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Abstract

Organic thin film transistors (OTFTs) were investigated as novel radiation detectors.
OTFTs were fabricated on glass and PET substrates, with a pentacene semiconductor,
and PMMA or Parylene-C dielectric. Kilovoltage (100, 180 kVp) and megavoltage (6, 18
MV) photon beams were used to irradiate OTFTs to 400 Gy. One OTFT was irradiated
to 1000 Gy to observe its longevity. Irradiated devices showed a positive shift in the
threshold voltage and a degradation in mobility. Initial sensitivity of devices was greater
for kilovoltage-irradiated devices than megavoltage-irradiated devices, but converged af-
ter ~200 Gy to a value of ~1 mV /Gy and continued to decrease slowly at higher doses.
After 1000 Gy, one device remained functional. Directional and dose rate dependence
measurements were inconclusive and require further investigation. Monte Carlo simula-
tions found less than 5% intrinsic energy dependence for photon spectra from Co-60 to

15 MV.
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Chapter 1

Introduction

1.1 Radiation interactions with matter

Ionizing irradiation has societal benefits such as medical imaging, nuclear power, food
safety, airport security, radiotherapy, and others. However, human exposure to ionizing
irradiation can be harmful due to its ability to disrupt critical molecular bonds — partic-
ularly in cellular DNA [1]. Consequently, being able to detect and accurately quantify
fields of ionizing radiation are critical prerequisites for its safe use.

Approximately half of all patients diagnosed with cancer should receive some form of
radiotherapy over the course of their treatment [2]. Radiotherapy represents a balancing
act in which the dose of radiation delivered to a target is large enough to produce a
high probability of controlling disease progression, while not being so high as to incur
a significant risk of severe complications in surrounding healthy tissues. This type of
dose response relationship is typically modelled by a sigmoidal curve that rises steeply
from low to high probability (see figure 1.1). Therefore, accurate dosimetry is needed to
deliver successful radiotherapy.

When photons with sufficient energy are incident on a material, they can interact and
produce ionizations and excitations in the material. The four most common interaction
types are: Rayleigh scatter, photoelectric effect, Compton scatter and pair production.
The pertinent information of these interactions will be discussed, but a more detailed
explanation can be found elsewhere [3]. Rayleigh scattering is a process in which a
photon deflects through a small angle due to an interaction with a particle in the medium.
The oscillating electric field of the photon acts on the charges within the particle, causing
them to oscillate with the same frequency. This causes the particle to become a radiating
dipole and the resulting radiation we see as scattered light. Rayleigh scattering is an
elastic process, meaning that no energy is lost by the photon when it scatters. The mass
attenuation coefficient (linear attenuation coefficient divided by the mass density of the

material) for Rayleigh scattering, or/p, depends on both the energy of the photon and



100

°  |—TCP
“I | —NTCP

70 r

60

40

20T

Probability (%)

10r

Dose (Gy)

Figure 1.1: Plot of the tumor control probability (TCP) and normal tissue complication
probability (NTCP) as a function of Dose. Radiotherapy is a balancing act between
giving enough dose to give a high probability of tumor control, while not too high to
incur a high probability of complications in the surrounding healthy tissue.



the atomic number of the material through which the photon is traveling:

OR Z

where F is the energy of the incident photon and Z is the atomic number of the medium.
Pair production occurs when the photon passes close to the nucleus of the atoms and if
the energy of photon is high enough (>1.022 MeV) it is converted to an electron and
positron pair and their associated kinetic energies. The mass attenuation coefficient for
pair production, x/p, depends on the atomic number of the material through which the
photon is traveling:

K

5 x Z (1.2)

The photon spectra used in this work range from 100 kV to 18 MV and although Rayleigh
scattering and pair production can occur in these beams they are responsible for a low
percentage of interactions.

In this work the two main interactions of interest are the photoelectric effect and
the Compton effect. The photoelectric effect occurs when a photon interacts with an
atom containing orbital electrons of binding energy less than the photon. The energy of
the photon is absorbed by the atom, then the atom releases an orbital electron (called
a photoelectron) with kinetic energy of the incident photon energy minus the energy of

the binding energy of the electron. In equation form this is given by:
T=F-—E, (1.3)

Where T is the kinetic energy of the electron, E is the incident photon energy, and Ej is
the binding energy of the electron. The space left by the electron is filled with another
orbital electron from a higher energy shell, which is accompanied by the emission of a
characteristic X-ray or the emission an outer shell electron known as an Auger electron.
The mass attenuation coefficient for the photoelectric effect, 7/p, is strongly dependent
on both the energy of the photon and the atomic number of the material through which
the photon is traveling:

T AL

p”E"

where Z is the atomic number of the medium and F is the incident photon energy. The

(1.4)

value of n ranges from ~3 at 0.1 MeV and rises to ~3.6 at 3 MeV. The value of m ranges
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from ~3 at 0.1 MeV and gradually decreases to ~1 at 5 MeV [3]. Below about 0.1 MeV
where the photoelectric effect is most dominant m and n are ~3.

The Compton effect occurs when the photon has an energy much greater than the
binding energy of electron. The photon gives up some of its energy to the electron and

scatters. The equations that describe Compton interactions are:

, E
1+ (GE2)(1 - cos) )
T=E-FE (1.6)

cotl = (1 + mECQ) tan (%) (1.7)

where E is the incident photon energy, E’ is the scattered photon energy, m.c? is the rest
mass of the electron, T is the kinetic energy of the scattered electron,  is the scattering
angle of the electron, and ¢ the scattering angle of the photon. If the energy of the
incident photon is known that leaves four unknowns (E’, 0, ¢, T') and three equations
that cannot be solved, but follow a probability distribution based on the energy of the
incident photon. The probability of a photon interacting via the Compton effect is

dependent on the electron density of the medium:

o
— X pe (1.8
p )

where o /p is the Compton mass attenuation coefficient and p. is the density of electrons
in the medium.

Equations 1.4 and 1.8 show the probability of interaction via the photoelectric effect
and Compton effect. Compton effect does not depend on the atomic number, whereas for
the photoelectric effect there is a strong dependence. When making dosimetric measure-
ments in radiation fields that produce a significant number of photoelectric interactions
in the detector (e.g. diagnostic x-ray beams), the composition of the detector should be
similar to tissue so that the interactions in the active volume of the detector mimic that
of tissue.

Incident electrons or secondary electrons can interact with the medium via elastic
collisions in which no energy is lost; or inelastic collisions in which the electron loses
some kinetic energy. Elastic collisions result in a deflection of the electron, but since

no energy is deposited in the tissue, it is less important in dosimetry. If an electron
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undergoes an inelastic collision with an orbital electron it gives up some of its energy.
This results either in an excitation (orbital electron moves to higher energy shell) or
ionization (orbital electron escapes the atom). In the event of ionization, if the electron
is scattered with sufficient energy, it can go on to produce its own track of ionizations and
excitations. The term delta ray is used to describe these secondary electrons. The last
type of interaction is an inelastic collision with the nucleus of an atom. The interaction
known as Bremsstrahlung, is when an electron decelerates when deflected by another
charged particle and the loss of kinetic energy is converted into a photon. Other types
of radiations (e.g. protons, carbon ions, etc.) can interact with matter, but those are

beyond the scope of this work.

1.2 Dosimeters

When measuring parameters of a radiation field (e.g. dose, dose rate, ionization density,
etc.), it is the ionization process itself that often forms the basis of the measured signal
in a radiation detector. When calibrated appropriately, the measured signal can be
translated to the amount of energy that would be absorbed per unit mass (i.e. absorbed
dose) if a small mass of tissue were positioned at the same location as the detector. An

ideal dosimeter would possess the following characteristics:

Linearity: Response of the dosimeter should be proportional to the dose absorbed

to the detector.

e Real time readout: Response of the dosimeter and thus the absorbed dose should

be measurable during irradiation.

e Stability: Response of the dosimeter to absorbed dose should be consistent over

time.

e Reproducibility: Response of the dosimeter should be consistent when irradiated

with the same conditions.

e Energy independence: Response of the dosimeter should be directly proportional
to the dose, independent of the type of radiation or its energy. Furthermore, the

dose to the dosimeter should be proportional to the dose to the medium at the
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point of measurement in the absence of the detector independent of the incident

energy.

e Directional independence: Response of the dosimeter should be proportional to

the absorbed dose independent of the angle of the incident radiation.

e Temperature and humidity: Response of the dosimeter should be independent of

the temperature and humidity.

e Dose rate: Response of the dosimeter should be proportional to the absorbed dose,
independent of the dose rate. This includes both instantaneous dose rate (pulsed

or continuous) and average dose rate.

None of the currently used dosimeters can be considered ideal. Some examples of
currently used dosimeters are ion chambers, thermoluminescent dosimeters (TLDs), ra-
diochromic film, diamond detectors, diodes, and metal oxide semiconductor field effect
transistor (MOSFETS).

An ionization chamber consists of a gas filled chamber with two electrodes [4]. A
voltage potential between the two electrodes creates an electric field in the chamber.
Incident ionizing irradiation can create ion-pairs in the gas chamber. The electric field
causes the positive ions to move towards the negative electrode and the negative ions
toward the positive electrode. This creates an ionization current which can be measured
by an electrometer. The current measured is proportional to the number of ion pairs
created, which in turn is proportional to the radiation dose. Since the active volume is a
gas it requires larger volumes than a solid state dosimeter to produce a measurable signal.
Furthermore, an ionization chamber gives one reading which is the average dose to the
active volume. This is problematic for small field dosimetry where the dose changes with
a change in position smaller than the size of the detector creating a partial volume effect.
Another limitation of ion chambers is their energy dependence which can be problematic
at diagnostic energies [5].

TLDs consist of crystalline dielectric material, which contains trace impurities. The
trace impurities create trapping centers whose energy levels lie inside the forbidden gap
of the pure crystal. When exposed to ionizing irradiation, a TLD stores a fraction of the
absorbed energy [6]. Then when a TLD is heated, it releases visible light proportional to

the amount of absorbed dose. The emitted photons are not absorbed by the crystal since
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their energy is insufficient to promote electrons from the valence band to the conduction
band of the crystal. TLDs are considered tissue equivalent in the energy range 20
keV to Co-60 (mean energy 1.25 MeV) [7]. Limitations of TLDs are their lack of real
time readout, they require specialized hardware for the readout (reader, annealing oven,

nitrogen gas supply), and need precise procedures for calibrating, reading, and annealing.

Radiochromic film consists of a layer of organic monomers that are sensitive to ra-
diation on a polyester base with a transparent coating [8]. When exposed to ionizing
radiation, a polymerization reaction causes the film to change colour and the darkness of
the film increases with absorbed dose. The film is then scanned with visible light and the
transmission used to determine the dose at each point on the film. Due to the sensitivity
of the film, great care needs to be taken during manufacturing, transport, storage, and
processing to ensure an accurate reading. Another limitation is the readout time. Film
needs to be left for ~12-24 hours before it can be read. Furthermore, the uncertainty of
film can be made ~1%, but it is not practical to reach that level of uncertainty in the

clinic due to the difficulty of implementation [9].

When a bias is applied to a diamond detector a depleted neutral region is created [10].
Ionizing radiation creates electron-hole pairs that are attracted to the opposite polarity,
which creates current proportional to the dose rate. However, some electrons can become
trapped in the diamond creating an electric field opposing the applied field and reducing
the current at a given dose rate. By pre-irradiating the detectors the traps will fill to
allow the dose rate to be proportional to the current [10]. Potential sources of error of a
diamond detector are dark current, temperature dependence, dose rate dependence, and
angular dependence. A limitation of the detector is that in comparison to other solid

state detectors it is more expensive [10].

A diode dosimeter consists of a lightly doped silicon substrate (either n-type or p-
type) and a heavily doped surface region of the opposite type (p-type or n-type) creating
p-n junction. The p-n junction creates an electric field making it possible to collect
charge without an external bias on the diode. When exposed to ionizing irradiation, an
electric current is generated which is measured by an electrometer [11]. The induced
current in the diode is proportional to the dose rate. The increased density relative to
an ionization chamber allows the active volume to be made much smaller. Limitations

of diode dosimeters are the energy dependence, dose per pulse dependence, temperature
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dependence, and accumulated dose dependence [12; 13, 14, 15]. As the dose per pulse
increases so does the rate of recombination, which lowers the response of the diode to a
given dose. The accumulated dose dependence results from damage to the diode which
reduces the sensitivity with accumulated dose. Energy dependence results from the
materials and composition of the diode and surrounding material (protective housing,
buildup material and electrode attachment). The difference in response of a photon diode
in comparison to water comes from a higher sensitivity to low energy photons which can
result from scatter in the phantom. To compensate for the energy dependence a photon
diode is shielded with a high Z material such as tungsten to attenuate the low energy
photons [11]. Electron diode detectors are approximately energy independent because
the electron stopping power of silicon to water is approximately constant over a wide
energy range. Electron diode detectors use much less buildup material and it is a low Z
material such as PMMA.

A MOSFET is a voltage controlled current source. When the MOSFET is exposed
to ionizing radiation, electron-hole pairs are created throughout the device [16]. Holes
become trapped in the Silicon-dioxide of the MOSFET, changing the current that can
flow through the MOSFET at a given voltage. By calibrating the rate of change of
a particular metric (e.g. threshold voltage) to the absorbed dose, the MOSFET can
be used as a dosimeter. The main limitation of a MOSFET is the energy dependence,
particularly at low energies. The sensitivity of a MOSFET depends on the device design,
but MOSFETSs are not used below ~1 c¢Gy because the signal fades with time, leading
to a large error in measurement at small doses [16]. The remainder of the discussion will
be about MOSFETSs due to the similarity of the novel radiation detectors used in this
study (Organic thin film transistors (OTFT)).

