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(57) Abstract: Radiation dosimeters are disclosed whereby a passive multilayer substrate is provided to confer tissue equivalence. In
an example embodiment, a multilayer substrate is formed over a semiconductor-based radiation sensing layer, where the multilayer
substrate includes at least one low-atomic-number layer of having an effective atomic number that is smaller than that of water, and
at least one high-atomic-number layer having an effective atomic number that is greater than that of water. The low-atomic- number
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that tissue equivalence is provided over an energy range including diagnostic and therapeutic energy ranges, spanning, for example,
20 keV to 5 MeV.



WO 2017/177338 PCT/CA2017/050465

10

15

20

25

TISSUE-EQUIVALENT DOSIMETER

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. Provisional Application No.
62/365,179, titled “TISSUE-EQUIVALENT DOSIMETER” and filed on July 21,
2016, and to U.S. Provisional Application No. 62/321,879, titled “TISSUE-
EQUIVALENT DOSIMETER” and filed on April 13, 2016, the entire contents

of which are incorporated herein by reference.

BACKGROUND

The present disclosure relates to radiation detection devices, and more
particularly, the present disclosure relates to radiation dosimeters.

A radiation detector is any device that generates a measureable signal
in response to exposure to ionizing radiation. A radiation dosimeter is a
radiation detector whose output is the amount of energy deposited per unit
mass of tissue when tissue is exposed to the same field of ionizing radiation.
The two terms are generally not interchangeable, because the physical
processes of radiation interaction and transport can differ significantly
between the medium of the detector and tissue. The translation of a
measured signal from a radiation detector into a dose (energy absorbed per
unit mass) typically requires knowledge of the type and energy of the radiation
incident on the detector. Appropriate calibration factors can then be
employed to arrive at the desired result: absorbed dose.

An ideal dosimeter would have the following characteristics: the ability

to absorb radiation in a manner that closely mimics absorption by the human
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body, independent of the type of radiation, its energy, direction or dose rate,
and the ability to provide accurate, reproducible readings in real time.
Currently, no radiation dosimeter in routine clinical use can accomplish these
goals simultaneously. Widely used dosimeters such as ionization chambers,
diodes, thermoluminescent dosimeters (TLDs), metal oxide semiconductor
field-effect transistors (MOSFETS) or radiochromic film all fail in at least one of
these requirements.

For example, ionization chambers have relatively small energy
dependence at photon energies in the range of 1 — 10 MeV, however, in the
diagnostic imaging energy range of photon energies in the range of 20 — 140
keV, the dependence of the signal on photon energy becomes much more
substantial.

In FIGS. 1A and 1B, the attenuation coefficient of photons as a function
of energy is shown for various materials. At energies below approximately
150 keV, the attenuation coefficient of silicon diverges substantially from that
of tissue (by up to a factor of nearly 7). In this energy range the attenuation
coefficient begins to depend very strongly on the elemental composition of the
material in through which the photons pass.

Diodes are composed primarily of silicon, which introduces a
substantial photon energy dependence at lower photon energies due to the
significantly enhanced photoelectric cross section relative to that of tissue, as
can be seen from FIGS. 1A and 1B. The same is true of MOSFETs. Tissue-
equivalent dosimeters such as radiochromic film and lithium fluoride
thermoluminescent dosimeters (TLDs) are not capable of generating real-time

signals (radiochromic film requires a development period of at least 12 hours
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and TLDs are stored for at least 4 hours prior to readout). They also require
access to additional infrastructure (e.g. a scanner for film and a specialized
reader for TLDs) that is not portable and prohibits readout at the time and

location of exposure.

SUMMARY

Radiation dosimeters are disclosed whereby a passive multilayer
substrate is provided to confer tissue equivalence, or approximate tissue
equivalence. In an example embodiment, a multilayer substrate is formed
over a semiconductor-based radiation sensing layer, where the multilayer
substrate includes at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water, and at least one high-atomic-
number layer having an effective atomic number that is greater than that of
water. The low-atomic-number layers and high-atomic-number layers are
provided with respective thicknesses and compositions for modulating the
dependence of the signal produced by the radiation dosimeter on photon
energy, such that the signal, when calibrated to provide a measure of dose,
exhibits approximate tissue-equivalence over a prescribed photon energy
range. The multilayer substrate may be configured such that tissue
equivalence is provided over an energy range including diagnostic and
therapeutic energy ranges, spanning, for example, 20 keV to 5 MeV.

Accordingly, in one aspect, there is provided a radiation dosimeter
comprising:

a multilayer substrate;

a semiconductor-based radiation sensing layer contacting said
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multilayer substrate; and
said radiation sensing layer comprising electrodes for receiving a
signal produced in response to radiation absorbed within said radiation
sensing layer; and
said multilayer substrate comprising:
at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water; and
at least one high-atomic-number layer having an effective
atomic number that is greater than that of water;
wherein said low-atomic-number layers and said high-atomic-number
layers have respective thicknesses and compositions for modulating a
dependence of the signal produced by said radiation dosimeter on photon
energy, such that the signal, when calibrated to provide a measure of dose,
exhibits tissue-equivalence with a variation of less than 10% over an energy
range spanning 20 keV to 140 keV.
In another aspect, there is provided a radiation dosimeter comprising:
a multilayer substrate;
a radiation sensing layer contacting said multilayer substrate; and
said radiation sensing layer comprising electrodes for receiving a
signal produced in response to radiation absorbed within said radiation
sensing layer; and
said multilayer substrate comprising:
at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water; and

at least one high-atomic-number layer having an effective
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atomic number that is greater than that of water;
wherein said low-atomic-number layers and said high-atomic-number
layers have respective thicknesses for modulating a dependence of said
radiation dosimeter on photon energy, such that said radiation dosimeter is
approximately water-equivalent over an energy range spanning 10 keV to 10
MeV.
In another aspect, there is provided a radiation dosimeter comprising:
a multilayer substrate; and
a radiation sensing layer contacting said multilayer substrate;
said radiation sensing layer comprising electrodes for receiving a
signal produced in response to radiation absorbed within said radiation
sensing layer; and
said multilayer substrate comprising:
at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water; and
at least one high-atomic-number layer having an effective
atomic number that is greater than that of water.
A further understanding of the functional and advantageous aspects of
the disclosure can be realized by reference to the following detailed

description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments will now be described, by way of example only, with
reference to the drawings, in which:

FIG. 1A plots the mass attenuation coefficient of photons as a function
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of energy for a number of different materials.

FIG. 1B plots the ratio of the mass attenuation coefficient for different
materials relative to that of tissue a function of photon energy.

FIGS. 2A and 2B schematically illustrate two typical organic field-effect
transistor (OFET) configurations: a bottom gate layout and top gate
configuration, respectively. Both configurations achieve the same objective of
using an electric field to regulate current flow between the source and drain
electrodes.

FIG. 3A shows an example embodiment of tissue-equivalent dosimeter
in which a multilayer substrate is employed to modulate the photon energy
dependence of the radiation sensing layer of the device.

FIG. 3B shows another example embodiment of a tissue-equivalent
dosimeter having muliilayer substrates on both sides of the radiation sensing
layer, thereby enabling bi-directional use with reduced or minimal directional
dependence. The symmetry of the design reduces the directional dependence
of the system and the choice of materials used as substrates and dielectric
optimizes the tissue equivalence.

FIG. 3C shows another example embodiment of a tissue-equivalent
dosimeter having a double gate symmetric configuration with multilayer
substrates on both sides of the radiation sensing layer, thereby enabling bi-
directional use with reduced or minimal directional dependence.

FIG. 3D shows an example embodiment of a double-gate tissue-
equivalent dosimeter in which two different gate dielectric regions are
employed.

FIG. 4 plots the calculated dependence on photon energy of a bottom
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gate OFET device with no top coat of substrate (i.e. the embodiment shown in
FIG. 3B, without the multilayer substrate). In this case, the dielectric is
poly(methyl methacrylate) (PMMA), the substrate is PET and the gate
electrode is aluminum. As can be seen from the figure, once the energy of
the photons drop below 80 keV, the tissue-equivalence of the device is
diminished.

FIG. 5 plots the calculated dependence on photon energy of the
embodiment illustrated in FIG. 3B. The data show the response of the device
relative to water, when the data are normalized to 1250 keV. This energy was
chosen as an example of a calibration of the device using a Co-60 radiation
source. This figure demonstrates that under these conditions, the calibration
is accurate to within ~3% from the lowest diagnostic energy up to high
therapeutic energies.

