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Abstract
Background: The increasing use of complex and high dose-rate treatments in
radiation therapy necessitates advanced detectors to provide accurate dosime-
try.Rather than relying on pre-treatment quality assurance (QA) measurements
alone, many countries are now mandating the use of in vivo dosimetry, whereby
a dosimeter is placed on the surface of the patient during treatment. Ide-
ally, in vivo detectors should be flexible to conform to a patient’s irregular
surfaces.
Purpose: This study aims to characterize a novel hydrogenated amorphous
silicon (a-Si:H) radiation detector for the dosimetry of therapeutic x-ray beams.
The detectors are flexible as they are fabricated directly on a flexible polyimide
(Kapton) substrate.
Methods: The potential of this technology for application as a real-time flexi-
ble detector is investigated through a combined dosimetric and flexibility study.
Measurements of fundamental dosimetric quantities were obtained including
output factor (OF), dose rate dependence (DPP), energy dependence, percent-
age depth dose (PDD), and angular dependence. The response of the a-Si:H
detectors investigated in this study are benchmarked directly against commer-
cially available ionization chambers and solid-state diodes currently employed
for QA practices.
Results: The a-Si:H detectors exhibit remarkable dose linearities in the direct
detection of kV and MV therapeutic x-rays, with calibrated sensitivities rang-
ing from (0.580 ± 0.002) pC/cGy to (19.36 ± 0.10) pC/cGy as a function of
detector thickness, area, and applied bias. Regarding dosimetry, the a-Si:H
detectors accurately obtained OF measurements that parallel commercially
available detector solutions. The PDD response closely matched the expected
profile as predicted via Geant4 simulations, a PTW Farmer ionization chamber
and a PTW ROOS chamber. The most significant variation in the PDD per-
formance was 5.67%, observed at a depth of 3 mm for detectors operated
unbiased. With an external bias, the discrepancy in PDD response from ref-
erence data was confined to ± 2.92% for all depths (surface to 250 mm) in
water-equivalent plastic. Very little angular dependence is displayed between
irradiations at angles of 0◦ and 180◦, with the most significant variation being
a 7.71% decrease in collected charge at a 110◦ relative angle of incidence.
Energy dependence and dose per pulse dependence are also reported, with
results in agreement with the literature. Most notably, the flexibility of a-Si:H
detectors was quantified for sample bending up to a radius of curvature of
7.98 mm, where the recorded photosensitivity degraded by (−4.9 ± 0.6)% of
the initial device response when flat. It is essential to mention that this small
bending radius is unlikely during in vivo patient dosimetry. In a more real-
istic scenario, with a bending radius of 15–20 mm, the variation in detector
response remained within ± 4%. After substantial bending, the detector’s pho-
tosensitivity when returned to a flat condition was (99.1 ± 0.5)% of the original
response.
Conclusions: This work successfully characterizes a flexible detector based on
thin-film a-Si:H deposited on a Kapton substrate for applications in therapeu-
tic x-ray dosimetry. The detectors exhibit dosimetric performances that parallel
commercially available dosimeters,while also demonstrating excellent flexibility
results.
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1 INTRODUCTION

Quality Assurance (QA) in advanced EBRT modali-
ties has become increasingly challenging for standard
detector technologies. Traditionally, QA in EBRT is
performed before treatment using standardized dose
measurements obtained by ionization chambers in
water or water-equivalent phantoms.1 While these
provide adequate verifications for treatment planning,
pre-treatment QA cannot account for differences in
patient geometry between planning and treatment
stages, nor can it monitor any deviations in the actual
clinical dose during delivery. In this regard, real-time
dosimetry is essential. As outlined by Prabhakar
et al.,2 real-time dosimetry for treatments with a linear
accelerator (LINAC) can be provided at four distinct
points: the collimator, the patient, the couch, and finally
through electronic portal imaging devices (EPIDs).
This ability to provide real-time verification of the
dose delivered to the patient is known as in vivo
dosimetry.

In vivo dosimetry is fast becoming a compulsory com-
ponent of QA practices for external beam radiotherapy.
Throughout many European countries, in vivo dosime-
try is now mandatory as per the Medical Exposure
Directive (MED) 97/43/Euratom.3 In vivo dosimetry is
most beneficial in treatment modalities where the treat-
ment planning system may have more uncertainty, such
as irradiations delivered at shallow depths and total
body irradiations. Regardless, in vivo dosimetry pro-
vides a direct means of verifying the delivered dose,
which can aid in minimizing the risk of improper dose
delivery that causes severe injury or, in extreme cases,
death.4

Detectors must meet several burdensome require-
ments to be able to perform real-time in vivo dosimetry,
such as being accurately able to measure skin dose or
dose in the build-up region, being flexible as to conform
to the patient’s treatment area, providing an angu-
lar independent response, and be transparent enough
to provide minimal perturbations to the treatment
beam.

Several current technologies provide solutions to the
challenges mentioned above. Radiochromic films are
flexible and provide excellent tissue equivalence, spa-
tial resolution, and the ability to perform dosimetry
over a large area.5 However, film-based dosimetry is
a passive technology that cannot provide the desired
real-time feedback. For real-time large-area dosime-
try, several solutions are available based solely on
EPID or a combination of EPID and dedicated detec-
tors, such as the solution proposed by Brace et al.6

These large-area pixelated detectors typically employ a
2D array of silicon detectors placed on the flat panel
imager available on most clinical LINACs to monitor exit
dose during patient treatments. Olaciregui-Ruiz et al.7

provide an extensive review of the requirements of

EPID dosimetry. For real-time dosimetry that is accu-
rate and free of complex tissue-equivalent correction
factors, limitations arise due to the high-Z semiconduc-
tor materials typically employed in fabricating EPIDs,
MOSFETs, and other solid-state dosimeters. Further-
more, many of these commercially available solutions
lack the flexibility required to conform to the patient
surface.7 Fiber optic and organic semiconductor detec-
tors are examples of unique solutions that provide
both flexibility and improved tissue-equivalence. How-
ever, both technologies rely on the indirect detection of
x-rays facilitated by scintillators.Often, these scintillators
cause the generation of parasitic signals due to photo-
luminescence or Cerenkov radiation, which traditionally
resulted in a reduction in the spatial resolution and
dosimetric accuracy of these technologies.8–10 Mod-
ern radioluminescent dosimeters point or multi-point
for in vivo dosimetry can mitigate or apply correc-
tion factors to account for these limitations, resulting
in accurate full-field in vivo dosimetry from real-time
scintillator-based detectors.11,12 An angular indepen-
dent detector response is highly desirable in the case
of rotating or robotic EBRT delivery modalities (such as
volumetric modulated arc therapy (VMAT),Tomotherapy,
and Cyberknife) where irradiations occur from mul-
tiple angles. Devices such as the “Edgeless” silicon
detector have been proven to provide a viable solution
but still lack flexibility and have a radiation tolerance
limited by their crystalline silicon bulk.13 In summary,
new detector technologies providing accurate real-
time patient dosimetry would be beneficial to address
all the challenges offered by advanced treatment
modalities.