1.3 MOSFET Structure and Operation in Saturation Mode

1.3.1 MOSFET Channel Formation

The structure of a p-channel MOSFET is shown in figure 1.2 (adapted from Sedra
and Smith [17]). The transistor is fabricated on an n-type substrate (silicon) with two
heavily doped p-type regions at the source and drain. Metal is deposited on the source

and drain regions forming electrodes. An insulating layer of silicon dioxide is grown on
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Figure 1.2: Schematic diagram of a p-channel MOSFET. The three electrodes are the
source (S), drain (D), and gate (G). The gate electrode controls the conductivity of
the channel and the current that can flow between the source and drain. The gate is
separated from the channel by an insulating layer of silicon dioxide (Si0Os).

the surface of the substrate covering the area between the source and drain electrodes.
Metal is deposited on top of the dioxide forming the gate electrode. The bias on the gate
electrode controls whether current can flow between the source and drain regions known
as the channel. The channel region has a length L between the electrodes and width W

along the electrodes.

With all the contacts grounded, p-n junctions exist at the interface between the n-type
substrate and the heavily doped regions at the source and drain. These p-n junctions
act as back-to-back diodes in series meaning that no current can flow between the source
and drain even if a bias is applied between them (Vpg). However, by applying a negative
gate bias (Vgg) electrons in the channel are pushed down into the substrate leaving a
carrier-depletion region. At the same time holes from the source and drain regions are
pulled into the channel. If the gate bias is strong enough it can pull in enough holes
to connect the source and drain regions, forming a conductive channel (figure 1.3). The
channel is created by inverting an n-type substrate into a p-type region known as an

inversion layer.

The value of the gate bias (Vgs) needed to pull in enough holes to create a conducting
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Figure 1.3: With a negative bias applied to the gate, electrons in the n-type substrate
are pushed down into the substrate. Holes from the source and drain regions are pulled
into the channel at the interface with the silicon dioxide. The channel is created from
the n-type substrate inverting to p-type with holes being the majority charge carriers.
This diagram was adapted from Sedra and Smith figure 4.2 [16].
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channel is called the threshold voltage (Vg ). Increasing Vigg above the threshold voltage
will pull more holes into the channel, which enhances the channel and give rise to the
name enhancement-mode operation. The gate and channel region act as two plates of
charge forming a parallel plate capacitor with the silicon dioxide being the dielectric.
The resulting electric field controls the amount of charge in the channel and the amount

of current that can flow through the device.

1.3.2 Saturation Mode

Assuming the gate bias is sufficient for a conductive channel, applying a bias between
the source and drain (negative Vpg) will allow holes to flow from source to drain. As Vpg
increases, the electric field along the channel increases which allows the charge carriers
to move faster and creates a higher current. However, increasing the bias also causes
the channel to taper because the potential at the source end of the channel is Vgg,
but is only Vs — Vpg at the drain end. A greater negative potential at the source end
creates a deeper buildup of holes near the source and shallower one near the drain (figure
1.4). Therefore, increasing the Vpg increases the resistance of the channel and does not
increase the current linearly. When Vpg is high enough to reduce the voltage between
the gate and the channel at the drain end to Vg, the channel depth decreases to almost
zero and the channel is said to be pinched off. Increasing Vpg beyond this point will not
increase the current and the drain current is said to saturate at this value. The voltage

Vps where this occurs is denoted Vpg gq¢ and is equal to Vigg — Vg

1.3.3 Derivation of MOSFET Equations

To analyze and better understand our results, it is important to develop equations that
describe the relationship between the source to drain current (Ipg) and Vig. Consider
an infinitesimal strip of the gate at a distance z from the source (figure 1.5). The

capacitance of the strip is:

C =Cy,Wdz (1.9)

where C,, is the capacitance per unit area. The charge stored on this infinitesimal strip
is found by multiplying the capacitance by the effective voltage between the gate and

the channel at the point . The voltage responsible for inducing the channel at point x



12

Ves < Vi 5 -|-7 —.|.
I 1 1T
v

= STlIS= it Do

L ==}

Tapered P-Channel

N-type substrate

Figure 1.4: Provided the gate bias is sufficient to create a channel, applying a negative
drain bias allows the holes to flow from the source to the drain. The drain bias creates
a variable electric field along the channel and therefore the channel depth varies and
is tapered. When the drain bias is larger than the difference between the gate source
voltage and the threshold voltage the channel is said to be pinched off and the MOSFET
is operating in saturation mode. Increasing the drain bias above this point will not
increase the current.
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is V(x), given by:
V(x) = [VGS — U(I) — VTH] (110)

where v(z) is the voltage due to Vpg at point . The hole charge in the infinitesimal

portion of the channel is:
dq = Coe(Wdzx)(Vgs — v(x) — Vrg) (1.11)

The electric field along the channel in the x-direction caused by Vpg is:

_ dv(z)

E(x) I

(1.12)

(positive electric field meaning the holes move in the x-direction with E-field). The

electric field causes the holes to migrate toward the drain with a velocity of:

V= fl—f — —uE(zx) = —udzg) (1.13)

Where i is the mobility of the holes in the channel and depends on the materials and

fabrication process. The resulting current can be expressed as:

Substituting equation 1.11 and 1.13 gives:

dv(z)

I = /LComW(VGS — U(I) — VTH) dr

(1.15)

The source-drain current must be the same at all points along the channel. Since we are
interested in the current flowing through the device we will relabel I to Ipg. Furthermore,
if we rearrange the equation slightly and integrate along the channel from x =0tox = L

or v(0) =0 to v(L) = Vpg we get:

L Vbs
/ Ipsdr = / puCo W (Vs — v(x) — Vg )do(x) (1.16)
0 0

W
]DS - (:uooa:) (f

As stated before the saturation region begins when Vpg = Vigs — Vry and substituting

) (Vs = Ven)Vos = (V3 (1.17)

this in gives:

s — %(ucox) (%) (Vs — Vinr)? (1.18)
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In saturation mode, Ipg is constant with Vpg so this equation will hold as long as satura-
tion is achieved (Vps > Vg — Vry). To increase the drain current the electrodes should
be long and the spacing between them should be narrow (increase W/L). Furthermore,
multiple source and drain contacts in an interdigitated design can be used to further

increase the signal.

1.4 OTFT Operation (P-channel)

An organic thin film transistor (OTFT) has a layered design consisting of a thin film of
organic semiconductor, an insulator, a substrate, and three electrodes called the source,
drain, and gate like a MOSFET. A bottom gate top contact OTFT is depicted in figure
1.6. Similarly to the MOSFET an OTFT operates as a voltage-controlled current source.
Applying a bias between the gate and source results in the accumulation of charge carriers
near the semiconductor/insulator interface allowing current to flow through the active
layer from source to drain if a suitable bias is applied (Vpg). An important difference
between MOSFETs and OTFTs is the formation of the channel. For MOSFETSs the
channel results from an inversion process forming a layer of charge carriers, whereas a
channel in an OTFT is formed due to the accumulation of charge in the semiconductor.

In a p-type semiconductor a negative Vg produces an electric field across the di-
electric and results in the accumulation of holes in the semiconductor (figure 1.7). For
charge to flow between the semiconductor and source/drain electrodes the fermi level
of the electrodes needs to be closely aligned with either the highest occupied molecular
orbital (HOMO) for holes to flow or the lowest unoccupied molecular orbital (LUMO)
for electrons. For example pentacene has a HOMO of about 4.5 eV and a LUMO of
about 2.5 eV (relative to the vacuum potential)[18]. If the source and drain contacts
are made of gold which has a fermi energy of about 5 eV the exchange of holes is much
more efficient. Therefore, a p-channel OTFT blocks electron flow due to the large energy
difference between the fermi level and the LUMO, even in the presence of an applied pos-
itive electric field (+Vgs). However, applying a sufficiently negative Vg will pull holes
into the semiconductor from the source forming a channel. Applying a Vpg will result in
the holes flowing from the source to drain. Like a MOSFET the Vpg results in a potential
increase from source to drain meaning the channel behaves like a variable resistor. Like a

MOSFET when the magnitude of Vpg is great enough the channel is pinched off and the
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Figure 1.5: Schematic representation of a MOSFET used to derive the relationship
between the source-drain current (Ipg) and the gate-source voltage (Vgs). This is a
diagram of a p-channel MOSFET where the bias on the gate is negative which creates a
buildup of holes forming the channel. A bias is applied between the drain and source to
allow the holes in the channel to move and current to flow between the source and drain.
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Figure 1.6: Schematic diagram of a top contact bottom gate organic field effect transistor
(OTFT).

current saturates (increasing Vpg will not increase Ipg anymore). Although the trans-
port physics in OTFTs are different than MOSFETS, the current-voltage characteristics
still apply and the equations derived still hold.

1.5 Extraction of Important Parameters

When measuring the device in saturation mode the mobility and threshold voltage of
the device can be extracted. Plotting the square root of the drain current as a function
of the gate bias gives a linear relationship between the two (figure 1.8). Extrapolating
the linear region through the x-axis and calculating the x-intercept gives the threshold

voltage. Rearranging equation 1.18 the mobility can be determined, the equation is:

=2(7) " (7) (@) 49

where (dIpg)/dVas) is the slope of the curve and the other parameters are known con-

stants determined by the fabrication of the device.
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Figure 1.7: Charge carriers are pulled into the channel from the source due to the gate
bias (-Vis). By applying a negative drain bias (Vpg) current will flow from the source
to drain.

1.6 MOSFET response to ionizing irradiation

Radiation such as photons, electrons, or protons with sufficient energy (17 +1 eV in
Si03) can ionize atoms creating electron-hole pairs [19]. The resulting electron can
create additional electron-hole pairs. Most total dose effects in MOSFETSs are due to
electron-hole pairs created in the oxide. If a positive bias is applied to the gate electrode
during irradiation the resulting electrons created in the oxide will rapidly drift towards
the gate and exit the device [19, 20]. However, before electrons can leave the device they
can recombine with a hole. The fraction of electron-hole pairs that escape recombination
is the charge yield. The remaining holes in the oxide drift toward the Si/Si0; interface.
As the holes drift they can become trapped in the oxide forming a positive oxide trap
charge or they can become trapped near the interface, forming interface traps. These
two types of traps are responsible for the shift in threshold voltage of the MOSFET

which is used to determine the dose deposited.
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Figure 1.8: An example of the square root of the source-drain current plotted against
the source-gate voltage used to extract the mobility and threshold voltage of the device.
The linear region of the data is fit and the mobility is calculated using the slope and
known constants from the MOSFET design. The threshold voltage is the x-intercept
determined from the fit by extrapolating the line through the x-axis.
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1.6.1 Charge Yield

The amount of recombination highly depends on the magnitude of the electric field and
the line density of charged pairs created by the incident radiation [21] . A stronger electric
field will pull the electron and hole apart with more force and decrease the probability
of recombination. The line pair density depends on the linear energy transfer (LET),
and therefore depends on the energy and type of incident particle. High LET irradiation
leaves a dense track of electron hole pairs meaning the created electrons or holes can

recombine with a neighbouring pair, increasing the rate of recombination [21, 22, 23].

1.6.2 Oxide Traps

The transportation of holes through the oxide is much slower than electrons [19, 20]. In
the presence of a positive gate bias, holes transport toward the Si/SiO, interface. As
a hole moves through the Si0, it causes a distortion of the local potential field which
increases the trap depth at the localized site. These holes are transported by what is
known as polaron hopping. A polaron is the combination of the hole and the strain
field it is creating. A strain field is the movement of the atoms neighboring the hole
due to its charge. A polaron increases the effective mass of the holes, which decreases
their mobility. This means that as the holes move through the lattice they are trapping
themselves (known as a self-trapped polaron).

Close to the Si/Si0; interface there is a large number of oxygen vacancies that can
act as trapping centers [24]. The number of holes that will become trapped near the
interface depends on the applied electric field and the fabrication of the device [25]. Only
holes will become trapped in oxide traps meaning that the threshold voltage will shift
negatively. Immediately after the holes become trapped they can become neutralized,
which means that the MOSFET will operate as it did before the hole became trapped
[26]. Oxide-trapped holes can become neutralized either by tunneling of electrons from
the silicon or by thermal emission of electrons from the oxide valence band into oxide
traps [22, 27]. It should be noted that not all electrons neutralize the hole directly,
but some move into an electron trap associated with the trapped hole which effectively
neutralizes it. In this case if the applied bias is reversed the electrons can tunnel back
into the silicon substrate and a fraction of the original amount of oxide-trapped charge

is restored. The degree to which this occurs depends on the annealing conditions, which
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include the temperature and the applied bias from the time of irradiation to the time of
measurement [27]. The amount of oxide trapped charge does not explicitly depend on
the dose rate. If the total time of irradiation and anneal is the same, then the amount
of oxide trapped will be equivalent [26]. However, if one measures the device directly
after irradiation then a MOSFET irradiated with a higher dose rate will not have had
as much time to anneal as a device irradiated to the same dose with a slower dose rate.
Therefore the high dose rate device will have less oxide trapped charge neutralized and

a greater shift in threshold voltage.