FIG. 6 shows an example of a flexible dosimeter adhered to, and
conforming to, a curved surface.

FIG. 7 shows an example of a system for performing radiation
dosimetry.

FIG. 8 plots the dependence on photon energy of an example
embodiment having a substrate with a single layer (e.g. in the case of a
symmetric design, one layer on either side of the radiation sensing layer),
illustrating the inability of a single layer to confer a water-equivalent
dependence on photon energy.

FIG. 9 shows results from simulations based on the example device
configuration shown in FIG. 3B, simulated at different photon energies (20

keV and 100 keV), and showing the dependence on response at these
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different photon energies on the thickness of one of the layers of the

substrate.

DETAILED DESCRIPTION

Various embodiments and aspecits of the disclosure will be described
with reference to details discussed below. The following description and
drawings are illustrative of the disclosure and are not to be construed as
limiting the disclosure. Numerous specific details are described to provide a
thorough understanding of various embodiments of the present disclosure.
However, in certain instances, well-known or conventional details are not
described in order to provide a concise discussion of embodiments of the
present disclosure.

As used herein, the terms “comprises” and “comprising” are to be
construed as being inclusive and open ended, and not exclusive. Specifically,
when used in the specification and claims, the terms “comprises” and
“comprising” and variations thereof mean the specified features, steps or
components are included. These terms are not to be interpreted to exclude
the presence of other features, steps or components.

As used herein, the term “exemplary” means “serving as an example,
instance, or illustration,” and should not be construed as preferred or
advantageous over other configurations disclosed herein.

As used herein, the terms “about” and “approximately” are meant to
cover variations that may exist in the upper and lower limits of the ranges of
values, such as variations in properties, parameters, and dimensions. Unless

otherwise specified, the terms “about” and “approximately” mean within 10
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percent or less of a given value.

It is to be understood that unless otherwise specified, any specified
range or group is as a shorthand way of referring to each and every member
of a range or group individually, as well as each and every possible sub-range
or sub -group encompassed therein and similarly with respect to any sub-
ranges or sub-groups therein. Unless otherwise specified, the present
disclosure relates to and explicitly incorporates each and every specific
member and combination of sub-ranges or sub-groups.

As used herein, the term "on the order of", when used in conjunction
with a quantity or parameter, refers to a range spanning approximately one
tenth to ten times the stated quantity or parameter.

Various aspects of the present disclosure address the aforementioned
problems associated with known radiation dosimeters by providing a
semiconductor-based radiation dosimeter that includes a plurality of layers
that are selected to modulate the dependence of the dosimeter signal on
photon energy such that the photon energy dependence mimics or
approximates that of water. By providing such a passive photon-energy-
dependence modulating multilayer substrate, through which incident radiation
passes before encountering the radiation sensing layer of the radiation
dosimeter, the goals of tissue-equivalence and real-time response can
potentially be achieved.

As used herein, the phrase “tissue equivalence” refers to a radiation
dosimeter configured such that its calibrated signal, providing a measure of
dose, has a dependence on photon energy that is equivalent to that of water,

within a prescribed variability range, over a defined photon energy range. For
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example, a tissue-equivalent radiation dosimeter may be configured such that
its calibrated signal, providing a measure of dose, has a dependence on
photon energy that is equivalent to that of water, within a variation of 10%,
over a range from 10 keV to 20 MeV. Such a tissue-equivalent radiation
dosimeter would produce a calibrated dose measure, at any photon energy
within 10 keV to 20 MeV, differing from that of water, by less than 10%. The
aforementioned configuration is but one example of a tissue-equivalent
dosimeter, and many other examples are described in detail below.

One of the benefits of a tissue-equivalent dosimeter is a simpler
calibration process, since a single calibration procedure would be appropriate
for all energies within the specified tissue-equivalent range. The lack of
universal calibration prevents other dosimeters (such as ion chambers, diodes
and MOSFETS) from being routinely used for in vivo dosimetry purposes in
low energy applications such as diagnostic imaging.

Referring now to FIG. 1B, the attenuation coefficient of photons as a
function of energy is shown, relative to water, for various materials. The
attenuation coefficient of silicon diverges substantially from that of
tissue/water (by up to a factor of nearly 7). In this photon energy range, the
attenuation coefficient begins to depend very strongly on the elemental
composition of the material through which the photons pass. Other materials
characterized in the figure include the hydrocarbon-based materials
pentacene and PET (Polyethylene terephthalate). CYTOP® is a fluoropolymer
having attenuation coefficients that, at low energies, are greater than that of
tissue, while the hydrocarbons have mass attenuation coefficients lower than

that of tissue.

10
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Therefore, as can be seen from FIG. 1B, some materials, such as Si
and CYTOP®, have a mass attenuation coefficient that exhibits a dependence
of photon energy that increases, relative to water, at low energies below
approximately 150 keV, while other materials, such as PET and pentacene,
exhibit a dependence on photon energy that decreases, relative to water, at
low energies below approximately 150 keV. Similar trends are observed on
the high-energy side beyond 10 MeV.

In various embodiments of the present disclosure, a radiation
dosimeter includes a plurality of passive layers having different trends in the
photon energy dependence of their respective mass attenuation coefficients,
relative to that of water, where these passive layers modulate the photon
energy dependence of the underlying radiation sensing layer. As described in
detail below, by selecting appropriate compositions and thicknesses for two or
more layers of a passive multilayer substrate, the photon energy dependence
of the radiation dosimeter can be modulated to achieve or approximate tissue
equivalence.

In various example embodiments that are described below, radiation
dosimeters are described that employ semiconductor devices in their radiation
sensing layer. In some example embodiments, the semiconductor devices are
organic devices, such as organic field-effect transistors (OFETS). It will be
understood that OFETSs are but one example of a wide variety of
semiconductor devices (both organic and inorganic) that may be employed in
the radiation sensing layer of a radiation dosimeter according to the present
disclosure. Non-limiting examples of other types of semiconductor-based

radiation sensing devices include diodes, light emitting diodes, as well as

11
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more complicated electrical circuits (such as memory or logic circuits that can
be derived from more basic devices).

Field-effect transistors are transistors that use an electric field to
control the shape and hence the electrical conductivity of a channel of one
type of charge carrier in a semiconductor material. An organic field-effect
transistor (OFET) is one particular type of field-effect transistor in which, at
minimum, the semiconductor material is organic in nature (i.e. primarily
hydrocarbon based). As described below, organic electronic devices have the
potential to serve as tissue-equivalent dosimeters in many commonly
encountered radiation fields. They also have the benefits of real time readout
and established techniques (from their silicon analogues) to minimize the
dependence of the readout on environmental factors such as temperature.
Thus, organic electronics have the potential to realize many of the
requirements of the ideal radiation dosimeter.

In FIGS. 2A and 2B, two example configurations of conventional
OFET-based radiation detectors are shown. They are referred to as bottom
gate (FIG. 2A) and top gate (FIG. 2B) devices. Each device includes a source
100 and drain 110, which are configured to conduct an electrical current
through the semiconductor channel 120. The semiconductor channel 120 is
adjacent to a gate 130, and is separated from the gate 130 by a gate dielectric
140. The device is supported by a substrate 150. lonizing radiation generates
charges in the gate dielectric 140, resulting in trapped charges that modify the
threshold voltage of the FET. In the bottom gate configuration, the gate
electrode 130 is deposited on to the substrate, while in the top gate

configuration, the gate electrode 130 is deposited on top of the gate dielectric

12
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layer 140 of the device.

Depending on the device configuration, different electrical signal
parameters may be employed to obtain a measurement associated with dose.
In some example implementations, the measured signal may be a voltage,
such as a threshold voltage of a FET device, while in other example
implementations, the current could be measured (or integrated) to determine
dose (using a device such as an electrometer), and that changes in current
could be used to calibrate the device.

The signal from the OFET device will consist of, most likely, a voltage
or a current (or a rate of change of one of these quantities). Generally, the
fundamental quantity that changes in a radiation-sensing FET device after
exposure to radiation is the threshold voltage. This shift in threshold voltage
is mediated by a buildup of trapped charge in the dielectric layer, an increased
number of traps at the interface between the dielectric and the organic
semiconductor as well as an increase in the number of charge traps in the
bulk of the dielectric. Since reading the threshold voltage directly can be a
complex task, a surrogate measure is often used. For example, in one
implementation, a threshold voltage may be defined as the gate voltage that
must be applied to maintain a source-drain current of 100 micro Amps.