Hydrogenated amorphous silicon (a-Si:H) is an attrac-
tive solution for in vivo skin dosimetry for therapeu-
tic x-ray fields. This material, fabricated via Plasma-
Enhanced Chemical Vapour Deposition (PECVD) can
be deposited over large areas (such as 6 and 12-inch
diameter wafers) and onto various substrates, including
mechanically flexible materials such as Polyimide (Kap-
ton). Traditionally, the use of a-Si:H stems from the solar
cell industry,where diode structures possess layers with
thicknesses on the order of hundreds of nanometers.By
combining commercially available a-Si:H solar cells with
scintillator screens, Jeong et al.14 describes a complete
a-Si:H dosimetry system for therapeutic x-rays.However,
this system cannot be considered flexible, as the scintil-
lator screen is a 1 mm thick slab containing gadolinium
oxysulfide (GOS). Furthermore, the dosimetric perfor-
mance of the system is heavily influenced by pertur-
bations in the beam caused by the scintillator screen,
evident particularly in the percentage depth dose (PDD)
and output factors (OF) measured by the system.14

The addition of hydrogen to a-Si (from 4% to
10% atomic) passivates the effect of most of the
dangling bonds (DBs), reducing the defect density
within the amorphous silicon structure and reducing
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F IGURE 1 (a) Schematic of the detector architecture. Image
layers are not to scale. (b) Image of fabricated detectors showing
pixel area variations of 2 × 2 mm2 (red outline) and 5 × 5 mm2 (white
outline).

recombination cross sections. Reducing the concentra-
tion of DBs improves the material mobility and provides
a nearly intrinsic substrate that enables the fabrication
of n-i-p diodes.15 In this work,we explore using a thin film
a-Si:H diode structure that removes the need for cou-
pling with a scintillator to measure x-ray dose. Although
thicker than their solar cell predecessors, these detec-
tors still possess a thin intrinsic layer (a few microns)
and thin (tens to hundreds of nanometers) doped lay-
ers. Notably, the film thickness is still sufficient to detect
kV and MV x-rays with an appropriate sensitivity directly.
This removes the need to couple the detector to a
scintillating material, resulting in fully flexible devices.
The authors’ previous work, under the INFN HASPIDE
project,has successfully demonstrated the use of a-Si:H
in high-flux beam monitoring applications such as those
required for dosimetry for Microbeam Radiation Therapy
(MRT).16 Here, we characterize the use of an improved
version of the same a-Si:H technology for dosimetry in
kV and MV fields. These improvements include fabricat-
ing the detectors on flexible,water-equivalent substrates
and adopting carbon-based electrical contacts rather
than silver-based contacts that have been shown to
cause dose-enhancements.16

2 METHODOLOGY

2.1 Detector design and fabrication

The investigated detectors are a-Si:H planar pad diode
structures fabricated on a mechanically flexible poly-
imide (Kapton) substrate. Detectors were manufactured
by the PV-Lab at École Polytechnique Fédérale de Lau-
sanne (EPFL), Neuchâtel, Switzerland. A Cr-Al-Cr layer
is deposited directly onto a 125-µm polyimide substrate
using a Leybold UNIVEX sputter coating system. The
a-Si:H n-i-p diode layers are then deposited through
PECVD at a temperature of 200◦C. For the top elec-
trical contact, a 28 nm Indium-Tin-Oxide (ITO) layer is
deposited via sputtering, interfacing directly with the p-
doped layer of the a-Si:H n-i-p stack.Finally,a dry etch is

TABLE 1 Nomenclature of a-Si:H on Kapton detector types.

a-Si:H Layer
thickness

Pixel area
(mm2)

Detector
architecture ID

2.5 µm 2 × 2 aSiH-KAP2S

5 × 5 aSiH-KAP2L

5 µm 2 × 2 aSiH-KAP5S

5 × 5 aSiH-KAP5L

Abbreviation: a-Si:H, hydrogenated amorphous silicon.

performed to remove the p-type layer of a-Si:H between
the ITO pads and create isolation between neighboring
pixels.The resulting structures are single n-i-p diode pix-
els (Figure 1a), each with an intrinsic layer thickness of
either 2.5 or 5 µm and sensitive pixel areas of either
2 × 2 mm2 or 5 × 5 mm2.The pitch between neighboring
2 × 2 mm2 pixels is 0.5 mm edge-to-edge,with the larger
5 × 5 mm2 pixel situated 1 mm above the smaller pixels
(Figure 1b). The detector dimensions used in this study
were selected from a larger production batch of detec-
tors ranging in sizes from 1 × 1 up to 10 × 10 mm2. The
pixels sizes of 2 × 2 and 5 × 5 mm2 were selected as
their responses were stable, low noise,and reproducible.
The intensity of the kV and MV x-ray fields restricted
the use of the smallest 1 × 1 mm2 pixels, as the active
area was too small to produce a reliable response with
a sufficient signal-to-noise ratio. Conversely, the largest
10 × 10 mm2 pixel area detectors would cause a large
volume-averaging effect for angular dependence and
OF measurements.

For easier referencing, the four detector variants
can be referred to via a unique identifier of the form
aSiH-KAPXY, where the last two characters of the ID
refer directly to the active layer thickness and sensitive
area, respectively. Table 1 provides the details of this
nomenclature.