1.6.3 Interface Traps

Radiation leads to the formation of interface traps at the Si/SiO, interface as well.
These interface traps exist within the silicon band gap at the interface. For p-channel
MOSFETS the interface traps are mainly in the lower region of the band gap. The traps
are mostly donors meaning that the fermi level at the interface is below the trap energy
level and so the trap donates an electron to the silicon. This leaves the trap positively
charged and shifts the threshold voltage negatively.

Interface traps build up much slower than oxide-trap charge. The interface traps
occur immediately after irradiation, but in one study did not saturate until ~10° s [28].
Like oxide traps, interface traps are electric field-dependent and if a negative bias is
applied during irradiation and anneal then an insignificant number of trap states will
occur. Furthermore, like oxide traps, there is no dose rate dependence as long as the total
irradiation plus anneal time is kept consistent [26]. Unlike oxide traps, an insignificant
number of trapped holes will anneal at room temperature. Some annealing of interface
traps occurs if the device is above 100°C' [29, 30]. Interface traps cause the threshold
voltage to shift negatively and decrease the mobility of the MOSFET.

1.6.4 Threshold Voltage Shift

The threshold voltage shift of a MOSFET after being irradiated is due to the oxide traps
(OT) and the interface traps (IT) given by:

AVTH = AVOT + AV}T (120)
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Each can be determined from:

_1 tox
AVorr = <C : > / por,irrd (1.21)
oxlox 0

Where p is the charge distribution, t,, is the oxide thickness and C,, is the oxide ca-

pacitance. For p-channel MOSFETSs both oxide traps and interface traps are positive
meaning the threshold voltage shift is negative. The threshold voltage shift depends on
the time after irradiation. Directly after a high dose rate irradiation, oxide trap charges
will dominate. As time passes the oxide trapped charge will begin to neutralize and
interface charges will emerge. The threshold voltage shift measured will depend on the
temperature and the bias the MOSFET is held at during this time. For low dose rate
irradiations the threshold voltage shift will almost entirely be due to interface trapped

charge.

1.7 Measured MOSFET Response to Ionizing Irradiation

For MOSFETS operating in passive mode (No gate bias during irradiation) the threshold
voltage shift has been found experimentally to be [31]:

AVry ~ 2.2D%%2 (1.22)

Where D is the dose in cGy, AVryg the threshold voltage shift in mV, and the thickness
of the oxide in pum. In active mode (Positive gate bias during irradiation) the threshold

voltage shift has been found to be:
AVry ~ 40Dt f (1.23)

Where f is the fraction of holes yield and depends on the applied electric field. The
intrinsic sensitivity of a MOSFET is given by dividing the change in threshold voltage
by the absorbed dose. The sensitivity can be increased by either increasing the thickness
of the oxide or by increasing the hole yield. However, there are a limited number of hole
traps available and increasing the sensitivity will fill them faster and decrease the useful
lifetime of the MOSFET.

A dosimeter is used to measure the absorbed dose due to ionizing radiation. The
threshold voltage shift is converted into an absorbed dose to tissue for a radiation source
of quality Q, using:

D(Q) = CF(Q)AVyyllk; (1.24)
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Where D is the absorbed dose to tissue, C'F is the calibration factor, and k; are the
correction factors that take into account dependencies of the detector reading when dif-
ferent from calibration conditions (such as dose rate, energy, temperature, field size,
source to surface distance (SSD), angular, and time). MOSFET detectors are calibrated
for a given beam quality in water against an ionization chamber that is traceable to
the National Standards Laboratory. Using the chamber reading the dose to water can
be calculated using TG-51 [32]. The MOSFET is then placed under the same condi-
tions and the threshold voltage shift measured. With the calibration factor known the
MOSFET can be placed in a radiation field where the dose is unknown and the threshold
voltage shift can be used to determine the dose (provided the differences from calibration

conditions does not change the response of the device).

1.8 MOSFET Radiation Response Characteristics

MOSFET response to ionizing radiation involves various dependencies such as energy,
dose rate, directional, and temperature. Some of these dependencies will depend highly

on device fabrication and so may change from one manufacturer to another.

1.8.1 Temperature dependence

A temperature increase reduces the number of trapped holes affecting the shift in thresh-
old voltage and limiting the accuracy of measurement [33, 34]. Cheung et al showed an
8% variation in threshold voltage over a 20 °C variation for a prototype MOSFET from
CMRP [35]. Kinhikar et al [33, 36] measured a 1.5% under response at 37 °C' in com-
parison to 20 °C for a OneDose sensor. Briere et al and Beyer et al found an under
response of about 3.3% when comparing Sicel’s implantable detector at 23 °C' to 37 °C'
[34, 37] . These measurements highlight the importance of establishing the temperature
correction factor before clinical use. However, this effect can be minimized when using
a dual-MOSFET detector. This works by having two identical MOSFETSs directly next
to one another operating at different gate biases. After irradiation the difference in the
threshold voltage shifts are proportional to the absorbed dose. With both detectors
being in the same environment this reduces the temperature dependence to less than
0.015 mV/°C from 0 to 80 °C' [38, 39]. With dual bias dual MOSFETSs the temperature

dependence is decreased by over a factor of 100 and no correction factor is needed [39].
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1.8.2 Energy dependence

One of the main disadvantages of MOSFETSs is the increased sensitivity at lower beam
energies. The energy dependence emerges due to the use of silicon and silicon dioxide in
the MOSFET. In figure 1.9a the photon cross section is shown as a function of energy.
In figure 1.9b the ratio of the photon cross section for silicon and silicon dioxide to water
is shown. At low energies the ratio of the cross-section to water is much higher and
changes rapidly with energy. This means that a higher proportion of photons interact.
Furthermore, the photons are more likely to interact via the photoelectric effect which
deposits a greater fraction of the incident energy locally in comparison to the Compton
effect. This causes a larger response in the MOSFET. This becomes problematic when
the energy of the beam changes relative to the energy in which the MOSFET was cal-
ibrated. Megavoltage photon beams contain photons in this low energy region and so
the MOSFET must be calibrated in each radiation modality and field in which it is to
be used [16]. When MOSFETSs are used in photon beams of low energies (i.e. in the
diagnostic imaging energy range: 20 — 150 keV) this is especially problematic because
the photon beam quality will change from calibration conditions when interacting with
a phantom or patient and cause a large error in measurement. At high photon energies
(150 keV — 10 MeV) the ratio of the photon cross sections are much more constant and
so a small perturbation in the beam quality when interacting with a patient or phantom

should not significantly change the response of the device.

The MOSFET response as a function of energy depends on the structure and encap-
sulation of the device. The response of the device was found to be constant within +3%
over a range of photon (4 to 25 MV) and electron (5 to 21 MeV) therapy beams [40]
[41, 42]. Beyer et al found an energy dependence of less than +1 % over the range of
Co-60 to 18 MV photon beams [34]. However, Panettieri et al found a 12% reduction in
response in 18 MV photon beams in comparison to Co-60 [43]. These apparent disagree-
ments speak to the high dependence on device and encapsulation properties. Edwards
et al found the air kerma sensitivity to be 4.4 times higher at 33 keV than at 6 MV for
photons [44]. Wang et al found the maximum air kerma sensitivity at 40 keV was over 6
times that of a 6 MV beam [45, 46]. MOSFETSs should be calibrated in the beam quality
in which they will be used to minimize the error of the measurements. Ramaseshan et

al found no field size dependence in MOSFETs (5x5 ¢m? to 30x30 em?) [41]. For 6 MV
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photon beams the MOSFET response increases with depth, but was within 2% of ion
chamber measurements [41]. For 18 MV photon beam the response was constant with

depth.
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Figure 1.9: On the left is the photon cross section as a function of energy for water,
silicon, and silicon dioxide. On the right is the ratio of the photon cross section of
those materials to water. At low energies (below 150 keV) the ratio of the cross-sections
change rapidly with energy, which leads to an energy dependence. In the megavoltage
range the ratio is relatively constant over a range of energies, which leads to little energy
dependence for photon beams at those energies.

1.8.3 Directional Dependence

The directional dependence of a MOSFET highly depends on the device design and the
geometry of the materials surrounding the detector. In general devices that are irra-
diated with buildup conditions have less directional dependence than surface or in air
measurements [38, 40, 41, 47, 48, 49]. TN dual-MOSFET have been shown to have less
than 2.5% response in full buildup conditions for a 6 MV photon beam [47]. MicroMOS-
FETSs have been shown to have an angular response within 3% for photon beams from
75 kV up to 18 MV [41, 50, 51]. Sicel devices have shown an angular dependence of less
than 5% without full buildup and within 1.3% in full buildup conditions.
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1.8.4 Dose and Dose Rate Dependence

As the exposure to radiation increases, more charge is trapped in the silicon dioxide of the
MOSFET. The trapped charge will repel newly created holes leading to fewer trapped
holes at the same given dose. The result is a decrease in sensitivity with accumulated
dose [34, 52, 53]. Beyer et al found a reduction of 40% in the sensitivity over the 80 Gy
lifetime of the device [34]. For this reason MOSFETSs have a pre-calibration curve given
by the manufacturer to correct for the decrease in sensitivity with accumulated dose
(no user input required). Using the pre-calibration curve One Dose MOSFETSs (Sicel
Technologies, MorrisVille, USA) were linear in both 6 MV and Ir-192 photon beams
[36, 42]. Furthermore, dosimeter readings were independent of dose rates in the range
of 80 to 480 c¢Gy/min [42]. MicroMOSFET (Best Medical, Ottawa, Canada) showed a
linear response up to 500 ¢cGy in a 6 MV photon beam and no dose rate response [40].
As long as the total irradiation plus anneal time is consistent there is no dependence on

the dose per pulse [26].

1.8.5 Time Dependence

A time dependence can emerge due to trapped holes being neutralized, which will de-
crease the signal and is known as fading. Dual-MOSFET dual-bias detectors had a 3%
fading within the first 5 hours and then remained stable up to 60 hours [41]. Less than
2% fading was found for Sicel OneDose sensors in the first ten minutes after irradiation
[54]. For irradiations that may take a few hours special MOSFETSs should be used that
have been designed to have much lower fading. Due to fading, the MOSFETSs should be

read out at the same time post irradiation each time to minimize the error.

1.9 Organic Semiconductors Response to ionizing irradiation

Mills et al measured the response of organic semiconductor in the form of a diode
in a 6 MV photon beam [55]. They found a linear increase in photocurrent with
dose, showing potential to be used as a radiation detector. For operating voltages of
-50 to -150 V the sensitivity was found to be 13 to 20 nC mGy ! cm™3. Similarly,
Intaniwet et al made a diode with a blend of poly(triarylamine)(PTAA) and 6,13-
bis(triisopropylsilylethynyl)(TIPS)-pentacene as the semiconductor [56]. They found



26

the sensitivity of the devices to 17.5 keV x-rays increased with increasing mobility. Fur-

thermore, they found a linear increase in photocurrent with dose rate.

Raval et al irradiated an OTFT with a P3HT semiconductor on a silicon dioxide
insulating layer up to 410 Gy using a Co-60 source [57]. They found a decrease in the
on current by a factor of 2, an increase in off current by a factor of 150, and a decrease
in the mobility. Furthermore, they observed a negative shift in the threshold voltage
attributed to positive charge accumulation in the silicon dioxide. Kim et al measured
the response of a rubrene semiconductor OTFT to electron beam irradiation [58]. For
a control device they irradiated a silicon/silicon dioxide substrate before deposition of
a rubrene semiconductor. For this device the on and off currents remained about the
same, but the mobility fell by about 50% after 10°> Gy in comparison to pre-irradiation
conditions. A second device was irradiated after the deposition of rubrene. This device
saw a mobility decrease of more than 50% after 10> Gy and no charge transportation
after 10° Gy. From this they concluded that the response of the OTFT to irradiation was
dominated by the response of the organic semiconductor. These results provide promise

for organic semiconductor based electronics to be used for the detection of radiation

fields.

1.10 Energy Dependence of Organics

In figure 1.10a the photon cross sections of several organics and silicon are shown as a
function of energy. The organic materials given in the figure are parylene-C (CsH7Cl),
parylene-F (CsHyFy), PET (C10HsO4), PMMA (C5HsOs), and polyvinyl-F (CyH F). In
figure 1.10b the ratio of the photon cross sections for the organics and silicon to water are
shown. Below 150 keV the organic materials are more similar to water than silicon and
change less rapidly. Furthermore, using a combination of organic materials that under
respond and over respond could allow the overall response of the OTFT to be optimized
to mimic that of water. This could potentially allow OTFTs to be used across the entire

energy range used diagnostically and therapeutically with a single calibration.
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Figure 1.10: The total photon cross sections as a function of energy are shown for several
organics and silicon. In comparison to silicon, the organics are more similar to water at
energies below 150 keV. This highlights the potential of OTFTs as an energy independent
dosimeter. PMMA, parylene-C, and parylene-F are potential dielectrics, while PET is a
potential substrate for OTFTs.