To calibrate an OFET device, the threshold voltage is measured before
exposure and it is measured again after the device has been exposed to a
known dose of radiation. This change in threshold voltage then defines a
sensitivity expressed in V/Gy (change in threshold voltage per unit absorbed
dose). In subsequent exposures, the change in threshold voltage can then be

divided by this sensitivity (calibration factor) to give the desired result: dose. If

13
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the device has a tissue-equivalent, or approximately tissue-equivalent
dependence on photon energy, this operation can be performed in an
arbitrary radiation field (within the tissue-equivalent photon range) provided
that the output of the field is known. The calibration factor will then be valid in
other radiation fields at other photon energies within the tissue-equivalent
photon range. Following calibration of the device, a value of dose reported by
the system will be the dose that would be received by a small mass of tissue,
if said small mass of tissue were exposed to the same radiation field -
independent of the energy of the radiation field.

Although the preceding example embodiment referred to the use of a
threshold voltage for device calibration, it will be understood that other
electrical measures or parameters may be employed. For example, non-
limiting electrical calibration measures include: the voltage required to drive a
pre-determined current between the source and drain electrodes; and the
current driven by a fixed voltage, may be employed for calibration.

As described below, when modelling a radiation dosimeter configured
according to the embodiments of the present disclosure, Monte Carlo
simulations may be employed to investigate energy deposition patterns in
both water and the active volume of the detector (i.e. the dielectric layer) as a
function of radiation energy. The ratio of energy absorbed by the active
volume of the detector to the energy absorbed by water under the same
exposure conditions is then evaluated. When this ratio remains constant, e.g.
within a prescribed variation range (e.g. 5% or 10%), across a defined photon
energy range, the radiation dosimeter is considered to exhibit water-

equivalence over that photon energy range.

14
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In some example embodiments of the present disclosure, these
configurations are adapted to include a multilayer substrate that confers
approximate tissue equivalence to the radiation dosimeter. One example
implementation is shown in FIG. 3A, in which the bottom-gate device of FIG.
2A has been modified to include two layers 210 and 220 forming an upper
substrate 200, where the substrate 200 contacts the radiation sensing layer
160 such that the radiation that is to be detected passes through the substrate
200 prior to being detected within in radiation sensing layer 160. The source
electrode 100, drain electrode 110 and gate electrode 130 may be electrically
connected to external contact pads through conductive traces that extend
laterally from the active region of the device. The contact pads may be
exposed at regions by removal of one or more layers of the device, or
electrically connected to through conductive vias formed in the device.

The layers 210 and 220 of the multilayer substrate 200 may be formed
from organic materials, inorganic materials, or combinations thereof, provided
that one layer has an effective atomic number that is smaller than that of
water, and the other layer has an effective atomic number that is greater than
that of water. In such a configuration, the layers 210 and 220 may be provided
with respective thicknesses and compositions for modulating a dependence of
the signal produced by the radiation dosimeter on photon energy, such that
the signal, when calibrated to provide a measure of dose, exhibits and/or
approximates tissue-equivalence. It will be understood that the ordering of the
layers need not be specific and can be reversed among different
embodiments.

Although many of the example embodiments disclosed herein employ

15
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polymeric materials for forming the layers of the multilayer substrate 200, it
will be understood that the layers need not be polymeric. In one example
embodiment, one or more layers may be polymeric, with the remainder of
layers being non-polymeric. In another example embodiment, all of the layers
may be non-polymeric. Non-limiting examples of non-polymeric layers include
non-polymerized films of organic or inorganic materials, optionally including
nanoparticles. In one example implementation, a non-polymeric layer may be
formed from a hydrogel layer that is crosslinked.

In some example embodiments, the gate dielectric can have a non-
polymeric composition. For example, the gate dielectric may be formed from
crystalline or amorphous materials (i.e. metal oxides). The gate dielectric
region could also be formed by depositing a polymer material over a thin
metal oxide layer, or another non-polymeric layer. In other example
embodiments, polymer nanocomposites that incorporate nanoparticles into
the polymer material may be employed. Such films could also incorporate
"small molecules” (including but not limited to metalloporphyrins and metal
free porphyrins).

The semiconductor region 120 may be formed from an organic
semiconductor, such as an organic polymer or a small-molecule-based
semiconductor.

The composition and thicknesses of the layers that achieve a desired
level of tissue equivalence may be determined based on simulations, where,
for a given set of materials, the energy dependence of the dosimeter signal is
calculated for different thicknesses, and where the thicknesses are selected

that correspond to a photon energy dependence that most closely matches
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that of water. Examples of such methods are described in greater detail
below.

Non-limiting examples of materials for the layer having an effective
atomic number that is lower than water include polymeric materials such as
polyethylene terephthalate, poly(methyl methacrylate), polystyrene, and other
suitable plastics. Non-limiting examples of materials for the layer having an
effective atomic number that is greater than water include fluoropolymers
such as, but not limited to, CYTOP® (from Asahi Glass Corporation) and
Teflon® (from DuPont Co.). The gate dielectric 140 may be formed, for
example, from a fluoropolymer, but could also be a plastic with appropriate
electrical properties (e.g. poly(methyl methacrylate). Non-limiting examples of
gate dielectric materials include CYTOP® (from Asahi Glass Corporation) and
Teflon (from DuPont Co.). The semiconductor region 120 may be formed from
an organic semiconductor such as, but not limited to, semiconducting small
molecules (aromatic hydrocarbons) including pentacene, anthracene, and
rubrene. In other example implementations, the semiconducting region 120
may be formed organic semiconductors such as poly(3-hexylthiophene), and
poly(p-phenylene vinylene). The source terminal 100, drain terminal 110, and
gate 130 may be formed from conductive material, such as, for example, gold
or aluminum, or, for example, material having improved tissue equivalence
such as graphene.

The device shown in FIG. 3A may be formed, for example, by
patterning the gate electrode 130 onto the substrate 150 using standard
processing techniques (such as, but not limited to, vapor deposition and

lithography), and subsequently depositing the gate dielectric 140 using
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standard techniques (such as, but not limited to, spin coating and sputtering).
The semiconductor 120 may then be deposited (using a process such as, but
not limited to, vapor deposition), and the source/drain electrodes may be
deposited using a process such as, but not limited to, vapor deposition with a
shadow mask. The layers 210 and 220 may then be deposited over the
structure using standard techniques such as those described above.

Although the preceding example embodiment involved two layers for
modulating the photon energy dependence of the radiation dosimeter, it will
be understood that more than two layers may be employed in the multilayer
substrate 200. For example, three or more layers may be included provided
that at least two of the layers are configured as described above.

FIG. 3B illustrates an alternative example embodiment having a
second multilayer substrate 250 formed on an opposing side of the radiation
sensing layer 160. The second multilayer substrate 250 may have the same
composition and layer thicknesses as the first multilayer substrate 200 (e.g.
with the layers 260 and 270 arranged symmetrically with respect to the layers
210 and 220), or may be formed from different layers with different
compositions and/or layer thicknesses, provided that at least two layers (e.g.
layers 210 and 210) are provided with respective thicknesses and
compositions for modulating a dependence of the signal produced by the
radiation dosimeter on photon energy, such that the signal, when calibrated to
provide a measure of dose, exhibits and/or approximates tissue-equivalence.
The dimensions of the second multilayer substrate may also be determined
based on simulations such as Monte Carlo simulations, in order to

accommodate for variations in electrode design that may necessitate
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deviations from symmetry. The present example dual-substrate embodiment
enables the device to be used in either direction, in a reversible configuration.

FIG. 3C illustrates another alternative example embodiment having a
second multilayer substrate 250 formed on an opposing side of the radiation
sensing layer 160. However, unlike the example embodiment shown in FIG.
3B, the device shown in FIG. 3C includes a double gate structure, where two
gates 130A and 130B are respectively located on opposite side of the
semiconductor channel 120, where each gate 130 is separated from the
semiconductor channel 120 by a respective region of the gate dielectric 140.
Accordingly, in one example embodiment, each gate (130A,B) is located
adjacent to a respective multilayer substrate (200, 250), and the
semiconductor channel 120 is located centrally between the gates, where
gate dielectric is provided in the region between each gate and the
semiconductor channel 120. The source 100 and drain 110 terminals may be
located symmetrically within the device, as shown in FIG. 3C.