Figure 1b displays the sensor assembled on a flexible
Kapton tail (35 cm long). Electrical contact is facilitated
by a carbon-based conductive paint (MG Chemicals
838AR) encapsulated with epoxy glue for mechani-
cal rigidity. The carbon-based coating is employed as
previous studies using silver-based conductive paint
demonstrated significant dose-enhancement facilitated
by the silver contacts, particularly in high dose rates
and soft x-ray beams.16 This study’s resulting flexible
a-Si:H dosimeters are the second generation produced
within the HASPIDE project.Previous generations of the
HASPIDE flexible a-Si:H detector have been success-
fully characterized for x-ray dosimetry applications by
Talamonti et al.17 For a more detailed description of the
device design and fabrication process, see Menichelli
et al.18

The tail facilitates real-time readout of the detec-
tor pixels using a multichannel electrometer devel-
oped in-house by the Centre of Medical Radiation
Physics (CMRP) at the University of Wollongong,
Australia.19
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2.2 Sensitivity to MV x-rays

To assess the sensitivity of the a-Si:H detectors to
MV x-rays, the detectors were irradiated using 6 MV
x-rays produced by a Varian Clinac 21iX LINAC at
the Shoalhaven Cancer Care Centre (SCCC). This
LINAC operates with nominal pulse-rate and pulse width
values of 360 Hz and 3.6 µs, respectively. Under ref-
erence dosimetry conditions, these settings produce
an instantaneous dose of 2.78 × 10−4 Gy/Pulse. For
dosimetry and QA measurements, reference conditions
are defined for a detector placed at the depth of max-
imum dose in a water-equivalent plastic (solid water)
phantom (dmax = 1.5 cm) where the source-to-surface
distance (SSD) of the phantom is at isocenter (100 cm
SSD) for a 10 × 10 cm2 field size. In addition to 1.5 cm of
build-up, 10 cm of backscatter material is used. Under
reference conditions and with the LINAC operated at
a rate of 600 monitor units (MU) per minute, 1 MU is
equivalent to a delivered dose of 1 cGy to the detector.
All measurements conducted in this work are calculated
as the average response (with background subtraction)
from three repeated irradiations or exposures.The asso-
ciated errors represent one standard deviation (SD) of
these repetitions.

2.2.1 Dose linearity and detector
sensitivity

The dose linearity response was investigated for devices
irradiated at reference dosimetry conditions for deliv-
ered doses from 20 up to 300 cGy. Results were
recorded as the integral charge collected above the
baseline for all detectors under passive (0 V) and biased
(3 V) operation modalities. Detector aSiH-KAP5L was
only operated at 0 V for the high current generated by
the radiation for any applied bias, which was not com-
patible with the dynamic range of the data acquisition
system. The sensitivity was calculated from the gradient
of the resulting linear plots.

2.2.2 Response versus bias

To further quantify the effect on the responsiveness of
the detectors as a function of applied bias, measure-
ments were conducted at applied biases from 0 to
6 V for detectors aSiH-KAP2S and aSiH-KAP5S. For
each measurement, 100 MU (1 Gy) was delivered to
detectors at reference conditions, and the resulting sen-
sitivity (measured in pC/cGy) was plotted as a function
of bias. According to Menichelli et al.,20 the increase
in device sensitivity for a-Si:H n-i-p diodes follows an
inverted exponential trend with bias, which the following
mathematical expression can describe:

I = p0 ∗

(
1 − p1e−p2V

)
(1)

where I is the detector current, V is the applied bias volt-
age, and p0, p1, and p2 are the calculated fit parameters.
Using Equation (1) to fit the experimental data, the sat-
uration voltage required for the total depletion of each
device can be inferred 3/p2,where p2 is the fit parameter
from Equation (1)20.

2.3 Evaluating detector flexibility

For in vivo dosimetry,detectors may be required to oper-
ate whilst bent or deformed when conforming to the
various surfaces of the human body such as the hand,
arm, chest, or face. As a result, it is essential to quan-
tify any variations in performance when detectors are
bent. In this regard,an apparatus was developed to bend
the a-Si:H detectors and record their response when
illuminated with a monochromatic low-power laser pro-
ducing visible light at 615 nm. The bending apparatus
consists of two brass arms within which the sample can
be held (Figure. 2a). Reducing the distance between the
arms will result in a controlled bending of the detec-
tor. This is known as the “push-to-bend” or “push-to-flex”
method,21,22 commonly employed in flexible electronics
testing.23 A disadvantage of the push-to-bend method
for device flexibility testing is the inability to directly
measure and select the radius of curvature of the detec-
tor during measurements.24 To calculate this, a high-
definition camera is placed level with the detector whilst
flat. A calibration image is taken with the detector flat
and distance scale placed in a frame, allowing for image
post-processing to convert from several pixels into mil-
limeters (Figure 2b). After bending the detector, an
ImageJ25 macro was used to perform a circular fit to the
curved detector and calculate the radius of curvature.

For bending radii between 152.38 and 7.98 mm, the
detector response was normalized against the response
when flat. Repeated illuminations were performed for
each bending, with the response above background
averaged and the associated error calculated as one
standard deviation. Once a maximum bending radius of
7.98 mm was achieved, measurements were repeated
at discrete intervals as the detector was returned to flat.

2.4 Dosimetry for therapeutic x-ray
beams

2.4.1 Percentage depth dose (PDD)

PDD was investigated for all detector thickness and
pixel area variations under biased and unbiased condi-
tions. Measurements were taken for detectors irradiated
with 100 MU (1 Gy) at depths from 0 up to 250 mm in
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F IGURE 2 (a) Experimental set-up to measure bending radius and photosensitivity response of the detector, directly showing the bending
of the detector on the Kapton read-out tail. (b) Image taken from the webcam with overlays showing the selected points on the bent detector
(blue) and the fitting circle (red) calculated in ImageJ25 to determine the radius of curvature.

solid water, controlled by introducing several slabs of
solid water with a constant 10 cm of backscatter. An
effective depth of approximately 150 µm was estimated
for measurements at the surface based on the epoxy
and polyimide tape thicknesses used to encapsulate
the detectors. Measurements were recorded under ref-
erence dosimetry conditions (6 MV, 10 × 10 cm2 field,
100 cm SSD) and normalized to the response at dmax
(15 mm).