1.11 Potential Applications

In this study, OTFTs of novel composition were designed, fabricated and tested in pho-
ton beams of various qualities. The objectives of the work were:

e to gain familiarity with the fabrication processes

e to acquire some preliminary data measuring the response of the devices to fields
of ionizing radiation

e to characterize the dependence of the devices on energy, direction and dose rate

There are many potential applications of organic electronic devices as radiation detec-
tors. A single element device could prove useful for point measurements in situations
that are challenging for conventional dosimeter (e.g. small fields) due to energy de-
pendence or partial volume issues. A 2-dimensional array of devices could be used for
evaluating planar dose distributions or fluence patterns. Similarly, a 3-dimensional array

could be used for volumetric dose measurements. The small size and flexible substrates
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could allow novel in vivo dosimetry applications. Furthermore, the ability to tune the
chemical composition of the device could allow for thermal neutron measurements with
enriched B-10 or increased low energy photon sensitization with high-Z elements. Given
that there already exist commercial products for some of these applications (planar dose
measurements in particular), OTFTs will need to demonstrate an advantage over exist-
ing technologies if they are to be used clinically in a routine manner. Reduced energy
dependence and theoretical reductions in fabrication costs could provide sufficient mo-
tivation for their commercialization. The current work aims to provide early evidence
that this technology is deserving of further exploration. The work differs from OTFT
work done previously due to our use of a flexible substrates, use of various energy photon

beams, and use of an organic dielectric differing from silicon-dioxide.



Chapter 2

Methods

In this section the methodologies used for this research will be described. First the
fabrication techniques used when making the OTFTs will be described (spin coating,
physical vapor deposition, and parylene-C deposition). Next, the steps used for fabri-
cating OTFTs on both a glass substrate and a flexible PET substrate will be described.
Then the techniques used for measuring the OTFTs (transfer curves) and extracting the
important parameters will be discussed. Finally, the design and parameters used for

Monte Carlo simulations will be discussed.

2.1 Fabrication Techniques and Procedures

2.1.1 Spin Coating Process

Spin coating allows a thin film of material to be deposited evenly across a substrate [59].
This is done typically by dissolving the desired material into a solvent. The substrate
is held in place on a pedestal with a vacuum (figure 2.1). The solution is placed onto
the substrate and the substrate is rotated at high speeds which hurls the majority of
the solution off the substrate. An even covering of the substrate is produced by the
combination of the centripetal force and the surface tension of the solution. Air flow
aids in the drying of the solvent leaving a film of the desired material behind. It may
be necessary to place the substrate onto a hot plate to allow the rest of the solvent to

evaporate.

2.1.2 Physical Vapor Deposition

Physical vapor deposition is used to deposit a material in a precise pattern [60]. The
material to be deposited is placed into a basket (usually tungsten) that has a higher evap-
oration temperature than the material to be deposited (figure 2.2). Current through the

basket is controlled via a power supply. As the current increases the basket and material
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Figure 2.1: Schematic representation of spin coating. The solution is dispensed onto
the substrate which is held onto a pedestal via a vacuum. The pedestal rotates quickly
forcing some of the solution off the edges of the substrate. The remaining solution
evaporates leaving a film of the solute behind.

being held heat up. When the temperature is high enough, the material evaporates and
flows away from the basket in straight lines until it contacts a cool surface and condenses.
A mask is placed directly in front of the substrate to block the areas where the deposited
material is undesired. This process takes place in a vacuum of less than 6x10~% Torr
to ensure a low level of contamination. Shutters are placed in front of the substrate to
prevent deposition until the desired rate of deposition is reached. Approximately 50 A
of the material is wasted to ensure any contaminants on the surface of the material are

fully evaporated off. When the desired thickness is reached the shutters are closed.

2.1.3 Parylene-C Deposition

Parylene deposition is used to evenly coat a substrate in parylene. Parylene is often used
to coat circuit boards because it is a good moisture barrier, has good dielectric properties,
and creates a pinhole free film [61]. To start, the substrates are placed into the deposition
chamber (SCS Labcoter 2 (Specialty Coating Systems, Indianapolis, USA)). Parylene-C
in the form of a dimer is placed into the vaporizer and heated to 176 °C' to evaporate it
(figure 2.3) [62]. The dimer gas then enters the pyrolysis furnace which is heated to 176

°C' converting the gas into the reactive monomer phase. The monomer gas flows into the
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Figure 2.2: Physical vapor deposition is used to deposit a thin layer (50 nm in this study)
of material (pentacene, gold or aluminum in this study) in a pattern on the substrate.
An external power supply runs a current through the tungsten basket containing the
material to be deposited. The current heats up the tungsten basket and material above
the evaporation temperature of the material. The material then moves in straight lines
until in contacts a cool surface and condenses. By placing a mask directly in front on
the substrates the deposited material can be patterned precisely.
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Figure 2.3: Schematic representation of parylene-C deposition. Parylene-C is loaded as
a solid dimer in the vaporizer and the substrates are loaded into the deposition chamber.
In the vaporizer the solid dimer is heated to 176 °C forming a gas. The gas flows into the
pyrolysis chamber where it is heated to 690 °C' converting the dimer gas into a reactive
monomer gas. The monomer gas flows into the deposition chamber where it polymerizes
over all surfaces and creates a uniform film over the substrates. Figure adapted from
Reza et al [60].

deposition chamber such that the pressure remains at 35 mT and polymerizes at room
temperature forming an even film on the device. Between the deposition chamber and
vacuum pump is a cold trap to condense any remaining vapors before they enter the

vacuum pump and cause damage.

2.2 OTFT Fabrication

Fabrication of OTFTs followed established methods from the literature [63]. The first
OTFTs fabricated were on a glass substrate with indium tin oxide (ITO) electrodes
(figure 2.4). Initially, the glass is coated in ITO. The ITO device contacts are then
patterned by covering contact areas with electroplating tape and placing the slide in 12
M HCI for 10-12 minutes until the non-covered ITO is fully etched away. The slides
were then cleaned by sonicating for 20 minutes each in deionized water with Sparkleen,
deionized water, acetone, and ethanol. A parylene-C dielectric layer was formed by
placing about 300 mg of Parylene-C (~300 nm thick film) into the parylene deposition

machine and left to run to completion. To be able to make electrical contact to the
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Figure 2.4: On the left is a cross sectional view and on the right a top-down view of the
first OTFT fabricated on a glass substrate. The actual device contains 6 gold source
leads and 5 gold drain leads, but they are left out to avoid clutter in the diagram. Each
of the source contacts and each of the drain contacts are connected together with a strip
of ITO.

ITO (i.e. the gate electrode) the parylene-C is cut using a razor blade. Next, pentacene
(TCI America, Portland, USA) is deposited using physical vapor deposition at a rate of
~1 A/s with the substrate held at 50 °C' during evaporation to a thickness of 50 nm.
Next the source and drain contacts were patterned using physical vapor deposition to a
thickness of ~50 nm at a rate of ~1 ;1/ s. Copper wires were attached with conductive
glue to the electrodes to permit easy connection of cabling. A pentacene semiconductor
and gold source and drain contacts were used because they have been shown to produce
functional OTFTs with high mobility [18, 64]. As explained in the introduction section
1.4, the HOMO of pentacene and fermi level of gold allows for easy charge transportation
between the two [18]. Using gold will introduce an energy dependence when irradiated
due to having a high atomic number, but we are not interested in fully optimizing an
OTFT for energy dependence at this time. After the response of a well understood
system is measured, the materials and structure of the OTFT can be optimized for
energy dependence. For example graphene could be used in place of the metal electrodes
to reduce the effective atomic number of the device [65]. All handling of devices occured

in a clean room when possible.
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A new design was implemented to fabricate OTFTs on a flexible PET substrate
(figure 2.5). Briefly, a 125 um polyethylene terephthalate (PET) film (Tekra, New Berlin,
USA) was mounted on a glass slide using Polydimethylsiloxane (PDMS). This made spin
coating onto PET possible and made alignment during subsequent vapor deposition steps
easier. PDMS was made by mixing Sylgard 184A and B (Dow Corning Corporation,
Midland, USA) in a 10:1 ratio (polymer to curing agent) and left to sit until all the
bubbles have evaporated out of solution (about 30 minutes). The solution is spin coated
onto the glass at 2000 rpm for 1 minute, and cured for 30 minutes at 150 °C' to facilitate
smooth adhesion to the PET. A 50 nm aluminum gate was deposited with thermal
evaporation at a rate of ~1 121/ s. A dielectric layer of either parylene-C or PMMA was
then deposited. For PMMA, a 6.0 % by weight solution of PMMA (Sigma-Aldrich, St.
Louis, USA) in toluene was spin coated for 60 s at 1000 rpm. The films were heated at
70 °C for 2 h to evaporate residual toluene leaving a dielectric layer of PMMA. For a
parylene-C dielectric layer, 300 mg of parylene-C was placed into the deposition system
and left until all of the material was deposited. Thermal evaporation was used to deposit
a 50 nm pentacene layer at a rate of ~1 A/s with the substrate held at 50 °C' during
evaporation. Source and drain electrodes were made by thermally evaporating gold at
a rate of ~1 A/s to a thickness of 50 nm. The OTFT was encapsulated with ~1 pm of
parylene-C. The source-drain electrodes were deposited in an interdigitated configuration
with at W/L of 125. To permit easy connection of cabling, copper tape was attached to
the gold electrodes.

2.3 OTFT Irradiation Setup

OTFTs were irradiated with both an Xstrahl 300 orthovoltage x-ray unit (Xstrahl Ltd.,
Surrey, UK) (100 and 180 kVp) and a Varian Clinac 21EX (Varian Medical Systems, Inc.,
Palo Alto, USA) medical linear accelerator (6 and 18 MV photons). For the orthovoltage
irradiations, a 5 cm diameter, 30 cm length cone was used to deliver dose to the OTFT
(figure 1.6). OTFTs were placed on top of a 15 cm stack of Solid Water (Sun Nuclear
Corp., Melbourne, USA). For the megavoltage irradiations, the OTFTs were placed at
isocenter with a 5x5 cm? field size. The OTFTs were positioned on top of a 10 cm stack
of Solid Water and below an additional 5 cm of Solid Water (figure 1.7). To prevent
the build up material from damaging the OTFTs, 3 mm shims of PMMA were used to
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Figure 2.5: On the left is a cross-sectional view and on the right is a top down view of
the OTFTs fabricated on a flexible PET substrate. There are 6 gold source contacts
and 5 gold drain contacts, but are not included in the figure. With this configuration
the source and drain contacts were connected together using an aluminum strip on top
of the contacts.

maintain a small air gap (~2 mm) between the top of the OTFT and the bottom of the
Solid Water. All machine outputs were measured with a calibrated ionization chamber.
For each setup an ionization chamber was used to measure the dose. Next, the number

of monitor units was adjusted to ensure the dose delivered was accurate.

During irradiations a dual channel source measurement unit (SMU) (Keithley 2614B,
Tektronix, Inc., Beaverton, USA) was used to apply a +10 V bias across the OTFT
dielectric (source and drain contacts were shorted to ground potential). The SMU was
also used to measure transfer curves prior to the initial exposure (n = 5) and then
following each exposure. Curves were measured at 10 Gy and 20 Gy intervals for the
kilovoltage and megavoltage photon beams, respectively. After initial experiments, all
transfer curves were measured with Vpg held constant at -50 V and the Vg swept from
+10 V to -50 V and back to -10 Vin 1 V steps. Important parameters such as threshold
voltage (Vrpy), mobility (u), and the on/off current ratio (Ion/Ilorr) were extracted

from the transfer curves.
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Figure 2.6: Orthovoltage irradiation setup. The substrate consists of 4 OTFTs and the
one being measured is aligned to the center of the cone. The OTFT is placed on top of
15 cm of solid water located 30 cm from the source.
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Figure 2.7: MV irradiation setup. The OTFT is placed on top of 10 cm of solid water
with 5 cm of solid water on top. To ensure the solid water on top of the OTFT does
not damage the device it is propped up with 3 mm shims of PMMA (white in picture)
to ensure a small air gap (~2 mm) between the OTFT and solid water. The OTFT is
placed 100 cm from the source with a 5x5 cm? field size.
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Figure 2.8: Directional dependence measurements. The OTFT was located at isocenter
with a field size of 5x5 ¢m?. The device was irradiated at 0° (figure 2.7), 90° (left
image), and 180°(right image). Ion chamber measurements were performed to ensure
equal dose to the OTFT at each angle. During directional dependence irradiations the
white PMMA shims were modified so that they did not protrude beyond the solid water
(shown in figure) and were made such that the device was at a depth of 10 cm when
irradiated at 90°.

2.4 Directional Dependence

Directional dependence of the OTFT was measured using an 18 MV photon beam. The
OTFT was positioned at isocenter and the response was measured at beam incidence
angles of 0°, 90°, and 180°. Buildup of 10 cm of solid water was used at angles of 0°
and 90°. At 180° there was 5 cm of solid water plus the couch. At each geometry ion
chamber measurements were performed and monitor units were adjusted appropriately

to ensure consistency with respect to delivered dose.
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2.5 Extracting important Parameters

In section 1.5 of the introduction the method and equation for extracting the mobility
and threshold voltage from the drain-source current (Ips) as a function of the gate-
source voltage (Vgg) is described. The on-current and off-current are found by taking
the maximum and minimum /pg measured, respectively. This means that the on-current
is found at the most negative V5 measured and depends on the range that Vg is swept.
For this reason the acquisition parameters were kept the same from one device to another
where possible. To extract the threshold voltage, mobility, on-current, and off current
requires a sweep of the OTFT over a range of biases. To use an OTFT to measure
dose clinically it would be advantageous if one measurement could be used to calibrate
the device. For this either the change in Vg was measured at a constant Ipg or the
change in Ipg was measured at a constant V5. For both of these analyses, the changing
parameter was extracted by interpolating between data points on the transfer curves.
This allowed us to extract the important parameters above, while also showing the proof

of concept of the quicker measurement.