In the example embodiment shown in FIG. 3C, the device is symmetric
with respect to vertically (up/down) oriented radiation fields. Both the gates
(130A,B) and the multilayer substrates (200, 250) may be arranged
symmetrically with respect to the semiconductor channel 120. However, in
other example embodiments, one or more aspects of the device need not
exhibit symmetry, either in composition or thickness, relative to the location of
the semiconductor channel. For example, the layers 220/210 of the first
multilayer substrate 200 may respectively differ in composition and/or
thickness from the layers 260/270 of the second multilayer substrate 250.

As shown in FIG. 3D, the gate dielectric need not have a common
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composition on either side of the semiconductor channel 120. For example,
as shown, two different gate dielectric regions 140A and 140B may be
employed.

The addition of the second gate terminal and an additional layer of gate
dielectric creates two FET (e.g. OFET) devices that can be operated from a
single set of electrical contacts. The resultant device may demonstrate
enhanced sensitivity relative to the single-gate embodiment shown in FIG. 3B
due to the doubling of the effective volume of the detector.

In one example implementation, the two gates may be connected in a
parallel. However, in other example implementations, the gates need not be
connected in parallel. For example, as the gate bias affects the rate of
recombination of ion/hole pairs in the dielectric, this property could be
exploited for particular measurements in a radiation field using a non-parallel
gate bias configuration. In one example implementation, a single gate may be
connected when the device is used, as opposed to applying voltages to both
gates. For example, the gate furthest (or nearest) to the tissue may be
employed for detection, such that consistent and repeatable single-gate
measurements are obtained irrespective of the device orientation.

As per the embodiment described in FIG. 3B, the second multilayer
substrate 250 may have the same composition and layer thicknesses as the
first multilayer substrate 200 (e.g. with the layers 260 and 270 arranged
symmetrically with respect to the layers 210 and 220), or may be formed from
different layers with different compositions and/or layer thicknesses, provided
that at least two layers (e.g. layers 210 and 210) are provided with respective

thicknesses and compositions for modulating a dependence of the signal
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produced by the radiation dosimeter on photon energy, such that the signal,
when calibrated to provide a measure of dose, exhibits and/or approximates
tissue-equivalence. The dimensions of the second multilayer substrate may
also be determined based on simulations such as Monte Carlo simulations, in
order to accommodate for variations in electrode design that may necessitate
deviations from symmetry. As in the case of FIG. 3B, the present example
dual-substrate embodiment enables the device to be used in either direction,
in a reversible configuration. However, the increase symmeitry, and optional
full symmetry, as shown in FIG. 3C, may further improve the capability of the
device to provide a tissue-equivalent response in either configuration.

The effect of the composition of the layers on the device performance
is illustrated herebelow. In silicon-based MOSFET dosimeters, the method of
signal generation is based on the dose deposited in the dielectric layer of the
device. Using this as the model for the OFET response, FIG. 4 shows results
from a Monte Carlo simulation of the device structure shown in FIG. 2A,
absent of the multilayer substrate. The dose deposited in the dielectric
(PMMA in this case) was calculated relative to the dose to water (if the
detector were replaced with a small volume of water) as a function of photon
energy (water is used as a surrogate for tissue, as is conventionally done in
the art). As can be seen, the absence of the multilayer substrate results in a
photon-energy dependence that differs substantially from the photon energy
dependence of the dose delivered to water, demonstrating a photon energy
dependence that departs substantially from tissue-equivalent in the photon
energy range of 20-70 keV.

Upon implementation of the design illustrated in FIG. 3B, in which the
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multilayer substrate modulates the photon energy dependence, the net
photon energy dependence of the radiation dosimeter improves dramatically
as illustrated in FIG. 5. As can be seen in this figure, response of the device
exhibits a photon energy dependence that approximates that of water
absorption within 5% over an energy range spanning 20 keV to 5 MeV. It is
noted that the energy dependencies of the radiation dosimeter signal and the
absorption of water were normalized to the value at 1250 keV. The choice of
normalization at 1250 keV is because Co-60 emits radiation at this energy.
This radioisotope is widely used by standards laboratories and would be an
excellent candidate source for calibrating these devices. Based on these
data, the devices would respond like water (within 5%) across the entire
diagnostic and therapeutic energy range.

Although the example implementation illustrated in FIG. 5 shows tissue
equivalence within 5% over a photon energy range of 20 keV to 5 MeV, it will
be understood that the selection of other materials and thickness values may
yield alternative performance parameters. In one example implementation, the
layer compositions and thicknesses may be selected such that tissue-
equivalence is obtained with a variation of less than 10% over an energy
range spanning 10 keV to 140 keV. In another example implementation, the
layer compositions and thicknesses may be selected such that tissue-
equivalence is obtained with a variation of less than 10% over an energy
range spanning 20 keV to 140 keV. In another example implementation, the
layer compositions and thicknesses may be selected such that tissue-
equivalence is obtained with a variation of less than 10% over an energy

range spanning 20 keV to 10 MeV. In another example implementation, the
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layer compositions and thicknesses may be selected such that tissue-
equivalence is obtained with a variation of less than 10% over an energy
range spanning 10 keV to 20 MeV. In another example implementation, the
layer compositions and thicknesses may be selected such that tissue-
equivalence is obtained with a variation of less than 5% over an energy range
spanning 10 keV to 140 keV. In another example implementation, the layer
compositions and thicknesses may be selected such that tissue-equivalence
is obtained with a variation of less than 5% over an energy range spanning 20
keV to 140 MeV. In another example implementation, the layer compositions
and thicknesses may be selected such that tissue-equivalence is obtained
with a variation of less than 5% over an energy range spanning 20 keV to 10
MeV. In another example implementation, the layer compositions and
thicknesses may be selected such that tissue-equivalence is obtained with a
variation of less than 5% over an energy range spanning 10 keV to 20 MeV.
In some example embodiments, the layer compositions and
thicknesses may be selected such that tissue-equivalence is obtained within
the diagnostic photon energy range of 20-140 keV, within a variation of less
than 10%, or less than 5%, as measured using a polyenergetic radiation
source. Such sources are characterized as generating radiation having a
broad range of photon energies, with the lowest energy photons (in the 1-10
keV range) constituting only a small fraction of the overall energy. In such a
case, the photon energy dependence of the radiation dosimeter may, for
example, deviate from that of water within this low energy range, while still
achieving water-equivalence as measured by such a polyenergetic source

over a range of tube potential values of the polyenergetic source. In one
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example implementation, the layer compositions and thicknesses may be
selected such that tissue-equivalence is obtained, with a variation of less than
10%, or less than 5%, for polyenergetic sources characterized by a tube
potential within the range of ~30 — 150 kVp, and with corresponding half-value
layers (HVLs) between 0.3 — 5.9 mm Al. In another example implementation,
the layer compositions and thicknesses may be selected such that tissue-
equivalence is obtained, with a variation of less than 10%, or less than 5%, for
a mammography-type radiation source characterized by a tube potential in the
range of 24 — 40 kVp and HLVs ranging from kVp/100 < HVL < kVp/100 + C,
where the value of C is between 0.12 and 0.3.

As noted above, radiation dosimeters according to the embodiments
provided herein may provide the ability to measure radiation doses in the
diagnostic imaging energy range (e.g. 20-140 keV) and optionally the
therapeutic energy range (e.g. 1-20 MeV) without requiring calibration when
the photon energy of the radiation is varied. This benefit, when combined with
the ability to provide time-dependent (and optionally real-time) dosimetry
measurements within the diagnostic imaging energy range and optionally the
therapeutic energy range may provide utility well beyond that of currently
available radiation dosimeters that are known to those skilled in the art. For
example, radiation dosimeters configured according to the present
embodiments may find utility in both imaging and radiation oncology
applications.

Moreover, the embodiments described herein may be employed to
provide real-time dose monitoring in order to reduce the dose received during

imaging procedures. In particular, there are presently widespread movements
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underway to reduce imaging dose in both pediatric patients (notably the
Image Gently movement) and in adults (the Image Wisely campaign). There
have also been numerous widely publicized incidents of accidental exposures
in diagnostic imaging that have heightened the awareness of the public and
regulators about the importance of knowing the dose administered to the
patient. As such, a device that is capable of measuring dose in the diagnostic
imaging setting is a timely and useful contribution to the field.