The response of the a-Si:H detectors was com-
pared directly to relative dosimetry measurements
acquired with the PTW 30013 Farmer ionization cham-
ber (Farmer IC) with 0.6 cm3 sensitive volume. However,
Farmer-type ionization chambers cannot accurately
measure PDD at shallow depths. Therefore, the dose-
profile of the build-up region (from surface to dmax)
was obtained from Geant4 simulation data previously
published by Vicoroski et al.26 These simulations by
Vicoroski et al. were performed in version 10.0.01 of
Geant4 and modelled with the standard electromagnetic
physics package activated. The simulation geometry
was designed to precisely replicate the experimental
conditions for detectors in a 30 × 30 × 30 cm3 water
phantom and irradiated within a 10 × 10 cm2 x-ray field
at 100 cm SSD. For this, Vicoroski et al. employed a
phase space file to generate the radiation field incident
on the water phantom. This phase space file was cre-
ated from a previously validated simulation27 from a
detailed model of the LINAC head a Varian 2100 series
LINAC; identical to the LINAC used for experimental
measurements at the Shoalhaven Cancer Care Cen-
tre in Wollongong (Australia). Vicoroski et al. scored the
dose throughout the water phantom using 0.02 × 1 × 1
mm3 voxels, and a step length and particle range cut
length of 0.1 mm to reconstruct the PDD profile. Addi-
tional information regarding the simulation details from
references 26 and 27 are provided in the supplemen-
tary information (Figure S2 and Table S1). For a more
detailed description of the Geant4 simulation and data,
see the publication of Vicoroski et al.26

For dosimetry measurements assessing absorbed
dose to water, the International Atomic Energy Agency
(IAEA) recommends using a plane-parallel IC for
electron and photon EBRT.28,29 Hence, PDD mea-
surements were also obtained using the PTW Roos
plane-parallel chamber for reference dosimetry. The
Roos chamber PDD response was obtained in solid
water for depths 3 to 250 mm to act as an accu-
rate reference PDD response to benchmark the Farmer
IC, Geant4 simulation data, and the a-Si:H detector
responses.

2.4.2 Dose per pulse (DPP)

The DPP dependency of a-Si:H detectors was investi-
gated using aSiH-KAP5S (5 µm, 2 × 2 mm2) operated
at 3.5 V. As the LINAC is a pulsed radiation source,
changing the output dose rate of the LINAC directly
simply changes the number of pulses per second deliv-
ered. This change only alters the average dose rate and
does not change the instantaneous dose rate delivered
by each pulse. To modulate the dose-rate, the SSD of
the detector can be changed. This method also avoids
variations in the spectrum of incident photons.30 At each
SSD, the detector response is proportional to the total
dose accumulated over several LINAC pulses. There-
fore, the average DPP at each SSD was calculated by
dividing the recorded dose by the number of LINAC
pulses delivered. Measurements of the response of the
aSiH-KAP5S detector and the Farmer IC were recorded
for incident dose rates between 4.33 × 10−4 Gy/pulse
and 2.53 × 10−5 Gy/pulse, corresponding to SSDs
from 80 to 336.1 cm, respectively. The detector and
IC responses were normalized to reference conditions
(100 cm SSD). The results in Figure 3 show the ratio of
the a-Si:H detectors SSD normalized response divided
by the normalized IC response as a function of depth.
Assuming that the ICs DPP dependence is within ± 1
%, as Wong et al. reported, any variations in the ratio
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F IGURE 3 Variation of photosensitivity of the a-Si:H detector
under varying degrees of bending. A smaller radius of curvature
indicates a greater degree of bending or strain applied to the
detector. Data is given for the detector as bending increases (black
squares), and the device is returned to flat (orange triangles).

of detector response to IC response will indicate DPP
dependencies in the a-Si:H detector.31

2.4.3 Output factor

The OF is calculated as the dose per MU received at a
selected field size normalized against the dose per MU
received under reference conditions.32,33 In this study,
reference conditions were a field size of 10 × 10 cm2

measured at a depth of 10 cm and with an SSD of 90 cm
(isocenter). Field sizes ranging from 1 × 1 cm2 up to
20 × 20 cm2 were selected by controlling the aperture
of the LINAC jaws.

Data obtained by commercially available ionization
chambers from IBA Dosimetry was used to bench-
mark the a-Si:H performance. The CC13 was used for
QA measurements for fields from 3 × 3 cm2 up to
20 × 20 cm2, while the CC04 was used for 2 × 2 cm2
fields to avoid the volume average effects experienced
by the CC13 at smaller fields. For comparisons to
traditional film-based dosimetry as well as emerging
solid-state silicon-based detectors,data from Petasecca
et al.13 collected on a Varian 2100iX at Illawarra Cancer
Care Centre (ICCC) is used.This data is directly compa-
rable as LINACs at SCCC are cross calibrated against
the ICCC’s LINACs. The work of Petasecca et al.13 pro-
vides the OF response of EBT3 Gafchromic film and of
a 0.5 × 0.5 mm2 p-Si Edgeless detector for field sizes
from 1 × 1 cm2 up to 10 × 10 cm2.

The ability of the a-Si:H detectors to accurately per-
form OF measurements for the selected field sizes
will help identify any presence of volume averaging
effects in these detectors. For a further assessment
on how the pixel area affects the capability of these

F IGURE 4 PDD response of a-Si:H detectors with varying
thicknesses, sensitive areas and applied biases. PDD dependencies
are compared directly to CC13 data downstream of dmax and to
Geant4 simulation data from Vicoroski et al.26 upstream of dmax. The
PDD response of the PTW Roos detector is also provided for
comparison. (a) Full PDD results and (b) zoom-in on the PDD
response of detectors in the build-up region. All results are
normalized to the response at dmax. PDD, percentage depth dose.

detectors to conduct field profiling measurements, Off -
Axis Ratio (OAR) measurements are provided in the
supplementary information (Figure S1).