2.6 Monte Carlo Simulations

Monte Carlo simulations using DOSXYZnrc were used to investigate the intrinsic energy
dependence of proposed device designs (i.e. materials, thicknesses and geometries) [66].
To assess the energy dependence of the OTFT the perturbation factor was calculating
using:

Dy,
" Duu
Where Dy is the dose to water in the position of the OTFT had the OTFT been replaced

with water and Dy, is the dose measured in the OTFT. The doses used to calculate the

P

(2.1)

perturbation factor were the doses to the dielectric material of the OTFT because the
dielectric is the active material responsible for the dose response of a MOSFET and an
assumption was made that similar mechanisms may be responsible for signal generation
in OTFTs.

The first Monte Carlo simulations were a simplistic 1x1x9 voxel simulation shown
in figure 2.9. The length and width of each voxel was 1 ¢m and the material and

thickness of each voxel was varied. This layered design was used to increase the speed of
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Figure 2.9: On the left is the simplistic design of the OTFT. Each voxel has a length
and width of 1 cm and varying thickness depending on the simulation. On the right is
the OTFT replaced completely with water with the exact same dimensions. The dose is
scored to the voxel of the dielectric material.

simulations to understand what materials and what thicknesses may be a good starting
point for optimizing an OTFT device. For this we use three substrate layers on the
bottom and three top coating layers on the top that mirrored each other to reduce
directional dependence. The layers in the middle simulate the gate, dielectric, and
semiconductor. For these simulations the OTFTs were suspended in air and irradiated
with monoenergetic photon beams from 20-100 keV.

The second Monte Carlo simulation was used to model our irradiated OTFTs shown
in figure 2.5. These simulations used photon beam spectra incorporated into DOSXYZnrc
of energies Co-60, 6 MV, 10 MV, and 15 MV. The OTFT was placed in a 10x10x15 cm
block of water at a depth of 5 cm and located 100 cm from the source. At each energy
the OTFT was irradiated at photon beam incident angles of 0°, 90°, and 180°. Each
simulation used 4x10? incident photons.

A brief description of the parameters of interest for the simulations and the values

used are listed below, but a more complete description can be found elsewhere [66]:

e Electron cutoff energy (ECUT) — Once an electron has less energy than ECUT it
deposits the rest of its energy locally (in the voxel in which it is currently located).
For the simulations a cutoff energy of 512 keV was used, meaning that any electron

with a kinetic energy less than 1 keV was cutoff (rest mass of electron is 511 keV).

e Photon cutoff energy (PCUT) — A photon with energy less than the PCUT will
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deposit the rest of its energy locally. Set to 1 keV for the simulations.

Electron Boundary Algorithm — This controls the algorithm used to transport
electrons across boundaries. For the simulations, the EXACT algorithm was used
which transports electrons in single elastic scattering mode when the electrons are
within a distance from the boundary given by the skin depth for boundary crossing
algorithm (BCA).

Skin depth for BCA — When using the EXACT algorithm the skin depth for BCA
is the perpendicular distance in units of elastic mean free paths, to the region
boundary when the electron transport will be in single elastic scattering mode.

The default value of 3 was used which has been found to give peak efficiency [66].

Electron step algorithm — The algorithm is used to calculate the lateral and longi-
tudinal corrections to account for elastic scattering for a condensed history electron

step. PRESTA-II was used for the simulations.

Bound Compton Scattering — Used to determine if Doppler broadening and binding
effects are simulated in Compton scattering events. This was turned on because
bound Compton scattering is important at low energies and if Rayleigh scattering

is being simulated.

Rayleigh scattering — Determines whether Rayleigh scattering is simulated or not.

This was turned on because low energy photons are simulated in this work.

Atomic relaxations — Determines whether the relaxation of atoms to their ground
state are simulated following a Compton or photoelectric event. Atomic relaxations

are important at low energies and were turned on for the simulations.



Chapter 3

Results

In this section, the results of device fabrication and response to irradiation will be pre-
sented. First the design change of the OTFTs from a glass substrate to a flexible PET
substrate will be described, along with the reasons for the changes. Next the difficul-
ties in fabrication and measurement will be presented, with the change in methods and
the resulting electrical properties of the OTFTs. The response of the OTFTs will be
presented for each of the photon beam qualities used. The longevity, directional depen-
dence, and dose rate dependence of the OTFTs will be presented. Finally, the simulated
perturbation factors of OTFTs simulated with Monte Carlo will be presented.

3.1 Designing new OTFTs

Originally OTFTs were made on a glass substrate, with ITO electrodes, parylene-C
dielectric, and a pentacene semiconductor (figure 2.4). From that design we wanted to
move to a more tissue-equivalent, flexible substrate. Doing so, however, led to several
challenges. First, a PET substrate was chosen, but unlike the glass substrates the PET
was not coated in a conductive material. An aluminum gate was chosen because it has
a low atomic number relative to most conductive materials and should have less energy
dependence. A second problem with the new design was contacting the electrodes.
Depositing parylene-C as a dielectric layer evenly coats the entire device including the
contacts. For the glass/ITO devices a razor blade was used to scrape the parylene-C off
of the areas needed for contact. Using a razor blade with the new design would result in
removing the aluminum contact as well. Instead, contact to the aluminum gate was made
before the deposition of parylene-C. Rather than using copper wires with conductive glue
as before, we used a conductive copper tape because it stayed in place more effectively.

An improvement over the first design (glass substrate, figure 2.5) was made by de-
positing the source and drain electrodes last to make easier connection. With the in-

terdigitated design, each of the contacts needed to be connected together. This was
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Figure 3.1: On the left is a cross-sectional view and the right a top view of the old device.
This illustrates that if the parylene-C is not cut smoothly and peels at the edge, it will
break the contacts from the gold source or drain contacts to the aluminum strips that
connects them together.

problematic with the old design because cutting the parylene-C often made a ledge over
which the individual digits could not make contact with the connecting strip (figure 3.1).
This meant that many devices were not functional, but with the new design this problem
was avoided. Gold was deposited to form the interdigitated design and then a connective

strip of aluminum overtop to connect them together.

3.2 Fabrication Challenges

When glass slides are placed into the masks for thermal deposition there is very little
room for movement, which makes alignment easy. PET being flexible, it is harder to
align because it can bend to fit in the mask if cut too big or can move around if cut
too small. Furthermore, the response of the OTFT to bending is unknown and so care
should be taken initially to reduce the bending as much as possible. To overcome these
problems, we decided to mount the PET onto glass slides which would fit the masks
well and would give a rigid support for the PET. To mount the PET onto glass there
were two requirements. First, the adhesion should be temporary so that the PET can
be removed from the glass after fabrication. Second, the adhesion layer must be smooth

so that the deposition of subsequent layers are also smooth. PDMS was chosen as the
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temporary adhesion. PDMS is spin coated onto the glass forming a smooth PDMS layer
and then the PET can be lightly pressed on. Sticking PET onto glass had the additional
benefit of making spin coating onto PET possible which was useful when the dielectric

would later be changed from parylene-C to PMMA.

3.3 Substrate Preparation

Most of the OTFTs made in the first batch did not function as transistors, but with
improvements in the cleaning methods a much higher yield was achieved. Many of the
OTFTs were reaching “compliance” on the gate (current greater than 0.01 A). This
indicates that the current between the gate and drain was high, even when the device
was biased to be turned off, which means that the resistance between the gate and drain
is too small. This led us to believe that the dielectric material, which should isolate the
gate electrode, was not functioning as intended. This could be due to a short through
the dielectric material. The cause of a short could be from dust or from large extrusions
or scratches on the PET substrate. To overcome this, two solutions were tried. For both,
all handling of PET occurred in the clean room. The first solution was to use a lens brush
to brush dust off the PET before the usual sonication steps used for cleaning (fifteen
minutes sonicating in sparkleen and deionized water and fifteen minutes in deionized
water). Second, a thin PMMA film was spin coated onto the PET to make a smoother
layer in case the surface of the PET was too rough. After some investigation, it was
decided that using the lens brush and sonicating the PET substrates was enough to
produce functional OTFTs and so the additional step of spin coating PMMA was no
longer used. Figure 3.2 shows transfer curves of some of the first OTFTs before and
after the new cleaning method. New cleaning methods yielded a much higher percentage
of functional OTFTs in a given batch.

Next, the thickness of the parylene-C layer was investigated. Thicknesses of approxi-
mately 100 and 300 nm were deposited based on previous calibration curves. Figure 3.3
shows the transfer curves of a batch of OTFTs made with the two thicknesses. For a
given Vgg the electric field drops off linearly with distance (equation 1.12). This means
that the charge buildup drops off inearly with distance and causes a lower current to be
created at a given voltage for a thicker dielectric. Furthermore, it shifts the threshold

voltage because a larger bias is needed to create the accumulation of charge initially [64].
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In table [ is a summary of the important parameters for the two sets of devices. Also
in the table are the important parameters of the devices shown previously that were
fabricated with the new cleaning methods (approximately 300 nm parylene-C). The de-
vices shown previously are going to be referred to as the old batch and were included
to highlight incremental improvements in device performance. Between the old batch
and this experiment the transfer curves were measured with a different Vpg and over a
different range of V5. However, some comparisons can still be made. The off current
was (2.8 £ 2.0) x1078 A (n=6), (1.1 & 0.8) x107® A (n=8), and (4.0 £ 3.3) x107° A
(n=7) for the old batch (300 nm parylene-C), 100 nm parylene-C, and 300 nm parylene-
C, respectively. The error given is the standard deviation of the batch of devices. The
mobility was calculated based on the thickness calculated from previous calibration of
the parylene-C layer and using a relative permittivity of 3.1. The measured mobilities
were 0.09 £ 0.03, 0.43 & 0.04, and 0.29 4 0.02 cm?/V.s for the old batch (300 nm
parylene-C), 100 nm parylene-C, and 300 nm parylene-C, respectively. The increased
mobility and lower off currents from the old batch to the new batch may have been due
to more careful fabrication and less exposure to air between fabrication steps. In terms
of reproducibility (variance of mobility, threshold voltage, etc.) and quality of devices
the 100 nm parylene-C and 300 nm parylene-C were similar. Following this comparison
study, subsequent devices used 300 nm of parylene-C because MOSFET dosimeters have
been shown to have increased sensitivity to ionizing irradiation with increased thickness

of the dielectric.
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Figure 3.2: Transfer curves of the first functional devices (blue) and after improving the
cleaning techniques (red). Cleaning was improved by using a camera brush to brush off
the dust on the PET in addition to sonicating the PET. Before the improved cleaning
technique, many of the devices were reaching gate compliance and did not function
as transistors (not shown). After cleaning was improved a much higher percentage of
devices were functional.
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Table I: Important OTFT parameters such as threshold voltage (Vrg), mobility (i),
on current (Ioy), and off current (Ippp) are given for the old batch, a new batch with
100 nm Parylene-C dielectric and a new batch with 300 nm Parylene-C dielectric. The
mobility and off current improve with the new batches. The error stated is the standard
deviation from the batch.

VTH p(ch/V.s) [ON(A) IOFF(A)
After Cleaning (Old batch)  -13+1  0.09 £ 0.03 (2.5£0.7)x10* (2.842.0)x10"®
100 nm Parylene-C 6.4+ 0.7 043 +0.04 (5.840.7)x107* (1.140.8)x1078
300 nm Parylene-C -13.2 4+ 1.0 029 £0.02 (8.542.0)x107°  (4.04£3.3)x107?
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Figure 3.3: Transfer curves of OTFTs made with 100 nm parylene-C dielectric (blue)
and 300 nm parylene-C dielectric (red). A thicker dielectric has a reduced current at
a given bias, which is expected because a greater bias is required to produce the same
electric field with a thinner dielectric. Going forward the 300 nm dielectric was used
because MOSFETSs have been shown to have increased sensitivity to irradiation with
dielectric thickness.