In some example embodiments, a plurality of radiation dosimeters may
be defined within a common device. For example, referring two FIGS. 3A and
3B, a two-dimensional dosimeter array may be produced by fabricating a
plurality of active regions (including the source 100, drain 110, semiconductor
120 and gate 130) within the radiation sensing layer 160, where the source,
drain and gate electrodes of each active region are separately addressable.
The small physical size (e.g. on the order of 100 um) of each active region
enables the fabrication of a high resolution array with a spatial resolution of 1
mm or less. This would represent an improvement over electronic devices
that are currently in use for this purpose, which are limited to a resolution
between 3 —7 mm.

In some embodiments, one or more radiation dosimeters according to
the embodiments disclosed herein may be employed to provide time-
dependent and optionally real-time dosimetry measurements during a
diagnostic or therapeutic procedure involving ionizing radiation.

In some example implementations, a flexible, radiation dosimeter may
be formed as described above, and applied to a region of the patient (e.g.

using an adhesive). The flexibility of such a device may be employed to
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achieve conformal fitting to the patient’s body part that is subject to radiation,
thereby enabling patient-specific dynamic and dosimetry measurements
during the procedure. Such a conformal and tissue-equivalent dosimeter may
be provided in the form of a two-dimensional dosimeter array, thereby
providing spatially- and time-resolved dosimetry measurements during a
procedure. An example of a conformal device is shown in FIG. 6, showing a
flexible dosimeter adhered to, and conforming to, a curved surface.

The material composition and thicknesses of the layers may be
selected to avoid undue attenuation of the radiation beam during a procedure,
especially a diagnostic imaging procedure involving photon energies that are
associated with higher mass attenuation coefficients. Suitable thicknesses
may be determined based on the mass-attenuation coefficients of the multiple
layers of the radiation dosimeter.

The radiation dosimeters according to the present embodiments may
also be formed to present a small physical cross section to the radiation field
which will minimize the area of the image that is affected. For high dose
deliveries (i.e. those more typically encountered in radiotherapy ( > 1 Gy),
device dimensions (active area) may be configured with an area less than
1mmZ. In other example embodiments, the area could also be increased to
increase sensitivity, such as an area of greater than 1 mm?, but less than 1
cm?. For imaging procedures, the area of the radiation dosimeter may be
configured to be larger for the purpose of increasing sensitivity (e.g. greater
than 1 mm?).

In the radiotherapy arena, such devices may be employed, for

example, in applications including: patient specific quality assurance, small
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field dosimetry measurements, relative dose measurements, and in-vivo
dosimetry. Other potential applications for the tissue-equivalent radiation
dosimeters according to the present disclosure include: (i) measurements of
absorbed doses of ionizing radiation in a therapeutic radiation oncology
environment; (i) measurement of absorbed doses of ionizing radiation in a
diagnostic imaging environment (without the need for recalibration for each
imaging energy); (iii) In vivo dosimetry for patient dose monitoring in a
radiation therapy environment; (iv) small field dose measurements that are
particularly challenging with other forms of radiation detectors; and (v) planar
dose distribution measurements based on a two dimensional array of
radiation dosimeter devices.

Referring now to FIG. 7, an example radiation dosimetry system is
shown, including a control and processing circuitry 400 interfaced with a
tissue-equivalent radiation dosimeter 410. In the present example, the tissue-
equivalent radiation dosimeter is a FET-based device, and the source, drain
and gate terminals are connected, respectively, through conductive paths
420, 430 and 440 to FET measurement electronics 450. The FET
measurement electronics provide electrical driving signals to the FET and
measure suitable voltages, currents or changes in voltages or currents to
determine a quantity of interest, such as the threshold voltage of the device.
The FET measurement electronics may be any suitable electronics known in
the art for measuring a signal associated with radiation dose, and may include
electronic components such as amplifiers and comparators. The example
control and processing circuitry 400 also includes a data acquisition interface

460 for acquiring the measured signals from the FET measurement
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electronics 450, and one or more processors 460 and memory 470, interfaced
through a bus 465. The processor 470 executes instructions stored in the
memory 470 to employ stored calibration data (shown at 480) to calibrate the
acquired dosimeter signal and thereby generate a calculated dose.

While many tissue equivalent dosimeters require hours of delay before
signal readout (e.g. radiochromic film, thermoluminescent dosimeters (TLDs)
and optically stimulated luminescent dosimeters (OSLDs)), the
semiconductor-based tissue-equivalent dosimeters described in the present
disclosure (such as the example OFET-based devices) can be read out
immediately after an exposure to radiation, and are therefore capable of real-
time readout. In addition, since the present devices can be powered during
exposure to radiation, their electrical signals can be processed during a
procedure involving radiation exposure, thereby optionally providing real-time
readout during exposure.

Accordingly, a system such as the example system shown in FIG. 7
may be employed to provide dynamic, time-dependent (and optionally
spatially-resolved) dose measurements obtained during a diagnostic or
therapeutic procedure involving ionizing radiation. In some example
embodiments, the processor 460 may be employed to compare one or more
real-time dose measures, such as a measure of accumulated dose, to pre-
selected dose criteria. For example, if a threshold associated with real-time
dose is crossed, the processor 460 may be employed to generate an alarm,
or the processor 460 may send a control signal to the radiation source system

(not shown) in order to halt or modify the operation of the radiation source.
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EXAMPLES

The following examples are presented to enable those skilled in the art
to understand and to practice embodiments of the present disclosure. They
should not be considered as a limitation on the scope of the disclosure, but
merely as being illustrative and representative thereof.

Example 1: Performance with a Single Layer

As part of the optimization of the design of the organic electronic
device shown in FIG. 3B, other configurations were explored using Monte
Carlo simulations. Monte Carlo simulations are computer-based simulations
that track particles of ionizing radiation as they pass through different media.
This is a standard technique in Medical Physics for carrying out this type of
investigation.

Monte Carlo simulations were performed using the EGSnrc code to
evaluate the energy dependence of each OFET configuration. In one set of
simulations, the detailed compositions and geometries of the devices was
used. In a second set, the devices were modelled as a volume of water (with
the same dimensions as the fully characterized devices). Energy deposition
in both sets of simulations was scored in the sub volume of the device
identified as the dielectric layer.

In FIG. 8, the energy dependence of the detector system was
investigated when there was only a single top coat material (i.e. there was
only one layer in the substrate). When the top coat is “water” (in the
simulations), the energy dependence is small, regardless of the dielectric
material. This is evidenced by the relatively flat lines (solid black and small

dash) in FIG. 8. It would, however, be impossible to have a true “water” top
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coat for the devices, so a practical solution is to use a material that is as
water-like as possible. The choice of PET (polyethylene terephthalate) in the
present example is based on its hydrocarbon composition and the fact that it
can be highly flexible. Like all predominantly hydrocarbon materials, the
interaction cross section for photons in this material deviates significantly from
that of water at low (10 — 100 keV) energies. Regardless of the dielectric
material (PMMA or CYTOP®) the introduction of a top coat of PET creates a
substantial energy dependence as the photon energy decreases (as shown
with the circle, square and triangle markers). This behavior would be
observed with any organic material being used as a top coat, but the
magnitude of the effect would be dependent on the actual chemical
composition of the material. This failure of a single layer to confer tissue-
equivalent photon energy dependence highlights the need for at least one
additional layer.
Example 2: Determination of Thickness of Second Layer

The use of the second layer in FIGS. 3A and 3B is intended to balance
out the decreased interaction cross sections of hydrocarbons with increased
interactions of fluorocarbons. In FIG. 9, the results of a numerical
optimization experiment are shown. In this case, the thickness of the layer
having an effective atomic number greater than that of water is varied. In the
present example, CYTOP® was used as this layer. It is noted that in general,
there is no requirement that this layer be CYTOP® — rather, it must be a
material whose chemical properties make it amenable to appropriate forms of
deposition on the other materials of the device and whose photon interaction

cross section’s energy dependence is complementary to that of the material of
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the other layer, such that the combination of materials resulis in an energy
dependence that is similar to that of water or tissue across the diagnostic and
therapeutic photon/electron energy range (i.e. 10 keV — 20 MeV).