2.4.4 Angular dependence

A cylindrical rotatable phantom was used to investi-
gate the angular dependence of the detectors. This
phantom with a detector-specific insert ensures the
detector is accurately placed at the LINAC isocen-
ter and remains at a depth of 150 mm and an SSD
of 85 cm, regardless of irradiation angle. The irra-
diation angle was selected from 0 to 180◦ in 10◦

increments by rotating the LINAC head while the detec-
tor remained stationary. Detector measurements are
normalized to the response at 0◦ where the beam is
perpendicularly incident on the surface of the detec-
tor. Conversely, an angle of 180◦ describes irradiation
of the detector backside, with the LINAC field inci-
dent on the polyimide (Kapton) substrate. The work
of Petasecca et al.13 successfully validated using this
cylindrical rotatable phantom for angular dependence
measurements in MV fields. More details on concep-
tualizing the phantom and its intended use are also
documented.13

2.4.5 Energy dependence

Energy dependence measurements were performed
using a Gulmay D3300 kilovoltage x-ray machine at
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4496 FLEXIBLE A-SI:H FOR IN VIVO DOSIMETRY

F IGURE 5 DPP for aSiH-KAP5S (5 µm, 2 × 2 mm2) under 3.5 V reverse bias (squares). Results are normalized to reference dosimetry
conditions (100 cm SSD) and divided by the normalized IC response at each depth (a-Si:H/IC). Comparisons are made against previous
generation a-Si:H detectors on glass, taken from Large et al.16 The effect of pre-irradiation on detector responses is also investigated, with 0
kGy indicating no prior irradiations and 10−20 kGy signifying a pre-irradiated device. Error bars represent one SD. a-Si:H, hydrogenated
amorphous silicon; DPP, dose per pulse; SSD, source-to-surface distance.

the ICCC. The accelerating voltage of the x-ray tube
was set for potentials ranging from 100 up to 250 kVp,
resulting in mean photon energies between 49.97 and
129.4 keV. At each of the selected mean photon
energies, 100 MU was delivered, with the focus skin
distances (FSDs) being either 30 or 50 cm, depend-
ing on the mean photon energy selected for irradiations.
As the dose-rate of the kilovoltage machine varies
with the selected kVp, independent dose verification
measurements were first performed with the PTW pin-
point IC to calibrate the irradiation times and ensure
deliveries of 100 MU. Furthermore, dose-rate correc-
tion factors were applied to the response of the a-Si:H
detectors based on the DPP results presented in
Figure 3.

Energy dependence was investigated for the aSiH-
KAP5S detector for both passive (0 V) and biased
(3.5 V) operations. Figure 4 displays the energy
dependence of the detector (with dose-rate correc-
tion) normalized against the response when irradi-
ated with 100 MU from the 6 MV Varian clinac,
where the clinac delivers a mean photon energy of
1.2 MeV.

3 RESULTS

3.1 Sensitivity to MV x-rays

3.1.1 Dose linearity

The response of the single pixel a-Si:H diodes was
extremely linear within the 20 to 300 cGy range tested,
with associated linear coefficients of determination (R2)
ranging from 0.9997 to 1. The dose linearity results are
presented in Figure 5.

The calculated dose calibration factors of the detec-
tors to 6 MV photons range from (0.580± 0.002) pC/cGy
to (19.36 ± 0.10) pC/cGy (Table 2), as inferred from the
linear responses in Figure 5.

3.1.2 Response versus bias

The application of bias was observed to impact the
dose calibration factors presented in Table 2 directly. To
extend these observations, the relationship between the
signal-to-dose calibration factor for 2 × 2 mm2 detector
pixels (detectors aSiH-KAP2S and aSiH-KAP5S) was
measured for applied biases of up to 5 and 6 V for the
2.5 and 5 µm thick detectors, respectively.

The device sensitivities exponentially approach some
saturation value with increasing bias, estimated as 3/p2
where p2 is the fit parameter within the exponential as
described by Equation (1) in Section 2.2.2.Applying this
fit equation to each of the data series in Figure 6, the
saturation voltages were calculated as (10.12 ± 0.73)
V and (13.42 ± 2.89) V for detectors aSiH-KAP2S and
aSiH-KAP5S, respectively.

3.2 Evaluating detector flexibility

The normalized photosensitivity of detector aSiH-
KAP5S as a function of the radius of curvature under
which the detector is bent is detailed in Figure 7.

The detector response deviates less than ± 5 %
for all bending radii tested compared to the detec-
tors’ photosensitivity when flat. At the most extreme
bending case of a 7.98 mm bending radius of curva-
ture, the detector photosensitivity was (−4.9 ± 0.6)%
of the flat detector response. Realistically, for in vivo
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FLEXIBLE A-SI:H FOR IN VIVO DOSIMETRY 4497

TABLE 2 Dose calibration factors as calculated from the linear trends of Figure 5.

Detector ID
Thickness
(µm)

Pixel area
(mm2)

Sensitivity at 0 V
(pC/cGy)

Sensitivity at 3 V
(pC/cGy)

aSiH-KAP2S 2.5 2 × 2 0.580 ± 0.002 1.981 ± 0.021

aSiH-KAP5S 5 2 × 2 2.943 ± 0.015 13.56 ± 0.02

aSiH-KAP5L 5 5 × 5 19.36 ± 0.10 –

F IGURE 6 OF for detector aSiH-KAP5S. All results are taken at
10 cm depth, 90 cm SSD, and normalized to the response under a
10 × 10 cm2 field. The response of the CC04 and CC13 Ics (dotted
line) are used as a benchmark for the detector performance. Error
bars represent one SD. [a] The response of EBT3 film and an
Edgeless p-Si detector are taken from Petasecca et al.16. OF, output
factor.

applications, such small bending radii would never
occur. With this practical limitation, the photosensitiv-
ity response varies by less than ± 3% between the
response when flat and bending radii down to 10 mm.
When returning to flat after bending, the photosensitivity
of the detector returns to (99.1 ± 0.5) of its original flat
response (i.e. a response variation of −0.9 ± 0.5% after
bending).

3.3 Dosimetry characterization for
therapeutic x-ray beams

3.3.1 Percentage depth dose (PDD)

The PDD response for three detector variants is shown
in Figure 8. Results are benchmarked against the
response of the reference Farmer IC for depths of
15 mm and greater, and against the Geant4 simula-
tions calculated according to the method proposed by
Vicoroski et al.26 for the build-up region (surface to
15 mm). The response of the commercially available
PTW Roos detector is provided for comparison. The

F IGURE 7 Dose linearity results for (a) 2.5 µm and (b) 5 µm
detector variants. Each figure shows results for biased (solid lines)
and unbiased (dotted lines) operations. Error bars represent one SD
from three repetitions at each point and are contained within the
marker size.

subplot of Figure 8 provides the percentage difference
between the performance of the detectors and the
reference data at each depth.