3.4 Response to Irradiation

An OTFT with a 300 nm parylene-C dielectric layer was irradiated with a 180 kV photon

beam as described in section 2.3. Transfer curves were measured after each increment
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of dose (increments varied between 1 and 10 Gy) and shown in figure 3.4. As a general
observation, the on current decreased with dose to the OTFT. In figure 3.5 the threshold
voltage shift as a function of accumulated dose is shown. The threshold voltage shift is
more sensitive to dose initially, and then lessens with accumulated dose. A total shift of
about +2.8 V over a 160 Gy was measured. Mobility of the OTFTs were extracted from
the transfer curves as described in section 1.5. Figure 3.6 shows the normalized mobility
as a function of accumulated dose where the mobility is normalized to the mobility
before irradiation. Over 160 Gy, there is over a 20% reduction in mobility. Mobility
and threshold voltage were extracted from the transfer curves. A clinical system would
likely require a simpler readout circuit; probably one in which a fixed voltage is used to
drive a measured current or one in which the voltage required to drive a given current is
measured. Figure 3.7 shows how the current changes at a given gate bias as a function
of dose. This data is extracted from the transfer curves, but could be extracted as
a single point measurement in a future prototype after further characterization of the
devices. This would have the advantage of greatly simplifying and reducing the cost of
the readout circuitry since voltages across electrodes would not need to be swept (e.g.
with a costly source meter unit as was used in this work). At 0 V the current is very
noisy, but at -49 V the current decreases with dose and is approximately linear over
that span. A common way to use MOSFETSs as radiation detectors is to measure what
bias is required to drive a given current. Again we have extracted this data from the
transfer curves taken previously. To drive a current of 0.25 mA the gate voltage changes
from approximately -52.5 V to -56 V over the 160 Gy (figure 3.8). The voltage shift per
unit dose is larger than the threshold voltage change per dose and is more linear. At a
constant current of 2 and 50 pA there was a smaller shift in voltage and less linearity

than at a constant current of 2.5 mA.
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Figure 3.4: Transfer curves of the first irradiated OTFT made with a 300 nm parylene-C
dielectric layer. The OTFT was irradiated with 180 kVp photon beam up to 160 Gy.
The on current decreased with increasing dose. The off current was quite noisy, but just
above the threshold voltage (about -10 V) current increased with accumulated dose.
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Figure 3.5: Change in threshold voltage as a function of dose as extracted from the
transfer curves shown in figure 3.4. The OTFT had a 300 nm parylene-C dielectric layer
and was irradiated up to 160 Gy with a 180 kVp photon beam. The threshold voltage
shifted positively as a function of accumulated dose. A greater shift occurred for a given
amount of dose at low accumulated doses (less than 40 Gy), than for higher accumulated
doses (greater than 40 Gy).



o1

085 . ]

&=
i)
T
-
i

0.85 T

Mormalised Mobility

D?E ] ] ] L ] ] ]
0 20 40 G0 BO 100 120 140 160

Accumulated Dose (Gy)

Figure 3.6: Change in the normalized mobility as a function of accumulated dose for
an OTFT made with a 300 nm parylene-C dielectric layer and irradiated with 180 kVp
photon beam. The mobility was extracted from the transfer curves in figure 3.4 and
normalized to the mobility before irradiation. The mobility decreased as a function of
accumulated dose, with an approximate 10% reduction after 40 Gy and more than a 20%
reduction after 160 Gy.
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Figure 3.7: Part a) shows the transfer curves of an OTFT irradiated up to 160 Gy from
figure 3.4. The black lines indicate places of constant gate bias where the drain current
was extracted and plotted in the other three frames. At -49 V (part b), the current
decreases as a function of dose. Part c) plots the current at a constant bias of -30 V.
Initially the current increases before leveling off. Part d) shows the current at a bias of

0 V where the current is very noisy.
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Figure 3.8: Transfer curves of the OTFT shown in figure 3.4 are shown in part a) with
black lines indicating points of constant current where the gate bias is extracted for each
curve. Part b) shows how the gate bias changes as a function of dose for a constant drain
current of 0.25 mA. The bias decreases as a function of dose and is approximately linear
across the dose range. The two bottom panels (¢ and d) show the change in bias at 50
and 2 pA. In each case the bias changes by less and is much less linear than at 2.5 mA.
This suggests if one measurement is to be calibrated to the dose, then a current in the
on region of the curve should be selected.

3.5 Comparing an irradiated device to a control device for parylene-C

Next a control device was measured to determine if the response of the device was due
to irradiation or possibly something else. The control device had the same setup as the
irradiated device. A +10 V bias was applied to the control device for a length of time
similar to an increment of dose given to the irradiated device. Then a transfer curve
was measured and the threshold voltage extracted. The threshold shift as a function of
the number of times measured (cycle number) is shown in figure 3.9 for the irradiated
and non-irradiated devices. Over the measurements taken the threshold voltage shifts
70 and 100 mV /cycle for the control and irradiated devices, respectively. Even though
the irradiated device shifts more than the control, the amount the control device shifts
is very concerning. Ismail and Hill previously measured the transfer curve of an OTFT

with a parylene-C dielectric 100 times and found that the threshold voltage was not
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stable [67]. As a result of our measurements which supported the previous study, we
elected to change the dielectric to see if we could improve threshold voltage stability and

reduce the dependence of threshold voltage shifts on things unrelated to the ionizing

irradiation.
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Figure 3.9: The threshold voltage shift as a function of the number of times the device
was measured is shown for an irradiated OTFT and a control that was not irradiated.
The slope of the irradiated OTFT was 100 mV/measurement and for the control was
70 mV /measurement. The magnitude of the change in threshold voltage of the control
device was concerning and led to changing the dielectric from parylene-C used in this
experiment to PMMA.

3.6 Changing to a PMMA dielectric

PMMA and CYTOP were investigated as alternative dielectrics to determine if OTFTs

would have a more stable threshold voltage. No functioning transistors were made with
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CYTOP in the first few batches. In the interest of time no further experiments used
CYTOP. PMMA was used for the rest of the devices in this study. Figure 3.10 shows
50 transfer curves of an OTFT with a PMMA dielectric. The off current increases with
repeated measurements, but the rest of the curve is more stable than the parylene-C
devices. Furthermore, in figure 3.11 the threshold voltage is plotted for the 50 measure-
ments and the shift is less than 200 mV over 50 measurements. The shift in threshold
voltage for this device is more stable and so a PMMA dielectric was used for the rest of

the measurements in this study.
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Figure 3.10: A family of 50 transfer curves of the first OTFT made with a PMMA
dielectric layer. The off current increases with measurement, but the rest of the curve is
more constant than the parylene-C OTFT.
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Figure 3.11: The threshold voltage for 50 measurements of the PMMA OTFT which
shows more stability than the parylene-C OTFT. The threshold voltage shifts by less
than 150 mV over the course of 50 measurements.

3.7 Irradiated PMMA OTFT

An OTFT was irradiated to 200 Gy with a 180 kVp photon beam, +10 V bias during
irradiation, and the transfer curve measured after every 10 Gy (figure 3.12). The on
current decreased with dose, whereas the off current followed no discernable trend with
dose. The corresponding threshold voltage shift as a function of accumulated dose is
shown in figure 3.13. The shift in threshold voltage is noisy which is possibly due to the
high off-current. The noisy and high off current was concerning and so steps were taken

to improve device performance before more irradiation experiments took place.
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Figure 3.12: Transfer curves of the first OTFT with a PMMA dielectric irradiated. The
OTFT was irradiated in 10 Gy increments to a total dose of 200 Gy.
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Figure 3.13: The threshold voltage shift of the first OTFT irradiated with a PMMA
dielectric. The OTFT was irradiated with a 180 kVp photon beam in 10 Gy increments.

3.8 Improving OTFT Performance with a PMMA dielectric

OTFTs measured in the lab setting (all figures up to 3.4) had a much lower off-currents
than OTFTs measured in the clinical irradiation setup, indicating that there could be
technical challenges in the latter measurements that could be addressed to improve the
quality of our measured data. In the lab the OTFTs are measured using a probe station.
The probe station allows very precise contact to each electrode by lowering a tungsten
needle with a micropositioner. Contact in the clinical setting was made by attaching
copper tape to the electrodes and then attaching alligator clips to the tape. In the
clinical setting, we switched from using single-conductor test leads with alligator clips
on them to triaxial cables with alligator clips to reduce the noise. Next, the transfer

curve acquisition parameters selected in the software were changed resulting in much
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better measurements at low currents. The first parameter changed was the window
of currents that the Keithley expected to measure. As the current got to the lower
part of the window (~107% A) the current would be very noisy and currents below
this value were not able to be measured. The window was switched to an automatic
mode where the window adjusts based on the current that it is currently reading. The
automatic window was not used initially because it caused a noisy signal across the
entire data acquisition. However, this time the number of power line cycles (NPLC)
was increased. Increasing NPLC increases the noise integration time, which increases
the accuracy. The down side of increasing NPLC is slower data acquisition, but the
combination of the new measurement parameters allowed for measurements at lower
currents with less noise. Shown in figure 3.14 are 50 transfer curves of an OTFT with
the new parameters. Particularly if you compare the transfer curves previously (figure
3.12) the off current is about 3 x 1077 A in comparison to 1 x 1075 A and there is much less
noise. However, this off current is still higher than the (4.0 & 3.3) x10 A measured for
300 nm parylene-C dielectric devices measured previously in the lab. To further lower
the off current the spin coating speed was lowered from 2000 rpm to 1000 rpm when
forming the PMMA dielectric layer. Lowering the spin speed would create a thicker
dielectric which could isolate the gate better and reduce leakage current. Furthermore,
instead of attaching the copper tape leads before spin coating the PMMA they were not
attached until directly before the encapsulation step. This was done by rubbing off the
PMMA covering the contact with a Q-tip soaked in toluene. Care needed to be taken
when removing the PMMA because if too much was rubbed off the gate contact would
touch the semiconductor directly and the OTFT would not work. If not enough PMMA

was removed then contact would not be made.
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Figure 3.14: An OTFT made with a PMMA dielectric measured in the irradiation setup,
but was not irradiated. The acquisition parameters were improved reducing the noise in
the off current and so the transfer curves are smooth. This plot highlights the true off
current of the OTFTs, which is much higher than it was for the parylene-C OTFTs.

3.9 Effects of Encapsulation and Copper Tape Contacts

With improved OTFTs an experiment was performed to investigate if the copper tape
contacts or encapsulation layer affected the device performance. Figure 3.15 shows the
transfer curves of OTFTs when measured first with a probe station (no copper tape
contacts needed), then after adding the copper tape contacts, and then again after en-
capsulating the device (same devices at different stages of fabrication). No clear pattern
emerged. Shown in figure 3.16 are two examples where one device (left) has the lowest
off current before adding the copper tape and encapsulating the device and the second
(right) has the lowest off current afterward. Since some devices after the application
of copper tape and encapsulation layers had low off current, this method was deemed

acceptable. However, OTFTs would not be used for irradiation if the off current was
higher than 1x10=7 A.
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Figure 3.15: Transfer curves taken before (no copper tape or encapsulation layer), after
copper tape connected to the electrical contacts, and then after the entire device was
encapsulated with approximately 1 pum of parylene-C. Device performance changed with
the addition of copper tape and encapsulation, but no systematic affect was observed.
Some of the devices performed better and some performed worse with each step.
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Figure 3.16: The plot on the left shows an OTFT that had worse performance when
encapsulated. On the right is an example of an OTFT that had improved off current
with encapsulation. Going forward OTFTs were contacted using the copper tape and
the devices encapsulated with parylene-C.

3.10 Irradiation Response of OTFTs with PMMA Dielectric

The response of an OTFT was measured in photon beams of 100 kV, 180 kV, 6 MV,
and 18 MV (different device for each energy). Each OTFT was irradiated to an accu-
mulated dose of 400 Gy and the transfer curves were measured after 10 and 20 Gy for
the kilovoltage and megavoltage irradiated OTFTs, respectively. Figure 3.17 shows the
threshold voltage shift as a function of accumulated dose for each energy. In each case
the threshold voltage shift is positive. Furthermore, the amount of threshold voltage
shift appears to decrease with accumulated dose. This can be seen in figure 3.18 where
the sensitivity of the devices are plotted as a function of accumulated dose. The sen-
sitivity was determined by calculating the slope of the threshold voltage as a function
of accumulated dose at each point. Over the first 100 Gy the sensitivity of the devices
differ greatly with the initial sensitivity of the megavoltage beams being below 2 mV /Gy
and the initial sensitivity of the kilovoltage devices being greater than 5 mV/Gy. After
about 100 Gy the sensitivities of the devices begin to converge toward a value of 0.5

mV/Gy. In figure 3.19 the normalized mobility is shown as a function of accumulated
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dose for each OTFT. The mobilities are normalized to the mobility measured directly
before irradiating the OTFTs. In each case the mobility decreases with accumulated
dose with larger degradations occurring for kilovoltage irradiated OTFTs in comparison
to megavoltage irradiated OTFTs. Each OTFT remained functional after 400 Gy with
the largest degradation of mobility being about 15% for the OTFT irradiated with 100
kV.
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Figure 3.17: The change in threshold voltage as a function of accumulated dose for
each energy used. A different OTFT was used for each experiment and so the different
responses could partially be due to differences in the devices. In each case there is a
positive shift with accumulated dose.
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Figure 3.18: The sensitivity (change in threshold voltage with dose) is plotted as a
function of accumulated dose for each of the four photon beams used in this study.
Initially there are large deviations between devices in sensitivity, but after about 100 Gy
of accumulated dose the sensitivities begin to converge.
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Figure 3.19: The normalized mobility of an OTFT with accumulated dose for each of
the photon beams used in this study. The mobility was normalized to the mobility
before irradiating for each OTFT. Each device shows degradation in the mobility with
accumulated dose with a maximum reduction of about 15% for the OTFT irradiated
with 100 kV photon beam.

3.10.1 OTFT Lifetime

An OTFT was irradiated up to 1000 Gy using a 6 MV photon beam and the transfer
curve measured after every 20 Gy. The resulting threshold voltage shift as a function
of time is shown in figure 3.20. After 1000 Gy the OTFT is still functional and the
threshold voltage continues to change with accumulated dose. The threshold voltage
after 300 Gy has a sensitivity of 0.8 £ 0.1 mV/Gy. Before and after the device was
irradiated the device was measured 5 times with a +10 V bias held for the length of an
increment of irradiation as a control. The threshold voltage shift with no irradiation is

in the opposite direction in comparison to the shift during irradiations indicating that
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Figure 3.20: The change in threshold voltage as a function of time for an OTFT irradiated
up to 1000 Gy with a 6 MV photon beam. Before and after irradiating the device a shift
in threshold voltage was observed in the opposite direction to that of during irradiation.