The results shown in FIG. 9 are based on the structure shown in FIG.
3B, with the following layer compositions: layers 210 and 260: PET (0.1 mm),
layers 220 and 270: CYTOP® (variable thickness), gate terminal 130:
aluminum (50 nm), gate dielectric 140: CYTOP® (200 nm), and semiconductor
120: pentacene (50 nm), source and drain electrodes: gold (50 nm). As can
be seen in the figure, a thickness of 900 nm for layers 220 and 270 yields the
optimum tissue equivalence across the diagnostic energy range. For any
combination of materials (i.e. different semiconductors, different thicknesses
of dielectrics, etc.), a set of simulations would need to be carried out to
optimize the device geometry. It is the concept of the symmetric bilayer that
yields water equivalence down to low energies.

As noted above, the Monte Carlo simulation results shown in FIG. 8
demonstrate that at low photon energies (i.e. in the diagnostic energy range)
the inclusion of organic materials (i.e. hydrocarbon-based materials) alone is
insufficient to obtain good water equivalence. In FIG. 9, only the 20 keV
simulation data were included with the 100 keV data because 20 keV
represents the low end of the diagnostic imaging energy range and above 100
keV, the energy dependence is virtually eliminated. Furthermore, the
response of the system does not show oscillatory behavior over this range,
meaning that optimization based on response at 20 keV ensures water
equivalence over the entire energy range.

Example 3: Procedure for Verifying Energy Independence Dosimeter
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Device

In order to measure an unknown dose using a radiation dosimeter, it
must first be calibrated. The calibration process involves measuring the
signal generated in response to an exposure of the radiation dosimeter to a
known dose of radiation. The known dose is determined based on the
calibration of the radiation emitting device with a reference dosimetry system
whose calibration factor can be traced directly to a primary standards
laboratory. When the exposure conditions are prescribed and the dose from
the radiation emitting device is determined using reference dosimetry system,
the same prescribed conditions are used to expose the uncalibrated radiation
dosimeter. A calibration factor is then determined for the radiation dosimeter.
If the system is water-equivalent, the calibration factor will be valid across the
energy range over which the system is water-equivalent. This is because the
signal generated by the radiation dosimeter will be proportional to the energy
deposited in the active volume of the system. For example, various tissue-
equivalent radiation dosimeters have been designed according to the present
embodiments such that the ratio of the energy deposited in the active volume
of the radiation dosimeter to the energy deposited in a similar volume of water
will be within 5% of unity across the energy range 20 — 150 keV, and
optionally over a broader energy range, such as from 20 keV to 10 MeV.

To test the validity of the calibration factor for tissue-equivalence, a
different radiation emitting device from the one used to calibrate the radiation
dosimeter should be used to provide a second radiation field with a
substantially different photon energy. For example, if a medical linear

accelerator with a 6MV photon field was used to calibrate the radiation
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dosimeter, a diagnostic x-ray imaging or orthovoltage x-ray system should be
used to test the calibration. Another reference dosimetry system with a
calibration factor traceable to a primary standards lab may be used to quantify
the dose (or air kerma as is common low energy applications) from this
second radiation emitting device (because ionization chambers are usually
used for this purpose and these devices are not energy independent over this
wide an energy range — as such they require a calibration factor specific to the
energy of interest in the diagnostic imaging range). When the output of the
device is known, the same exposure conditions are used to expose the
radiation dosimeter. With its existing calibration factor, the radiation
dosimeter will produce an accurate estimate of dose if it exhibits tissue

equivalence.

The specific embodiments described above have been shown by way
of example, and it should be understood that these embodiments may be
susceptible to various modifications and alternative forms. It should be further
understood that the claims are not intended to be limited to the particular
forms disclosed, but rather to cover all modifications, equivalents, and

alternatives falling within the spirit and scope of this disclosure.
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THEREFORE WHAT IS CLAIMED IS:

1. A radiation dosimeter comprising:
a multilayer substrate; and
a semiconductor-based radiation sensing layer contacting said
multilayer substrate;
said radiation sensing layer comprising electrodes for receiving a
signal produced in response to radiation absorbed within said radiation
sensing layer; and
said multilayer substrate comprising:
at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water; and
at least one high-atomic-number layer having an effective
atomic number that is greater than that of water;
wherein said low-atomic-number layers and said high-atomic-number
layers have respective thicknesses and compositions for modulating a
dependence of the signal produced by said radiation dosimeter on photon
energy, such that the signal, when calibrated to provide a measure of dose,
exhibits tissue-equivalence with a variation of less than 10% over an energy

range spanning 20 keV to 140 keV.

2. The radiation dosimeter according to claim 1 wherein said low-atomic-
number layers and said high-atomic-number layers have respective
thicknesses such that the signal produced when said radiation dosimeter is

exposed to a given radiation field, and an amount of energy absorbed by a
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mass of water when the mass of water is exposed to the given radiation field,
have respective dependencies on photon energy that are related by a scaling
factor that varies by less than 10% over an energy range spanning 20 keV to

140 keV.

3. The radiation dosimeter according to claim 1 or 2 wherein said radiation
dosimeter is approximately tissue equivalent over an energy range spanning

20 keV to 10 MeV.

4. The radiation dosimeter according to claim 1 or 2 wherein said radiation
dosimeter is approximately tissue equivalent over an energy range spanning

10 keV to 10 MeV.

5. The radiation dosimeter according to claim 1 or 2 wherein said radiation
dosimeter is approximately tissue equivalent over an energy range spanning

20 keV to 20 MeV.

6. The radiation dosimeter according to claim 1 or 2 wherein said radiation
dosimeter is approximately tissue equivalent over an energy range spanning

10 keV to 20 MeV.

7. The radiation dosimeter according to any one of claims 1 to 6 wherein at
least one low-atomic-number layer is formed from a hydrocarbon-based
material, and at least one high low-atomic-number layer is formed from a

fluorocarbon-based material.
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8. The radiation dosimeter according to any one of claims 1 to 7 wherein

said multilayer substrate is flexible.

9. The radiation dosimeter according to any one of claims 1 to 8 wherein
said radiation sensing layer comprises an organic semiconductor based

device.

10. The radiation dosimeter according to claim 9 wherein said organic
semiconductor based device is selected from the list consisting of organic

field effect transistors and organic light emitting diodes.

11. The radiation dosimeter according to any one of claims 1 to 10 wherein
said multilayer substrate is a first multilayer substrate contacting a first side of
said radiation sensing layer, said radiation dosimeter further comprising a
second multilayer substrate contacting a second side of said radiation
sensing layer, wherein said second multilayer substrate is configured such
that the dependence on photon energy of the response of said radiation
dosimeter, when radiation is detected through said second multilayer
substrate, is approximately equal to the dependence on photon energy of said
radiation dosimeter when radiation is detected through said first multilayer

substrate.

12. The radiation dosimeter according to claim 11 wherein said first multilayer

substrate and said second multilayer substrate have the same composition
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and layer thicknesses.

13. The radiation dosimeter according to claim 12 wherein layers within said
second multilayer substrate are arranged symmetrically with regard to layers

provided in said first multilayer substrate.

14. The radiation dosimeter according to any one of claims 11 to 13 wherein

said radiation sensing layer comprises a double-gate field effect transistor.

15. The radiation dosimeter according to claim 14 wherein said double-gate
field effect transistor comprises:

a first gate provided adjacent to said first multilayer substrate;

a second gate provided adjacent to said second multilayer substrate;

a semiconductor channel centrally disposed between said first gate
and said second gate;

a gate dielectric region respectively formed between said first gate and
said semiconductor channel, and between said second gate and said
semiconductor channel; and

a source and a drain respectively provided on either lateral side of said

semiconductor channel.

16. The radiation dosimeter according to claim 15 wherein said first gate and

said second gate are symmetrically provided relative to said semiconductor

channel.
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17. The radiation dosimeter according to claim 16 wherein said first multilayer
substrate and said second multilayer substrate are symmetrically provided

relative to said semiconductor channel.

18. The radiation dosimeter according to any one of claims 1 to 17 wherein
said low-atomic-number layers and said high-atomic-number layers have
respective thicknesses and compositions for modulating a dependence of said
radiation dosimeter on photon energy, such that a calibrated signal from said
radiation dosimeter exhibits water-equivalence with a variation of less than

5% over an energy range spanning 20 keV to 140 keV.

19. The radiation dosimeter according to any one of claims 1 to 18 further
comprising control circuitry operatively connectable to said electrodes,
wherein said control circuitry comprises at least one processor configured to
receive the signal and employ a calibration factor to convert the signal into a

measured dose.