An excellent agreement in the PDD response of a-
Si:H detectors and the reference data is displayed in
Figure 8. Upstream of dmax (0–15 mm depths), the
response from all investigated detectors vary by no
more than ± 6 % from the Geant4 data of Vicoroski
et al.26 The most significant discrepancy is recorded
as a 5.67% over-response at a 3 mm depth for aSiH-
KAP5S at 0 V. Biased operation of the a-Si:H detectors
appears to improve this response, with upstream devi-
ations restricted to within ± 3% for detectors under
3 V reverse bias. Similarly, the biased detectors pro-
vide a response that more closely matches that of the
CC13 downstream of dmax. The downstream response
of biased detectors appears to stabilize about a 0%
difference (Figure 8 subplot) for depths greater than
15 mm. In contrast, the unbiased detectors begin
towards an under-response at around 100 mm. The
most significant variation occurs again for an unbiased
detector, with aSiH-KAP5L responding 4.41% below the
CC13’s response at a 200 mm depth. The response
of the PTW Roos plane-parallel chamber is also pro-
vided in Figure 8, as the IAEA recommends using a
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4498 FLEXIBLE A-SI:H FOR IN VIVO DOSIMETRY

F IGURE 8 Angular dependence of the 2.5 µm thick, 2 × 2 mm2 a-Si:H detector (aSiH-KAP2S), with the direction of the x-ray field varying
from normally incident (0◦) on the face of the pixel to irradiating the pixel from the back of the device (180◦) through the Kapton probe, in
increments of 10◦. Error bars represent one SD.

plane-parallel chamber such as the Roos chamber for
QA dosimetry in external photon radiotherapy beams.
The most significant variation recorded between the
Roos chamber and the reference Geant4/CC13 data
was a 4.35% over-response at a depth of 1 mm. Sim-
ilarly, to the biased a-Si:H detectors on Kapton, its
response downstream of dmax is confined to a much
closer agreement to the CC13, varying by no more
than ± 0.8%. The PDD response of the Roos chamber
and the a-Si:H detectors under bias are comparable for
all depths investigated.

3.3.2 Dose per pulse (DPP)

The DPP response, indicating dose-rate dependence
of a-Si:H detectors, is presented in Figure 3. The DPP
was obtained for the 5 µm thick detector with a 2 × 2
mm2 sensitive area. Measurements were taken under
a 3.5 V reverse bias before any significant delivered
dose (i.e., no pre-irradiation). For a-Si:H detectors on
glass substrates in MV fields, the authors have previ-
ously demonstrated that the DPP response in passive
or photovoltaic mode (0 V) is poorer than under bias.16

Hence, no unbiased results are presented in this study.
Comparing the response of the a-Si:H detectors on
glass from Large et al.16 to the detectors on Kapton
from this work, we see an extremely close agree-
ment between the two data sets. This demonstrates
that the transfer of the a-Si:H detector architectures
to a flexible Kapton substrate has not affected the

DPP response of the detector. As was observed in the
authors’ previous work,16 both an applied voltage and
a substantial pre-irradiation are required to remove the
over-response observed at the lower DPP values. For
a delivered DPP of 4.28 × 10−5 Gy/pulse, the a-Si:H
detector on Kapton with 0 kGy pre-irradiation returns a
response 51 % higher than under reference conditions
(i.e., 2.78 × 10−4 Gy/pulse). On glass, the non-irradiated
detector at 2 V produces a 38 % over-response at a
DPP of 4.74 × 10−5 Gy/pulse. With a pre-irradiation
of 10−20 kGy, the response of the a-Si:H detector
on glass reduces to less than 1 % under-response at
4.74 × 10−5 Gy/pulse.

3.3.3 Output factor

The OF results are given in Figure 9 for device aSiH-
KAP5S for 0 and 2 V applied biases. The smallest
pixel size was selected to minimize potential volume-
averaging effects in small fields. Measurements at each
field size are normalized to the response observed at
10 × 10 cm2. The OF response of aSiH-KAP5S is
benchmarked against the response of CC04 and CC13
ionization chambers used for QA at the SCCC. For all
field sizes between 2 × 2 cm2 and 20 × 20 cm2, the
a-Si:H detector, when operated at a 2 V reverse bias,
produces an OF response that varies by less than 2 %
from that of the CC04 and CC13 ICs, and by less than
1 % for measurements at 0 V. The most significant vari-
ations are observed at the smaller fields, with a 1.67 %
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FLEXIBLE A-SI:H FOR IN VIVO DOSIMETRY 4499

F IGURE 9 Energy dependence of 5 µm a-Si:H single-pixel
detectors. Responses are normalized to the response under 6 MV
photons (1.2 MeV) from the LINAC. The ratio of mass absorption
energy coefficient (µen/ρ) for silicon over water (data from NIST34) is
plotted for reference (solid line).

overresponse compared to the CC13 for a 3 × 3 cm2

field and under 2 V bias. For 0 V bias, the most signifi-
cant disagreement is a 0.55% overresponse against the
CC13, which occurs for a 4 × 4 cm2 field. Data taken
from Petasecca et al. also presents the OF response
EB3T Gafchromic film and an edgeless p-Si detector.13

For fields between 2 × 2 cm2 and 5 × 5 cm2 the most sig-
nificant deviation of the Gafchromic film and edgeless
detector from the ICs is recorded as −1.85% and−3.11
%, respectively. Therefore, the a-Si:H results of Figure 9
are comparable in response to the reference CC04 and
CC13 ICs and other dosimetry solutions.

3.3.4 Angular dependence

The angular dependence of detector aSiH-KAP2S is
displayed in Figure 10. The maximum angular depen-
dence was observed at a 110◦ irradiation angle, which
returned a response (7.71 ± 4.26)% lower than was
recorded at 0◦ for radiation normally incident on the top
surface of the detector. For irradiation incident on the
backside of the detector (180◦ angle of incidence), the
recorded response has minimal variation against the
response at 0◦, with a difference of only 0.92%. This
demonstrates the transparency of the flexible Kapton
substrate to MV x-rays, as no substantial attenuation of
the signal has occurred. This feature is incredibly desir-
able for applications such as in vivo dosimetry where
irradiations from the underside of the device may occur.

It should be noted that relatively large error bars,
representing the standard deviation between repeated
measurements, are present in this data. This is due to
substantial variations observed over the repeated irra-

F IGURE 10 Dependency of the device sensitivity on the applied
bias. The results are given for 2.5 µm (red) and 5 µm (black) thick
detector pixels with a 2 × 2 mm2 sensitive area. The calculated fit
equations from Equation (1) in Section 2.2.2 are displayed for each
data series.

diations at each angle, facilitated by increased pressure
on the device due to the detector phantom being slightly
too small.Regardless, the angular dependence of these
a-Si:H detectors on Kapton demonstrates an excellent
response contained within ± 10%.