3.10.2 Directional Dependence

To measure directional dependence an OTFT was placed at isocenter and irradiated

with an 18 MV photon beam at incidence angles of 0°, 90°, and 180°. At each angle, the

OTFT was irradiated up to 100 Gy in five increments with the transfer curve measured

after each increment. The sensitivity as a function of accumulated dose is shown in

figure 3.21. Similarly to before (figure 3.18) the sensitivity starts high (~4 mV/Gy) and

decreases with accumulated dose. Qualitatively the sensitivity looks similar to previous

OTFTs, but more experiments are needed to determine the true directional dependence.
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Figure 3.21: An OTFT was placed at the isocenter of an 18 MV photon beam and
irradiated at incidence angles of 0°, 90°, and 180°. The sensitivity (change in threshold
voltage with dose) follows the trend of devices irradiated previously where all irradiations
were done at 0°. From these plots we cannot determine the diractional dependence at
this time because the sensitivity degradation with dose is too variable even with devices
at a constant angle.

3.10.3 Dose Rate Dependence

To measure the dose rate dependence an OTFT was irradiated with an 18 MV photon
beam at various SSDs. The starting SSD was 95 ¢m and increased in 5 cm increments
after every 4 irradiations of 15 Gy each (60 Gy at each SSD). The sensitivity as a function
of dose is shown in figure 3.22. As with previous devices the sensitivity start high (~5
mV/Gy) and decreases with accumulated dose. As with the directional dependence
measurements, qualitatively the plot looks similar to previously irradiated OTFTs, but

more experiments are needed to truly quantify the dose rate.
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Figure 3.22: An OTFT irradiated with an 18 MV photon beam in 15 Gy increments. The
sensitivity (change in threshold voltage with dose) is plotted as a function of accumulated
dose. The SSD is increased with accumulated dose, while the MU’s are increased, such
that the dose delivered to the OTFT is the same at each SSD, but the dose rate decreases.
From these plots we cannot determine the dose rate dependence at this time because the
sensitivity degradation with dose is too variable even with devices at a constant dose
rate.

3.11 Monte Carlo Simulations

3.11.1 Simplistic Design

In Monte Carlo a layered design OTFT as depicted in figure 3.23 was simulated and
irradiated with photon beam energies ranging from 20 keV to 100 keV. The perturba-
tion factor at each energy was calculated and normalized to the perturbation factor at

100 keV. The thickness and position of the parylene-C layers were varied to see how
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the composition and geometry affected the perturbation factor. Figure 3.24 shows the
perturbation factor when the thickness of parylene-C is varied for the inside layers (top
coat 2 and substrate 2) as a function of energy. The description in section 2.6 generalized
the simulation to 3 top coat layers and 3 substrate layers. However, in this simulation
only 2 top coats and 2 substrates were used (always symmetric). As the thickness of
parylene-C is decreased the perturbation factor is closer to unity. Figure 3.25 shows
the perturbation factor for various thicknesses of parylene-C as the outside layers (top
coat 1 and substrate 1). If parylene-C is present the perturbation factor is farther from
unity at low energies. However, increasing the thickness of parylene-C does not appear
to make the perturbation factor worse. Both of these results suggest that for this par-
ticular configuration parylene-C should not be used to optimize the OTFT for energy
dependence. Furthermore, in comparing the two plots it is evident that the proximity
of the parylene-C to the dielectric affects the perturbation factor. Perturbation factors

are further from unity when the parylene-C layer is closer to the dielectric.

Top Coat 1 (100 pm Parylene-F) Top Coat 1 (Variable Parylene-C)
Top Coat 2 (Variable Parylene-C) Top Coat 2 (100 pm Parylene-F)
Semiconductor (50 nm Pentacene) Semiconductor (50 nm Pentacene)

Dielectric (1 um Parylene-F) Dielectric (1 pm Parylene-F)
Gate (50 nm Aluminum) Gate (50 nm Aluminum)
Substrate 2 (Variable Parylene-C) Substrate 2 (100 pum Parylene-F)
Substrate 1 (100 um Parylene-F) Substrate 1 (Variable Parylene-C)

Figure 3.23: On the left is a schematic of a simplistic OTFT with the parylene-C on the
inside and on the right parylene-C is on the outside. The dose is scored to the parylene-F
dielectric layer in the middle.
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Figure 3.24: Perturbation factor as a function of energy for the varying thickness of
parylene-C as the inside layers (figure 3.24) of the OTFT. As the energy decreases the
perturbation factors goes farther from unity. As the thickness of parylene-C increases
the perturbation factor goes farther from unity.
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Figure 3.25: Perturbation factor as a function of energy for the varying thickness of
parylene-C as the outside layers (figure 3.24) of the OTFT. If parylene-C is present the
perturbation factor is farther from unity at low energies. However, the thickness of the
parylene-C does not have a large effect.

The previous figures (3.24 and 3.25) suggest that parylene-F is a good material to
use in fabricating OTFTs with low energy dependence. From that we simulated a device
shown in figure 3.26 with parylene-F on a PET substrate. Immediately we noticed an
energy dependence at low energies and decided to add PMMA layers to try to obtain
a perturbation factor closer to unity. The perturbation as a function of energy for
various thicknesses of PMMA are shown in figures 3.27 and 3.28. At low energies the
perturbation factors get closer to unity with increasing thickness until a thickness of
~1500 nm where the perturbation factor is greater than unity and continues to increase

with thickness.
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Top Coat 2 (100 um Parylene-F)

Top Coat 3 (variable PMMA)

Semiconductor (50 nm Pentacene)

Dielectric (1 um Parylene-F)

Gate (50 nm Aluminum)

Substrate 1 (variable PMMA)

Substrate 2 (100 um Parylene-F)

Figure 3.26: Schematic of simulated OTFT where the thickness of the PMMA layers were
variable, but both layers had the same thickness. The dose was scored in the dielectric
layer.
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Figure 3.27: Perturbation factor for the OTFT in figure 3.26 normalized to 100 keV.
This plot shows the perturbation factor can be made small with PET substrate allowing
for greater mechanical stability. As the thickness of PMMA increased the perturbation
factor became closer to unity. By changing the thickness of the surrouding materials the
dose to the dielectric can be optimized to reduce the energy dependence.
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Figure 3.28: Perturbation factor for the OTFT in figure 3.27 normalized to 100 keV. At
low energies the perturbation factor increases with PMMA thickness, with an optimal
thickness at 20 keV being ~1500 nm. By optimizing the thickness of the PMMA the
pertubation factor was within 3% of unity across the energy range.

3.11.2 Directional Dependence

The OTFT used experimentally and shown in figure 2.4 was simulated and irradiated
at photon energies of Co-60, 6 MV, 10 MV, and 15 MV and incident angles of 0°, 90°,
and 180°. Over this energy range the perturbation factors were less than 6% from unity
at each angle (figure 3.29). From the simulations, the directional dependence is small.
The perturbation factors farthest from unity are at 180° where the photon beam passes
through 1.1 mm of glass before the active volume. If the glass is removed perhaps the

directional dependence would be less. The error in the measurements are large making
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it difficult to differentiate one measuremnet from another. More particles should be

simulated to lower the error.
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Figure 3.29: The perturbation factors simulated for the realistic OTFT shown in figure
2.4 for beam energies of Co-60, 6 MV, 10 MV, and 18 MV and beam incident angles of
0°, 90°, and 180°.

Presented first in this section were the changes in fabrication that led to improvements
of OTFTs performance. Next, the response of OTFTs to photon fields of various qualities
were given in terms of the threshold voltage shift and degradation of mobility. Lastly,
Monte Carlo results showed the potential to make devices with low energy dependence.
In the following section a more complete discussion of how the changes in fabrication
lead to better OTFTs, the significance of the response of the OTFTs in comparison to
MOSFETSs, and the significance of the different response to various energy photon beams

will be discussed.



Chapter 4
Discussion

Over the course of the project a new OTFT design was fabricated on a flexible substrate.
Many challenges arose, but through better cleaning methods, better acquisition setup,
and different electrode connections the OTFTs were greatly improved. We have demon-
strated that an OTFT on a flexible substrate shows a measureable response to photon
radiation of various qualities. Furthermore, we have demonstrated that an OTFT can
remain functional after 1000 Gy and important characteristics (mobility and threshold
voltage) continue to change with dose. Some remaining challenges include making more
reproducible OTFTs, increasing the sensitivity, and accurately measuring the dose rate,

energy, and directional dependences.

4.1 Improving OTFT function

Slowing the spin speed of the dielectric PMMA improved the off current of the OTFTs.
A slower spin speed creates a thicker dielectric which could isolate the gate better. The
thickness of the film is proportional to the angular velocity using:

foc (4.1)

Vw

where t is the thickness and w is the angular velocity. If the high off current was due
to leakage from the gate, then perhaps using a different dielectric will improve device
performance.

Another modification of the device design was to attach copper leads after spin coat-
ing the PMMA. This was done by rubbing the PMMA off of the contacts with a Q-tip
soaked in toluene after the PMMA was spin coated. Although the effects of this change
were not investigated, it is thought that spin coating with the copper leads already at-
tached could potentially lead to problems. The PMMA was dissolved in toluene which
could have damaged the copper tape or could have spread the conductive adhesive from

the tape across the device and caused shorts through the device.
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As the project went on and experience was gained, the OTFTs were exposed to air
less during fabrication. Exposure to air increases the chance that dust can get on the
OTFT. Since many of the layers are less than a micrometer thick, dust can be thicker
than a layer of the device. If dust gets on the OTFT it can cause a short through a layer
and ruin the device. Furthermore, pentacene is sensitive to air, so reducing its exposure
should help device performance [68]. We spent time investigating the effect of depositing
a parylene-C encapsulation layer to protect the device from degradation when exposed
to air because it is necessary to be exposed to air in the irradiation environment. OTFTs
showed good performance after the deposition of parylene-C, which lead to encapsulating

all of the devices afterwards.

4.2 Mobility Degradation with Dose

Each OTFT had a degradation of mobility with accumulated dose which is consistent
with other studies using organic semiconductors [57, 58]. Kim et al made an OTFT
with a rubrene semiconductor on a silicon-dioxide dielectric and measured a decrease in
mobility of more than 50 % after 1000 Gy[58]. For our device irradiated with a 6 MV
photon beam to 1000 Gy we measured a mobility reduction of about 32%. Mobility is
a measure of how efficiently charge carriers can move through the conductive path [64].
The charge defects (trapped holes) at the interface exert Coulomb forces on the charge
carriers as they flow through the channel scattering them from their intended path. This
means that the charge carriers do not flow from the source to drain as quickly as before

and the mobility is reduced [69].

4.3 Threshold Voltage Shift with Dose

For each of the devices irradiated in this study the threshold voltage shifted positively
with increasing accumulated dose. This is the opposite of what is observed for p-
type MOSFETS used as dosimeters [70]. Tonizing radiation produces electron-hole pairs
throughout the OTFT. Electrons in the pentacene layer can become trapped at the
pentacene Si0O, interface in the hydroxyl groups at the boundary [71, 72]. This means
that in devices with an organic semiconductor that the change in signal may not be

dominated by the trapped charge in the dielectric layer, but by trapped charge or other



78

defects in the organic semiconductor itself. Kim et al irradiated an OTFT with a pen-
tacene semiconductor and SiOq dielectric with 10 MeV protons [73]. With a proton
fluence of 10'? cm~2 they measured a small positive shift in threshold voltage. However,
when irradiating with a 10'* cm~2 fluence of protons they measured a negative shift in
the threshold voltage. They attributed the shift at low proton fluence to the trapped
electrons in the pentacene layer. The electric field produced from the trapped electrons
in the pentacene was greater than the electric field from the trapped holes in the Si0,.
Effectively this electric field acts like a negative gate voltage, which results in a posi-
tive threshold voltage shift. As the proton fluence increases more holes are trapped in
Si0, and migrate closer to the SiO,/pentacene interface. The electric field from the
trapped holes in the St0Oy dominate the electric field created by the trapped electrons
in the pentacene causing a negative shift in threshold voltage. To support this inter-
pretation of their results they made an OTFT with a self-assembled monolayer (SAM)
of octadecyltrichlorosilane (OTS) coating the SiO2 dielectric layer. The OTS is used to
suppresses the interface trap states at the interface and then pentacene is deposited on
top [74]. When irradiating the OTFT with 10'* cm™2 fluence of protons they measured a
slight negative shift in threshold voltage in contrast to the previous OTFTs. With fewer
electrons being trapped at the interface the slight shift in threshold voltage was due to
the trapped holes in the Si0O, layer. In our study we have measured a positive shift
in threshold voltage as a function of dose. Like Kim et al, we used a pentacene semi-
conductor, but unlike their study we used a PMMA dielectric instead of SiOy. At the
current time there is insufficient evidence to make any conclusions, but we can speculate.
Perhaps in our OTFTs the PMMA does not trap electrons or holes preferentially and
the entire signal is due to defects in the pentacene semiconductor. Another possibility
is that PMMA traps electrons, but to a far less degree than SiOs traps holes which
results in the slight positive shift in the threshold voltage. It should be noted that the
sensitivities in this study (~1 mV/Gy) are about two orders of magnitude lower than
MOSFETS used as dosimeters (~100 mV/Gy). Part of the reason the response is small
is that the mobility degradation is competing against the shift in threshold voltage. If
a device was made such that the threshold voltage shifted negatively, the degradation
of mobility would amplify the signal. With sensitivities ~100 times less than clinically

used MOSFETSs these devices are not very attractive as dosimeters used in the clinic
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in their current state. However, they could potentially be used for higher dose appli-
cations. High doses are used for sterilization of medical products, food irradiations to
reduce pathogens, and some plastic film and packaging is irradiated for better perfor-
mance. Another potential application is to make the devices even more radio-resistant
for use in electronics. Although this would not make a good dosimeter, if the electronic
characteristics were good enough they could have potential applications in radiation en-
vironments as transistors. Since the current OTFTs are not sensitive enough for use
as a clinical dosimeter, future work will explore methods to improve sensitivity such as,
changing the device configuration, using different materials, and potentially the device

type (e.g. diodes).