20. A radiation dosimetry system comprising:

a plurality of radiation dosimeters provided according to any one of
claims 1 to 18, wherein said plurality of radiation dosimeters are spatially
arranged in a two-dimensional array; and

control circuitry operatively connectable to said electrodes of said
plurality of radiation dosimeters, wherein said control circuitry comprises at
least one processor configured to receive the signals from said plurality of

radiation dosimeters and employ one or more calibration factors to convert the
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signals into a two-dimensional spatial profile of measured dose.

21. A radiation dosimeter comprising:
a multilayer substrate;
a radiation sensing layer contacting said multilayer substrate; and
said radiation sensing layer comprising electrodes for receiving a
signal produced in response to radiation absorbed within said radiation
sensing layer; and
said multilayer substrate comprising:
at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water; and
at least one high-atomic-number layer having an effective
atomic number that is greater than that of water;
wherein said low-atomic-number layers and said high-atomic-number
layers have respective thicknesses for modulating a dependence of said
radiation dosimeter on photon energy, such that said radiation dosimeter is
approximately water-equivalent over an energy range spanning 10 keV to 10

MeV.

22. A radiation dosimeter comprising:
a multilayer substrate; and
a radiation sensing layer contacting said multilayer substrate;
said radiation sensing layer comprising electrodes for receiving a
signal produced in response to radiation absorbed within said radiation

sensing layer; and
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said multilayer substrate comprising:
at least one low-atomic-number layer of having an effective
atomic number that is smaller than that of water; and
at least one high-atomic-number layer having an effective

atomic number that is greater than that of water.

40



WO 2017/177338 PCT/CA2017/050465

1/9

1.0E+02
--Si
.\.

ot ‘ - «PET
§ LOE+0L
Q 8
= ~- Pentacene
=
[
Q
o —Cytop
C
2
" 1.08+00 —Tissue
-
[ =
g e \Water
<
v
% 1.0E-01
st

1.0E-02

1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02
Photon Energy (MeV)
FIG. 1A
1.0E+01
. - Si
- “PET
\'\. - Pentacene

1.0E+00

Mass Attenuation Coefficient Ratio (material : tissue)

1.0E-01
1.0E-02 1.08-01 1.0E+00 1.0E+01 1.0E+02

Photon Energy (MeV)

FIG. 1B



PCT/CA2017/050465

2/9

WO 2017/177338

110

— 1L 150

0

3

1

FIG. 2A

Substrate
Substrate

Semiconductor

S
=]
d
(&)
u;
©
c
o
S,
£
(4]
v

100
120
140
140
120
100

.2B

FIG



WO 2017/177338 PCT/CA2017/050465

3/9

100

\
= \g 1.

120
\ = . —T L 210
l | N | |
160 —1__ 140
| , |
/ —7 150
130
FIG. 3A
100\ 110
—1 L 220
200
120
\ 2 \ —T L 210
| | N | |
160 —1 L 140
| , |
/ 1260
250
1 L1270
130



WO 2017/177338 PCT/CA2017/050465
s
—1 L2220
200 < 130A
H —1 L2100
- "
100 120> 110 — L 140
160 < 2|— D 45
> C
L) 7260
J /
250 1308 "1 L 270
"

FIG.

3C



WO 2017/177338 PCT/CA2017/050465
f
—1 L 220
200 < 1304
H — L 210
e !
100> _ 120> 10 — L 140A
160 < | L ]
—1 __ 140B
\ .
L.) 260
J /
250 1308 - T
|

FIG.

3D



WO 2017/177338 PCT/CA2017/050465

6/9

1.05

0.95

Q
w©

0.85

o
0o

ignal relative to water

= 0.75

S

©
~

0 50 100 150
Photon Energy (keV)

FIG. 4

-
=
[© 5 BN

bt

0.95

0.85

&
o0

Response Relative to Water
-
o

0.75
0.7

10 100 1000 10000
Photon Energy (keV)

FIG. 5



WO 2017/177338 PCT/CA2017/050465

7/9




WO 2017/177338 PCT/CA2017/050465

8/9

400
CONTROL AND PROCESSING CIRCUITRY
465
460 ’; 470
] PROCESSOR MEMORY —
460
DATA ACQUISITION L~/
CALIBRATION DATA F 480 INTERFACE

OFET MEASUREMENT
ELECTRONICS 1450

420 2 1 430
440

RADIATION DOSIMETER 1410

FIG.7



PCT/CA2017/050465

WO 2017/177338

9/9

150

g 3
< £ o Q2
>
=225z Yo
T ¥ @ o8 o
58 8 g 3 =
PR A
5oy e S 2 =
Mmmmm -
8 8 8 S8 ©
a2 a a a Q _ “
mo2eeee 8> o
. . o Q .
-. > %
ooy muo .
|
NN g o o
/_ . c O) e
TH e
m /A m <
'\ ./ oL s
| \ ) i B w
I : e
o X
ST I
ol \ - q
I
t e rb S
.
20
43]
o
LLf

< . o N~ v
o o o o o
J91eMm 0} dAIle|aJ |eusdis

1.1

fluoropolymer thickness

o

@

@ @

. @ @

.

N 20 keV

B 100 keV N

©Q o <, ™ ©
o <o < <o
1218\ 01 BAlle|ay asuodsay

100 200 400 600 800 500 1000 1200
Fluoropolymer Thickness (nm)

50

FIG.9



International application No.

PCT/CA2017/050465

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
IPC: GOIT 1/02 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC: ALL (2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)

Questal-Orbit, Intellect and keywords: dosimeter; radiation; detector; semiconductor; multilayer/multilayers; "MULT-LAYER";

substrate/substrates electrode/electrodes; polymeric; layer; material; substrate; polyethylene; terephthalate; polymethyl; methacrylate;
polystyrene; two; dimension/ dimensions; array/arrays; measure/ measurement/ measurements; dosage; dose; "KEV"; "20KEV”’; fluoropolymers;
"CYTOP": "TEFL.ON": calibrate/calibration

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2010/0102242 Al (Burr et al.) - 29 April 2010 (29-04-2010) 22
A * Abstract; [0026]-[0027]; [0029]; [0035]-[0037]; [0039]; Figs. 1-3 * 1-21
Y ‘WO 200011725 A1 (Forrest et al.) - 02 March 2000 (02-03-2000) 2
A * Abstract; p. 15,11.20 - p. 17,1.25;p. 28,1.20 —p. 29,1. 8; p. 31, 11. 18-30; p. 41,11. 6-11; p. 47,11 121
27-29; Figs. 1-10 *
A US 2005/0038620 A1 (Ritf) - 17 February 2005 (17-02-2005) ALL
* the whole document *
A US 2006/0027756 Al (Thomson et al.) - 09 February 2006 (09-02-2006) ALL
* the whole document *
I Further documents are listed in the continuation of Box C. ¥ See patent family annex.
* |Special categories of cited documents: “T” |later document published after the international filing date or priority
“A” |document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” |earlier application or patent but published on or after the international “X” |document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L” |document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y” |document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
“0” |document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination
being obvious to a person skilled in the art
“P” |document published prior to the international filing date but later than “&” |document member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

27 June 2017 (27-06-2017) 23 August 2017 (23-08-2017)

Name and mailing address of the ISA/CA Authorized officer

Canadian Intellectual Property Office

Place du Portage I, C114 - 1st Floor, Box PCT Reginald Linco (819) 639-8198
50 Victoria Street

Gatineau, Quebec K1A 0C9
Facsimile No.: 819-953-2476

Form PCT/ISA/210 (second sheet ) (January 2015) Page 2 of 6




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2017/050465

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

* the whole document *

Category™* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2010/0090118 Al (Rozenfeld) — 15 April 2010 (15-04-2010) ALL
* the whole document *
A US 8,130,905 B1 (Nelms) — 06 March 2012 (06-03-2012) ALL
* the whole document *
A US 2007/0020793 Al (Adamovics) — 25 January 2007 (25-01-2007) ALL

Form PCT/ISA/210 (continuation of second sheet) (January 2015)

Page 3 of 6




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2017/050465

Information on patent family members

Patent Document Publication Patent Family Publication

Cited in Search Report  Date Member(s) Date

US2010102242A1 29 April 2010 (29-04-2010) US2010102242A1 29 April 2010 (29-04-2010)
US7956332B2 07 June 2011 (07-06-2011)