3.3.5 Energy dependence

The energy dependence of 5 µm thick a-Si:H detectors
was measured for low energy keV photons at the surface
of a 10 cm thick water equivalent plastic and irradiated
by a Gulmay kilovoltage x-ray machine. For compari-
son, the mass-energy absorption coefficient of silicon to
water is extracted from the standard reference database
of the National Institute of Standards and Technology
(NIST).34

The energy dependence of the a-Si:H detectors
shown in Figure 4 reproduce the general exponential
trend for the energy dependence of crystalline silicon
from NIST. We observe a lessened energy dependence
for mean photon energies below 100 keV for all three
measurement cases compared to the crystalline silicon
reference data. For the lowest 49.97 keV mean photon
energy (100 kVp), aSiH-KAP5S at 3.5 V bias records a
435% higher response than is recorded under reference
dosimetry conditions and irradiated with 1.2 MeV mean
energy photons.Between the biased and unbiased oper-
ation of aSiH-KAP5S, there is marginally lower energy
dependence when operated passively, returning a 344%
overresponse at 0 V compared to the 435% overre-
sponse,as mentioned earlier.For the unbiased operation
of aSiH-KAP5S and aSiH-KAP5L, the larger 5 × 5
mm2 pixel size of aSiH-KAP5L results in the lowest
responses recorded at each mean photon energy.Again,
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4500 FLEXIBLE A-SI:H FOR IN VIVO DOSIMETRY

for the case of 49.97 keV mean energy photons, the
overresponse is now limited to 331%.

4 DISCUSSION

The detectors displayed exceptional dose linearity,
returning R2 values ranging from 0.9997 to 1 across
the various detector thicknesses and sizes. The
dose calibration factors of the detectors vary from
(0.580 ± 0.002) pC/cGy for the thinner and smaller
detector (2.5 µm, 2 × 2 mm2) to (19.36 ± 0.10) pC/cGy
for the largest and thickest detector (i.e., aSiH-KAP5L—
see Table 2). The sensitivities scale appropriately with
sensitive areas but do not scale directly with active
layer thicknesses. For detectors operated at 0 V with
a 5 µm active layer, the sensitivity of the 5 × 5 mm2

pixel (aSiH-KAP5L) exceeded that of the 2 × 2 mm2

pixel (aSiH-KAP5S) by a factor of 6.58. This increase
corresponds to the area factor of 6.25 between the
two detector size variants. Conversely, the increase in
sensitivity from 2.5 µm thick to 5 µm thick for 2 × 2
mm2 sensors is represented by a factor of approxi-
mately 5. Sensitivities for the detector variations tested
are provided in Table 2. As demonstrated in Figure 6,
the detectors are never fully depleted from the pulsed
x-rays of the LINAC. This suggests that the charges
generated by the incident MV photons and participat-
ing in the current signal induced at the electrodes are
dominated by the charge at the superficial layers under-
neath the contacts. A potential explanation of this result
relates to DBs within the intrinsic a-Si:H layer and close
to the contact regions of the devices becoming occu-
pied, affecting recombination time. Recombination time
on charged DBs is 10−100 lower than on neutral DBs
present in the central part of the device.For devices that
are not fully depleted, there is a larger relative volume in
the thicker devices that possess neutral DBs. In addition
to this effect, intrinsic regions close to the doped layers
are expected to be more defective,as described through
the defect pool model of a-Si:H.

For Figure 7’s DPP results, an overresponse with
decreasing DPP is recorded, reaching a factor of 300
% for a DPP of 2.53 × 10−5 Gy/Pulse. The authors’
previous work on identical a-Si:H detectors on glass
substrates illustrates that this dependence has been
previously observed and further demonstrates that this
is more exaggerated for unbiased detector operations.16

Moreover, Large et al.16 shows that this overresponse
can be mitigated by applying bias combined with a
pre-irradiation of 10−20 kGy. Softening of the incident
x-ray beam produces an energy dependence of this
material, resulting in an overresponse (Figure 4). This
overresponse is largest for beams with lower mean
photon energies, with the small pixel under bias return-
ing an overresponse of 435% for 100 kVp photons
(49.97 keV mean energy) compared to the response

under the 6 MV (1.2 MeV mean photon energy) field.
Operating the detector passively (0 V bias) reduces this
factor to 344% at 100 kVp, and using the larger 5 × 5
mm2 a-Si:H detector further reduces this to 331%. At
these low energies where overresponse is observed,
the photoelectric effect dominates. To this extent, the
results of the a-Si:H detectors are compared to the
mass-energy absorption coefficient ratio of crystalline
silicon over water, taken from the NIST standard refer-
ence database.34 Figure 4 demonstrates that the a-Si:H
detectors still display an overresponse for lower aver-
age photon energies, which is similar in trend yet less
pronounced than the NIST data for crystalline silicon.
This suggests that the thin 5 µm intrinsic layer and the
water equivalent packaging adopted have marginally
improved the water-equivalence of the a-Si:H detectors
in direct comparison to crystalline silicon detectors. The
NIST data used for comparison relates to crystalline
silicon irradiated with monochromatic x-ray sources,
as no such data exists for a-Si:H under polychro-
matic x-ray beams. Consequently, the mass attenuation
coefficient of a-Si:H and crystalline silicon under the
polychromatic x-ray beams of the LINAC and kilovoltage
machine may vary from the reference data used as a
benchmark.

An excellent agreement in the PDD response of
a-Si:H detectors is displayed in Figure 8, bench-
marked against the reference measurements provided
via Geant4 for the build-up region and by the PTW
30013 Farmer IC from dmax out to a 250 mm depth.
For the detectors operated under applied bias, the
responses vary marginally, with percentage differences
of no more than ± 3%. The applied bias acts to improve
the signal-to-noise ratio of the a-Si:H detectors, allow-
ing for a more accurate determination of the integral
response (above the baseline) in environments where
the response is extremely low, such as the build-up
region of the PDD. The most considerable discrepancy
in the PDD responses is observed for detector aSiH-
KAP5S at 0 V,which returns a deviation from the Geant4
reference data of 5.67% at a 3 mm depth. This point
could potentially be an outlier, as all other data points
upstream of dmax match the Geant4 simulation data
to within ± 3%. For unbiased detectors downstream of
dmax, a systematic under-response is observed. Size-
able percentage differences for both 2 × 2 mm2 and
5 × 5 mm2 are observed for depths of 100 mm and
greater, ranging between −3.56% and −4.41%. This
observation can be related to the energy dependence of
the a-Si:H, as the x-ray spectrum hardens at increasing
depths, resulting in a decrease in response,as observed
in Figure 4. However, this decreased response with
depth due to hardening of the incident x-ray spectrum
is potentially mitigated by the dose rate dependence
observed in Figure 3,as a lower instantaneous dose rate
at increased depths results in an overresponse of the
a-Si:H. Therefore, variations in the PDD response are
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attributed to a combination of the detectors’ dose rate
and energy dependencies.

