bias observed a
dramatic reduction of this dose-rate dependence (figure 9). As a result, a-Si:H detector responses varied by less
than 5% for dose-rates of around 3–4× 10–4 Gy/pulse. Therefore, the poor performance of a-Si:H detectors in
measuring PVDR can potentially bemitigated through pre-irradiation and biased operation.

3.4.Mapping and characterisation of the charge collection by x-ray beam induced charge (XBIC)
InMRTdosimetry it is important to have a detector with awell-defined sensitive volume because the presence of
possible lateral diffusion currents in the substratemay create distortion during the reconstruction of the
microbeams. This is a typical effect in solid state detectors such as the siliconmicrostrip developed by Lerch et al.
which adopts a substrate with a long lifetime and, in order to limit diffusion currents, the sensitive volumemust
be limited by a guard ring (Lerch et al 2011).

To assess the shape and extension of the sensitive volume, XBIC is a powerful technique tomap the charge
collection efficiency of a sensor exposed to the same spectrumused for clinical applications. Thefield-size of the
synchrotron beam fractionated by theMSC can be restricted such that only the centralmicrobeam is incident on
the detector surface (50μmFWHM, 0.5mmheight).With the detector placed face-on and irradiated in air, a
single 4TCu–Cumicrobeamwas scanned laterally across the face of the pixel at a speed of 1mms−1. After each
lateral scan, the detector was translated vertically inZ by 0.5mmand the lateral scan repeated. This process was
carried out until the entire surface area of a pixel has been covered. Figure 10 shows the resulting XBICmap in
pC and logarithmic scale.

Notably infigure 10, there is a localised area of increased charge collection observed in the centre of the pixel.
Comparing this to the optical image of the pixel, this effect is localisedwhere the electrical contact ismade using
a thin copper wire and silver-based conductive epoxy. This ‘hot-spot’ is attributed to a dose-enhancement
caused by secondary electrons generated in the silver-based conductive paint and silver K-shell soft x-ray
generated by fluorescence (approx. 22 keV). The dose-enhancement effect from the silver is undesirable when
accurate dosimetry with high spatial resolution is required. This effect could also contribute directly to the
discrepancies in themeasuredmicrobeamFWHM, c-t-c spacing and even PVDR values obtained in this study
because it generates an asymmetric sensitivity in respect to themicrobeamdose rate distribution. A closer
assessment of this effect from the silver paint can be observed infigure 11, displaying the cross-sections of the
charge collected as a function of the bias applied along a relativeY position of 4mm.

Promisingly, the effective area of charge collection occurs only directly under the a-Si:H ITO+MoOx hole
selective contact of the diode (between 6000μmand 10 000μmin figure 11(a)), regardless of themagnitude of
the bias applied. This is visualised by the sharp drops in collected charge at the edges of the pixel infigure 11(b).
This is an excellent feature for future a-Si:H device generations aiming to employ pixelated structures, as it
means therewill be no charge sharing between neighbouring pixels.

Figure 11(a) also shows five regions of different charge intensities as a function of lateral position. The
regions are identified as:

Figure 10. (a)XBICmapping of the charge collected in logarithmic scale by a single pixel of a 6.2μmthick a-Si:H detectorwith AZO
electron selective contact operated at a 10V reverse bias. (b)Anoptical image of the pixelmapped via XBIC.
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I. Baseline response of the detector;

II. True a-Si:H response as the laterally scanning beampasses over the ITO+MoOx hole selective contact of the
diode;

III. Dose enhancement as the beam interacts with the epoxy coating of thewire contact;

IV. Extreme dose enhancement fromK-shell electrons and fluorescence of the silver paint; and

V. Attenuation of the dose-enhanced beam.

Comparing this with the optical image of the pixel infigure 10(b), we can conclude that this decrease in
response is due to a combination of:

1. Attenuation of the Compton scattered electrons generated by the microbeam photons as they are passing
through the silver and the copperwire. The copperwire also absorbs the silver florescence x-rays by before
hitting the a-Si:H pixel, and;

2. Direct interaction of the primary x-ray beam with the packaging material leading to enhanced signal in the
measured response of the detector.