WO200011725A1 02 March 2000 (02-03-2000) WO0011725A1 02 March 2000 (02-03-2000)
WO0011725A9 31 August 2000 (31-08-2000)
AR022366A1 04 September 2002 (04-09-2002)
ARO054454A2 27 June 2007 (27-06-2007)
ARO054455A2 27 June 2007 (27-06-2007)
ARO054456A2 27 June 2007 (27-06-2007)
ARO054457A2 27 June 2007 (27-06-2007)
ARO054458A2 27 June 2007 (27-06-2007)
ARO054459A2 27 June 2007 (27-06-2007)
ARO054762A2 18 July 2007 (18-07-2007)
ARO054763A2 18 July 2007 (18-07-2007)
AUSB577799A 14 March 2000 (14-03-2000)
AU772422B2 29 April 2004 (29-04-2004)
AU1609601A 04 June 2001 (04-06-2001)
AU2004200841A1 25 March 2004 (25-03-2004)
AU2004200841B2 19 April 2007 (19-04-2007)
AU2004200841C1 13 February 2014 (13-02-2014)
AU2004200843A1 25 March 2004 (25-03-2004)
AU2004200843B2 06 December 2007 (06-12-2007)
AU2004200844A1 25 March 2004 (25-03-2004)
AU2004200844B2 06 December 2007 (06-12-2007)
AU2004200844C1 13 February 2014 (13-02-2014)
AU2004200847A1 25 March 2004 (25-03-2004)
AU2004200847B2 22 November 2007 (22-11-2007)
AU2004200847C1 13 February 2014 (13-02-2014)
AU2007237237A1 20 December 2007 (20-12-2007)
AU2007237237B2 16 December 2010 (16-12-2010)
AU2008200818A1 13 March 2008 (13-03-2008)
AU2008200818B2 29 September 2011 (29-09-2011)
AU2008200818C1 13 February 2014 (13-02-2014)
AU2012200006A1 02 February 2012 (02-02-2012)
AU2012200006B2 08 May 2014 (08-05-2014)
BR9906708A 13 February 2002 (13-02-2002)
CA2306833A1 02 March 2000 (02-03-2000)
CA2306833C 12 February 2013 (12-02-2013)
CN1399797A 26 February 2003 (26-02-2003)
CN1207793C 22 June 2005 (22-06-2005)
CN1277738A 20 December 2000 (20-12-2000)
CN1237626C 18 January 2006 (18-01-2006)
CN1722472A 18 January 2006 (18-01-2006)
CN100431173C 05 November 2008 (05-11-2008)
CN1812154A 02 August 2006 (02-08-2006)
CN1812154B 11 July 2012 (11-07-2012)
CN102694124A 26 September 2012 (26-09-2012)
CN102694124B 19 August 2015 (19-08-2015)
EP1048084A1 02 November 2000 (02-11-2000)
EP1048084A4 09 May 2001 (09-05-2001)
EP1234338A1 28 August 2002 (28-08-2002)
EP1234338A4 21 January 2009 (21-01-2009)
EP1234338B1 25 March 2015 (25-03-2015)
EP2287922A1 23 February 2011 (23-02-2011)
EP2295238A1 16 March 2011 (16-03-2011)
EP2298547A1 23 March 2011 (23-03-2011)
EP2312648A1 20 April 2011 (20-04-2011)
EP2317567A1 04 May 2011 (04-05-2011)
EP2400554A1 28 December 2011 (28-12-2011)
ES2535362T3 08 May 2015 (08-05-2015)
HK1086667A1 21 August 2009 (21-08-2009)
HK1094092A1 26 April 2013 (26-04-2013)
IN23MU2000A 17 June 2005 (17-06-2005)
JP2002523904A 30 July 2002 (30-07-2002)

Form PCT/ISA/210 (patent family annex ) (January 2015)

Page 4 of 6




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2017/050465

JP5090587B2 05 December 2012 (05-12-2012)
JP2003515933A 07 May 2003 (07-05-2003)
JP5313422B2 09 October 2013 (09-10-2013)
JP2010192931A 02 September 2010 (02-09-2010)
JP2011187984A 22 September 2011 (22-09-2011)
JP2011205156A 13 October 2011 (13-10-2011)
JP2011205157A 13 October 2011 (13-10-2011)
JP2011205158A 13 October 2011 (13-10-2011)
JP2011205159A 13 October 2011 (13-10-2011)
JP2011205160A 13 October 2011 (13-10-2011)
JP2014158047A 28 August 2014 (28-08-2014)
JP2014170953A 18 September 2014 (18-09-2014)
JP2016105510A 09 June 2016 (09-06-2016)
KR20020066400A 16 August 2002 (16-08-2002)
KR100905727B1 01 July 2009 (01-07-2009)
MXPAOOO003918A 01 September 2001 (01-09-2001)
MX239894B 30 August 2006 (30-08-2006)
TW479373B 11 March 2002 (11-03-2002)
US6198091B1 06 March 2001 (06-03-2001)
US6198092B1 06 March 2001 (06-03-2001)
US6278055B1 21 August 2001 (21-08-2001)
US6297495B1 02 October 2001 (02-10-2001)
US6352777B1 05 March 2002 (05-03-2002)
US6451415B1 17 September 2002 (17-09-2002)
US2002197462A1 26 December 2002 (26-12-2002)
US6692820B2 17 February 2004 (17-02-2004)
US2004151887A1 05 August 2004 (05-08-2004)
US6844025B2 18 January 2005 (18-01-2005)
US2005136232A1 23 June 2005 (23-06-2005)
US7026041B2 11 April 2006 (11-04-2006)
US2002119297A1 29 August 2002 (29-08-2002)
US7151217B2 19 December 2006 (19-12-2006)
US2007045661A1 01 March 2007 (01-03-2007)
US7205585B2 17 April 2007 (17-04-2007)
US2007044836A1 01 March 2007 (01-03-2007)
US8519258B2 27 August 2013 (27-08-2013)
US2008176098A1 24 July 2008 (24-07-2008)
US2010307555A1 09 December 2010 (09-12-2010)
WO0139276A1 31 May 2001 (31-05-2001)
US2005038620A1 17 February 2005 (17-02-2005) US2005038620A1 17 February 2005 (17-02-2005)

US7013228B2 14 March 2006 (14-03-2006)
AT400318T 15 July 2008 (15-07-2008)
AU9112701A 02 April 2002 (02-04-2002)
CA2418232A1 28 March 2002 (28-03-2002)
CA2418232C 24 November 2009 (24-11-2009)
DE60134755D1 21 August 2008 (21-08-2008)
EP1318857A1 18 June 2003 (18-06-2003)
EP1318857B1 09 July 2008 (09-07-2008)
ES2309093T3 16 December 2008 (16-12-2008)
JP2004508907A 25 March 2004 (25-03-2004)
PT1318857E 12 August 2008 (12-08-2008)
US6675116B1 06 January 2004 (06-01-2004)
US2003204336A1 30 October 2003 (30-10-2003)
US6934653B2 23 August 2005 (23-08-2005)
US2006080057A1 13 April 2006 (13-04-2006)
WO00224277A1 28 March 2002 (28-03-2002)

US2006027756A1 09 February 2006 (09-02-2006) None

US2010090118A1 15 April 2010 (15-04-2010) US2010090118A1 15 April 2010 (15-04-2010)
US8421022B2 16 April 2013 (16-04-2013)
EP2102685A1 23 September 2009 (23-09-2009)
EP2102685A4 08 February 2017 (08-02-2017)
WO02008074074A1

26 June 2008 (26-06-2008)

Form PCT/ISA/210 (extra sheet) (January 2015)

Page S of 6




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2017/050465

US8130905B1 06 March 2012 (06-03-2012) None

US2007020793A1 25 January 2007 (25-01-2007) US2007020793A1 25 January 2007 (25-01-2007)
AU2004217473A1 16 September 2004 (16-09-2004)
AU2004217473B2 18 September 2008 (18-09-2008)
CA2558412A1 16 September 2004 (16-09-2004)
EP1599743A2 30 November 2005 (30-11-2005)
EP1599743A4 13 July 2011 (13-07-2011)
EP2546679A1 16 January 2013 (16-01-2013)
US2004211917A1 28 October 2004 (28-10-2004)
US7098463B2 29 August 2006 (29-08-2006)
WO02004079393A2 16 September 2004 (16-09-2004)
WO2004079393A3 29 June 2006 (29-06-2006)

Form PCT/ISA/210 (extra sheet) (January 2015)

Page 6 of 6




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - wo-search-report
	Page 52 - wo-search-report
	Page 53 - wo-search-report
	Page 54 - wo-search-report
	Page 55 - wo-search-report