4.4 Lifetime of OTFTs

In this study an OTFT was irradiated up to 1000 Gy and the mobility and threshold
voltage continued to change with dose. As dosimeters MOSFETSs have a limited lifetime
that depends on the design of the device. Many MOSFETSs used clinically have lifetimes
below 100 Gy and lose sensitivity over their lifetimes [16, 34]. After 300 Gy the OTFT
had a sensitivity of 0.8 £ 0.1 mV/Gy. The response of the OTFTs converge with
accumulated dose across the four energies used (100 kV, 180 kV, 6MV, and 18 MV).
Perhaps a pre-irradiation could be used to reduce the energy dependence between the
devices. If the devices were pre-irradiated to 300 Gy, that would leave a lifetime of at

least 700 Gy, which is longer than clinically used MOSFETs.

4.5 Comparisons of Different Quality Photon Beams

We observed greater changes in the threshold voltage and mobility of the OTFTs irra-
diated with kV photon beams in comparison to MV photon beams at low accumulated
doses (<200 Gy). One contributing factor may be that the average dose rate is about
twice as high for the megavoltage beams as the kilovoltage beams, but the pulsed nature
of the linac beam creates a substantially higher instantaneous dose rate. A higher dose
rate increases the density of ionization and increases the likelihood of recombination.
Furthermore, the devices are on a PET substrate on top of glass which could be causing

a perturbation to the true energy dependence of the device, particularly at low photon
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Table II: The starting (before irradiation) OTFT parameters: threshold voltage (Vrp),
on current (Ipy), and off current (Ippr) are given for each photon beam energy.

Vrn  Ion(A)  Iopp(A)
100 kV -19.7 5.9x107% 2.1x107%
180 kV -21.3 6.5x107% 2.6x107°
6 MV -14.1 1.3x10™° 4.7x107°
18 MV -14.2 3.9x10~° 4.5x1078

energies. The glass was used to aid with the fabrication process, but can be removed
for future studies. The PET substrate can be peeled off of the glass to produce flexible
OTFTs from our current design. When irradiating flexible OTF'Ts, it will be important
to investigate the dependence of the device response on the radius of curvature of the
device.

Differences attributed to energy dependence in OTFT response may in fact be in
part due to differences in the devices themselves. Table I1 shows some of the important
starting parameters of the OTFTs. The two OTFTs irradiated with megavoltage photon
beams have a lower threshold voltage and higher on currents than the OTFTs irradiated
with kilovoltage photon beams. To measure the response of the OTFTs to various
energy photon beams work should be done to optimize the OTFTs to ensure greater
reproducibility of device characteristics. Furthermore, more OTFTs could be irradiated
at each energy and look at the average response. We attempted to irradiate one OTFT
with multiple energies, but had difficulty transferring the OTFT from one machine to
another. The electrical contacts would often break off if the OTFTs were not handled
carefully. To repeat this experiment the OTFT should be setup and secured on the solid
water. Then, after irradiating the OTFT in one environment the entire setup should
be moved simultaneously to avoid moving any of the connecting electrodes and causing

damage to the device.

4.6 Monte Carlo Energy Dependence

In the energy range of Co-60-18 MV used in the Monte Carlo simulations of the device,
there was an energy dependence of less than 5% when normalized to 6 MV. The initial

response of the irradiated OTFTs showed an energy dependence. Up to 200 Gy the
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sensitivity measured with photon beams of 6 MV and 18 MV were 1.3 + 0.5 and 1.8 +
0.3, respectively. Between 200-400 Gy the sensitivities were 0.8 £ 0.2 and 0.9 £ 0.2 for
6 MV and 18 MV, respectively. This could indicate that there are more factors involved
than the intrinsic energy dependence (at least initially), which will be investigated in
the future.

Simulations of a simplistic OTFT were performed using monoenergetic beams with
energies 20-100 keV. With the introduction of 800 nm of parylene-C close to the dielectric
layer the perturbation factor changed from ~0.97 to ~0.62 at 20 keV when normalized
to the response at 100 keV. When 800 nm parylene-C was introduced on the outside of
100 pm of parylene-F the perturbation factor changed from ~0.97 to ~0.92 at 20 keV
when normalized to the response at 100 keV. These results show the importance of the
location of the introduced material relative to the dielectric and the effect it will have.
These results lead us away from using parylene-C in the simulations, but parylene-F
showed good water equivalence. Placing the OTFT on a PET substrate immediately
made the perturbation factor worse. To compensate, PMMA layers were introduced and
the thickness varied. By using ~1400 nm of PMMA the perturbation factor differs from
unity by less than 3% across the energy range from 20 keV to 100 keV when normalized
to 100 keV.

4.7 Objectives of Work

The first objective of the work was to gain familiarity with the fabrication processes
which was successful. Throughout the course of this work the characteristics of OTFTs
were improved by modifying various fabrication steps.

The second objective of this work was to acquire preliminary data measuring the
response of devices to fields of ionizing radiation which was successful as well. The
OTFTs response using parameters such as threshold voltage and mobility were measured
as a function of dose in photon fields of 100 kV, 180 kV, 6 MV, and 18 MV.

The last objective was to characterize the dependence of the devices on energy, di-
rection and dose rate. We did experiments to measure each of these. Unfortunately,
more experiments are needed to truly quantify the dependences of these devices. In the
future devices could be irradiated to a high level (~200 Gy) before doing the experiments

because the sensitivities measured across devices converged. These measurements may



benefit from improving the reproducibility and sensitivity of the OTFTs.
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Chapter 5

Conclusion

MOSFETSs are used as dosimeters in radiotherapy because they have a high sensitivity,
immediate readout, and small size. However, MOSFETSs cannot be reliably used at
low energies (diagnostic energies) because they exhibit an energy dependence. OTFTSs,
which are similar to MOSFETSs in their operation, use organic materials instead of silicon,
which means they could have many of the same advantages of MOSFETSs while having
a lower energy dependence.

OTFT performance was improved with changes in fabrication process (i.e. cleaning
PET substrate with camera brush) and material selection (i.e. from Parylene-C to
PMMA). Irradiating OTFTs with photon beams of energies 100 kV, 180 kV, 6 MV, and
18 MV resulted in a positive shift in threshold voltage and a degradation in mobility
for each device. Furthermore, Monte Carlo results suggest that the intrinsic energy
dependence of the devices can be made small through appropriate material selection
and device configuration. The Monte Carlo results contradict the initial response of
the OTFTs, which showed energy dependence. This could indicate that there are more
factors involved than the intrinsic energy dependence, which will be investigated in the
future. Additional work is needed to improve the sensitivity and reproducibility of these
devices. Furthermore, the energy, dose rate, directional and other dependencies of the
OTFTs need to be investigated in greater detail. Two of the three objectives were
met in this research. First, familiarity of the fabrication process was gained. Second,
preliminary data of the response of the OTFTs to ionizing irradiation was measured.
The final objective of characterizing various dependences of the devices (energy, dose
rate, direction) was started, but more work is needed to be able to draw significant
conclusions.

This work provides preliminary evidence that OTFT's can be used as radiation detec-
tors/dosimeters and suggests that further study of these devices and others (e.g. diodes)

is warranted.
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Chapter 6

Future Work

6.1 More Reproducible OTFTs

Differences in initial device parameters make it difficult to compare the response of
OTFTs across experiments. Improvements need to be made to improve the reproducibil-
ity of the devices. Various stages of the fabrication process could be optimized. For
instance, the temperature of the substrate during pentacene deposition should be mon-
itored more carefully. The temperature at which the pentacene is deposited will change
the morphology of the pentacene and change the mobility [75]. Furthermore, a temper-
ature change could affect the dielectric layer on which it is being deposited. PMMA has
a glass transition temperature above 100 °C and pentacene is deposited at about 50 °C
[76]. However, when depositing pentacene the temperature of the substrate is not known
well. Perhaps monitoring the OTFT temperature more accurately and optimizing the

temperature to produce better OTFTs would help make them more reproducible.

Other dielectric materials will be explored as part of a process to increase repro-
ducibility of the OTFTs. It may be worth revisiting the parylene-C or perhaps other
parylene dielectrics. When the instability of the parylene-C OTFT was measured, the
measurements in the clinical setup had not yet been improved. The high and noisy
off-current associated with low quality data acquisition may have overestimated the in-
stability of the device. We referenced Ismail and Hill as evidence of threshold voltage
instability in devices with a parylene dielectric, but it is possible that other factors con-
tributed to our observed instabilities in threshold voltage [67]. Perhaps another parylene
could work even better. The advantage of using parylene is how uniformly it coats the
surface. A smooth dielectric is essential to allow a smooth interface between the dielectric

and semiconductor which facilitates high mobility [77].
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6.2 Removal of OTFTs from Glass

Currently we have four OTFTs on each glass substrate. The original plan was to remove
the PET substrate from the glass and cut the PET so that each of the four OTFTs
could be measured and irradiated separately. However, the consequences of bending the
OTFTs are unknown. In the interest of time and the desire to irradiate the OTFTs
and measure the response, the devices remained attached to the glass substrate, but the
removal and bending of the OTFTs will be investigated in the future. This means that
for every four OTFTs made, only one was used for experiment. Using all four could help
improve reproducibility as well since each of the four devices would undergo nominally
the same conditions during fabrication. Furthermore, this allows applications using a
flexible design and will likely reduce the intrinsic energy dependence that glass may
cause at low energies. Experiments with flexible substrates pose numerous additional
questions that will need to be answered, particularly the effect of substrate bending on

device response.

6.3 Energy and Directional Dependence

With more reproducible OTFTs the energy and directional dependence should be mea-
sured again. While the initial results were encouraging, it will be important to quantify
these and other dependencies with greater confidence. Furthermore, it would be advan-
tageous to irradiate one OTFT with multiple energies. In this work separate OTFTs
were irradiated at each energy, meaning that differences may not only be due to energy
dependence, but also to differences in OTFTs. By irradiating a single device across
multiple energies, the differences in response due to variation in devices could be elimi-
nated. The difficulty of irradiating one device is that the initial response of the device is
quite variable. To overcome this the device should be switched between energies multiple
times and should be irradiated to a high dose. Since the sensitivity of our measurements
decrease with accumulated dose the results should be compared to devices irradiated at
one energy to see if changes in sensitivity follow the normal trajectory or if they are due

to an energy dependence of the device.
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6.4 Other Organic Electronics

We would also like to investigate the use of organic semiconductors in diodes and mon-
itor their response to irradiation. Several groups have made diodes that show a linear
response with dose rate [55, 56]. Mills et al used a flexible kapton substrate and Intani-
wet et al used a glass substrate to measure sensitivities up to 20 and 457 nC mGy !
cm~? respectively. Optimizing these devices for sensitivity and water equivalence could

make them viable dosimeters.

6.5 Other OTFT Investigations

One of the principal areas for improvement in OTFT dosimeters is the sensitivity. Cur-
rent values are sufficiently low that it would be difficult to find practical applications for
them in a clinical environment. Future work will focus on trying to improve sensitivity
by varying the device design with respect to the active area, materials, and thicknesses
of the various layers the OTFTs. Following the optimization of single device designs,
we will build prototype, few OTFT arrays for planar dose distribution measurements.
Extrapolation from there to a high resolution planar array would be an engineering chal-
lenge, but certainly not insurmountable. Finally, we will investigate at a more basic level
to understand the mechanisms of signal generation of OTFTs. For example materials
used in the OTFT will be looked at using solid state nuclear magnetic resonance (NMR)
spectroscopy and Fourier transform infrared (FTIR) spectroscopy before and after ir-
radiation to help understand how radiation changes the chemical composition and the
resulting changes contribute to a change in signal in the OTFT. FTIR is used to obtain
the infrared spectrum of absorption or emission of a sample. NMR spectroscopy can be
used to determine the chemical properties of molecules and look for radiation-induced

changes following exposure to ionizing radiation.

6.6 Monte Carlo Simulations

Polyenergetic beams should be used in the simulations of kilovoltage energies to un-
derstand the energy dependence better. Spekcalc can be used to generate kilovoltage
spectra of the Xstrahl 300 orthovoltage x-ray unit that was used experimentally in this

study. In some of the simulations in this work monoenergetic beams of 20-100 keV were
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used. Using monoenergetic sources can give the impression that the energy dependence
is larger than it would be for a more realistic source used in the clinical environment.
A realistic source will have a distribution of energies which could wash out some of
the energy dependences measured in our simulations. Moving forward more detailed
simulations can be used to evaluate which materials (i.e. dielectrics, substrates etc.), ge-
ometries (i.e. thicknesses, orientations etc.) and different device designs such as diodes.

The simulations will be used to motivate the direction of our experiments.
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