These results show that packaging technology is critical in the fabrication of a dosimeter. The result of charge
collection being localised to beneath the selective contact alignswith previous findings in literature for
hydrogenated amorphous silicon radiation detectors. Despeisse et al (2008) observed this pixel isolation
phenomenon in a 30μma-Si:H thin-film onASIC (TFA) devices consisting of p–i–n a-Si:H layers on top of a
CMOS circuit. Experiments conducted via electron beam induced current (EBIC)mapping of these devices
displayed charge collection localised to themicron-sized pixels of this a-Si:HTFA (Despeisse et al 2008).
Moreover, Franco et al (2012) further demonstrated the isolating charge collection properties of a-Si:H p–i–n
diode structures, this time quantifying the behaviour formicrostrip device architectures. Again using EBIC
techniques, they quantified the Lateral Charge Collection (LCC) as a function of distance between neighbouring
microstrips, observing a LCC region extending less than half thewidth of the separation distance formicrostrip
lateral spacings of greater than 13.4μm (Franco et al 2012).

Although this is not a newfinding for a-Si:H adopted as radiation sensor, our results show a similar
behaviour under x-ray irradiation in devices employing CSCs rather than the traditional p–i–ndiode
architectures. Additionally, the results infigure 11 demonstrate this pixel isolation evenwhen there is no bias
applied. This is an excellent feature for future a-Si:H device generations aiming to employ pixelated structures,
as itmeans therewill be no charge sharing between neighbouring pixels even in passivemode.

4. Conclusions

The results presented in this work demonstrate the feasibility of a-Si:H diodes for applications in x-ray
dosimetry and beammonitoring in ultra-high dose-rate environments, such as those utilised in FLASH
radiotherapy (e.g.MRT). The devices tested have displayed excellent radiation hardness with a variation of the

Figure 11. (a)Profile of the collected charge through the centre of the pixel along a relativeY-position of 4mm. (b)Resulting charge
collection cross-sections are given for the pixel imaged infigure 10when operated under a 0, 3 and 10V reverse bias.
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response of just 6.5%over a 500 kGy increase in TID. The a-Si:H diodes have proven to be reproducible in
response between pixels and betweenmeasurements, low noise and linearwithin 0.1%up to 40Gy total dose.
The thin sensitive silicon substrate allows for aminimal energy dependence which is proved by the PDD
variation in respect to the PTWmicroDiamondwithin 5%up to 60mmdepth in a solidwater phantom. The
structure of the a-Si:H diodes deposited on an inert substrate allowsextremely thin sensitive volumeswhich
have been demonstrated tomeasure themicrobeams very accurately. The role of the glass support and the
packaging technology adopted in this experiment has been shown to distort the reconstruction of the
microbeamdose profiles, which tends to be asymmetric. This phenomenonwas observed directly through an
XBIC scan of a single pixel (figure 10) and through a 2D lateral scan profile from this XBIC pixelmap. Dose rate
dependence is also a crucial characteristic for a dosimeter used in FLASH-radiotherapy orMRT applications. In
this regard, a-Si:H shows a prominent over-response at low dose rates. This effect, combinedwith the energy
dependence created by the fluorescence of the silver-based epoxy used for the contacts, creates a strong
distortion of the PVDRwhich is under-estimated by a factor ofmore than 300%. Pre-irradiationwith 20 kGy
allows for amitigation of the dose rate dependence that, alongwith a suitable low-densitymaterial packaging of
the device, should solve the problem. Further studywill explore the use of a Kapton/polyimide substrate instead
of the glass support wafer adopted in this study, as well as graphene-based conductive glues for the contacts.
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