When assessing the use of this technology for in vivo
dosimetry, an important consideration is to assess the
possible enhancement to the skin dose which may arise
when placing the detector in between the patient and
the treatment beam. Based on the water-equivalence
and thickness of the materials used in the detector’s
fabrication (Section 2.1), we can estimate the detectors
water-equivalent thickness as approximately 200 µm.
Based on the PDD profile of the build-up region from the
Geant4 simulation study of Vicoroski et al.26 (Figure 8b),
adding an additional 200 µm of water-equivalent mate-
rial on the patient would increase the skin dose by
approximately 25%. Although this increase is non-
negligible, it is comparable to other in vivo technologies
such as TLDs and MOSFETs.35

The angular dependence of the a-Si:H detector tech-
nology is quantified in Figure 10 for incident angles of
0◦ up to 180◦. The Kapton substrate on which the a-
Si:H detectors are deposited is effectively transparent
to x-rays.36 This results in an observed maximum angu-
lar dependence at 110 degrees with respect to the beam
of −7.71%. Moreover, in irradiation from the back of the
detector (at an angle of 180◦), the recorded response is
effectively identical to the response at 0◦, with a differ-
ence of only 0.92%. This minimal angular dependence
is an attractive feature for in vivo dosimetry applications
where irradiations can occur from many angles.

A LINAC OF was measured using the small pixel
(2 × 2 mm2) a-Si:H detectors with 2.5 and 5 µm thick-
nesses. The results presented in Figure 9 normalize the
response of each field size to the reference 10 × 10 cm2

field. The a-Si:H results are compared directly against
the OF obtained with the CC13 ionization chamber
employed at SCCC for OF QA measurements. Further
comparisons between alternate dosimeter technologies
are also provided in Figure 9, with the OF response of
EBT3 Gafchromic film and the “Edgeless” silicon detec-
tor technology extracted from Petasecca et al.13 For the
5 µm results under 0 and 2 V applied bias, an extremely
close match is observed with respect to the reference
CC13 IC data.This response parallels the EBT3 film and
the “edgeless” detectors (within experimental errors) for
field sizes from 4× 4 up to 20× 20 cm2.More importantly,
the a-Si:H detectors provide an improved response
closely matching the ionization chamber results (CC04)
for small fields of 3 × 3 cm2 and less. This significant
result demonstrates the field size independence of the
2 × 2 mm2 a-Si:H detectors for small field dosimetry
applications.

Finally, the flexibility of the detector technology was
demonstrated through the results in Figure 7. The gen-
eral trend observed indicated that for conditions where
the detector is subject to bending at radii of cur-
vature smaller than 10 mm, the detector’s response
begins to degrade. For an 8 mm bending radius of

curvature, the detector photosensitivity was reduced to
(−4.9 ± 0.6)% of the flat detector response. However,
such extreme bending scenarios would never occur dur-
ing in vivo dosimetry applications. These results also
showcase that the flat response has a minimal variation
(within ± 1%) after the Kapton tail is uncompressed and
returned to a flat position. Therefore, as the variation in
photosensitivity for a-Si:H detectors is less than ± 3%
for bending radii of 10 mm and greater, these detec-
tors can be expected to conform to various surfaces of
a patient’s body for in vivo dosimetry, allowing calibra-
tion in standard conditions, with minimal deviations in
device response. It is difficult to isolate the mechanisms
which may be causing degradation with increased bend-
ing. Degradations could arise from the a-Si:H detector
itself and from lifting the carbon-based paint and epoxy
contacts during bending. Future work will aim to investi-
gate this further and will evaluate the detector flexibility
under x-rays rather than visible light, as was conducted
in this study.

5 CONCLUSION

A series of fully flexible a-Si:H radiation detectors,
realized through the deposition of a-Si:H n-i-p diodes
deposited directly on a Kapton substrate, have been
characterized to assess their feasibility as dosimeters
in therapeutic x-ray fields and for in vivo dosimetry. The
optimal detector design for dosimetry in MV fields was
identified to possess a 5 µm thick active a-Si:H layer
and a 2 × 2 mm2 pixel area. The thicker 5 µm detectors
proved advantageous for PDD measurements as they
allow an improved signal-to-noise ratio as indicated by
a lower percentage variation from the benchmark PDD
curves.Furthermore,the 5 µm detectors demonstrated a
minimal impact on the flexibility of the detectors,with the
response returning to within 1% of its original response
after bending. Concerning pixel area, the smaller 2 × 2
mm2 architecture minimized volume averaging effects
and provided better performance for OF than the larger
5 × 5 mm2 pixels. Detectors with a 2 × 2 mm2 pixel area
and a 5 µm thickness provided the closest agreement to
the expected PDD profiles at ± 2.95% when biased at
2 V. In summary, these detectors demonstrate dosimet-
ric performances that parallel the currently employed
detectors for QA and dosimetry for external beam
radiotherapy,with comparisons provided directly against
Gafchromic film, a Farmer Type IC, the CC13 IC, and
the PFD 3G-pSi diode. Hence, the flexibility and dosi-
metric performance of the a-Si:H detectors in this work
display exciting potential for applications as real-time
dosimeters for QA and in vivo dosimetry for external
beam radiotherapy. To fully assess the capabilities of
these detectors for in vivo dosimetry, a more in-depth
study is required to assess more complex components
such as dose reconstruction under bolus or in cavities,
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angular dependence of the detector for surface irradia-
tions, field effect, and effects of electron contamination
on the detector accuracy. Future studies will be dedi-
cated to providing a complete characterization of these
flexible a-Si:H detectors for in vivo dosimetry and skin
dosimetry.
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