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Abstract

Organic thin Im transistors (OTFTs) were investigated as nwel radiation detectors.
OTFTs were fabricated on glass and PET substrates, with a peamtene semiconductor,
and PMMA or Parylene-C dielectric. Kilovoltage (100, 180 kVpand megavoltage (6, 18
MV) photon beams were used to irradiate OTFTs to 400 Gy. One OTFT ws irradiated
to 1000 Gy to observe its longevity. Irradiated devices shed a positive shift in the
threshold voltage and a degradation in mobility. Initial sesitivity of devices was greater
for kilovoltage-irradiated devices than megavoltage-iadiated 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. Directionalnal dose rate dependence
measurements were inconclusive and require further inveggition. Monte Carlo simula-
tions found less than 5% intrinsic energy dependence for o spectra from Co-60 to
15 MV.
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Chapter 1

Introduction

1.1 Radiation interactions with matter

lonizing irradiation has societal bene ts such as medicaimaging, nuclear power, food
safety, airport security, radiotherapy, and others. Howeve 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 detdcand accurately quantify

elds of ionizing radiation are critical prerequisites forits safe use.

Approximately half of all patients diagnosed with cancer shdd receive some form of
radiotherapy over the course of their treatment [2]. Radidterapy represents a balancing
act in which the dose of radiation delivered to a target is |lgre enough to produce a
high probability of controlling disease progression, whdlnot being so high as to incur
a signi cant risk of severe complications in surrounding ladthy tissues. This type of
dose response relationship is typically modelled by a sigidal curve that rises steeply
from low to high probability (see gure 1.1). Therefore, acarate dosimetry is needed to
deliver successful radiotherapy.

When photons with su cient energy are incident on a material,they can interact and
produce ionizations and excitations in the material. The fr most common interaction
types are: Rayleigh scatter, photoelectric e ect, Comptorscatter and pair production.
The pertinent information of these interactions will be disussed, but a more detailed
explanation can be found elsewhere [3]. Rayleigh scattagiiis a process in which a
photon de ects through a small angle due to an interaction wh a particle in the medium.
The oscillating electric eld of the photon acts on the chargs within the particle, causing
them to oscillate with the same frequency. This causes thenale to become a radiating
dipole and the resulting radiation we see as scattered lighiRayleigh scattering is an
elastic process, meaning that no energy is lost by the photevhen it scatters. The mass
attenuation coe cient (linear attenuation coe cient divi ded by the mass density of the
material) for Rayleigh scattering, r= , depends on both the energy of the photon and

1
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Figure 1.1: Plot of the tumor control probability (TCP) and normal tissue complication
probability (NTCP) as a function of Dose. Radiotherapy is a bncing act between
giving enough dose to give a high probability of tumor conttp while not too high to
incur a high probability of complications in the surroundig healthy tissue.



the atomic number of the material through which the photon idraveling:

-5/55 (1.1)
wherekE is the energy of the incident photon and& is the atomic number of the medium.
Pair production occurs when the photon passes close to theateus 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 rag attenuation coe cient for
pair production, = , depends on the atomic number of the material through whichhe
photon is traveling:

] Z (1.2)

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

In this work the two main interactions of interest are the phtoelectric e ect and
the Compton e ect. The photoelectric e ect occurs when a phton interacts with an
atom containing orbital electrons of binding energy less #mn the photon. The energy of
the photon is absorbed by the atom, then the atom releases arbital electron (called
a photoelectron) with kinetic energy of the incident photorenergy minus the energy of
the binding energy of the electron. In equation form this isigen by:

T=E E (1.3)

Where T is the kinetic energy of the electronE is the incident photon energy, ancEy, is
the binding energy of the electron. The space left by the eleon is lled with another
orbital electron from a higher energy shell, which is accorapied by the emission of a
characteristic X-ray or the emission an outer shell electroknown as an Auger electron.
The mass attenuation coe cient for the photoelectric e ect = , is strongly dependent
on both the energy of the photon and the atomic number of the nterial through which
the photon is traveling: )

—/éa (1.4)
whereZ is the atomic number of the medium ancE is the incident photon energy. The
value ofn ranges from 3 at 0.1 MeV and rises to 3.6 at 3 MeV. The value ofm ranges
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from 3 at0.1 MeV and gradually decreases tol at 5 MeV [3]. Below about 0.1 MeV
where the photoelectric e ect is most dominant m and n are 3.

The Compton e ect occurs when the photon has an energy muchegter than the
binding energy of electron. The photon gives up some of itsengy to the electron and
scatters. The equations that describe Compton interactiaare:

E
0— 15
1+(=55)(1 cos) (1.5)
T=E E° (1.6)
cot = 1+ E tan — a.7)
- m c? 2 '

whereE is the incident photon energyE %is the scattered photon energyn ¢ is the rest
mass of the electronT 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 unknownsg® , , 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 e ect is
dependent on the electron density of the medium:

. (1.8)

where = is the Compton mass attenuation coe cient and . is the density of electrons
in the medium.

Equations 1.4 and 1.8 show the probability of interaction @ the photoelectric e ect
and Compton e ect. Compton e ect does not depend on the atorninumber, whereas for
the photoelectric e ect there is a strong dependence. When kiag dosimetric measure-
ments in radiation elds that produce a signi cant number of photoelectric interactions
in the detector (e.g. diagnostic x-ray beams), the compogin of the detector should be
similar to tissue so that the interactions in the active volme of the detector mimic that
of tissue.

Incident electrons or secondary electrons can interact witthe medium via elastic
collisions in which no energy is lost; or inelastic colligis in which the electron loses
some kinetic energy. Elastic collisions result in a de eah of the electron, but since
no energy is deposited in the tissue, it is less important inodimetry. If an electron
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undergoes an inelastic collision with an orbital electrort gives up some of its energy.
This results either in an excitation (orbital electron move to higher energy shell) or
ionization (orbital electron escapes the atom). In the evémf ionization, if the electron
is scattered with su cient energy, it can go on to produce itsown track of ionizations and
excitations. The term delta ray is used to describe these s#wlary electrons. The last
type of interaction is an inelastic collision with the nuclas of an atom. The interaction
known as Bremsstrahlung, is when an electron deceleratesemhde ected by another
charged patrticle and the loss of kinetic energy is convertéato a photon. Other types
of radiations (e.g. protons, carbon ions, etc.) can interaevith matter, but those are
beyond the scope of this work.

1.2 Dosimeters

When measuring parameters of a radiation eld (e.g. dose, dosate, ionization density,
etc.), it is the ionization process itself that often formstte basis of the measured signal
in a radiation detector. When calibrated appropriately, themeasured signal can be
translated to the amount of energy that would be absorbed pemit mass (i.e. absorbed
dose) if a small mass of tissue were positioned at the samealii@n as the detector. An
ideal dosimeter would possess the following charactercsti

Linearity: Response of the dosimeter should be proportiohto the dose absorbed
to the detector.

Real time readout: Response of the dosimeter and thus the ablsed dose should
be measurable during irradiation.

Stability: Response of the dosimeter to absorbed dose shobdie consistent over
time.

Reproducibility: Response of the dosimeter should be costgnt when irradiated
with the same conditions.

Energy independence: Response of the dosimeter should breatly proportional
to the dose, independent of the type of radiation or its eneyg Furthermore, the
dose to the dosimeter should be proportional to the dose to éhmedium at the
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point of measurement in the absence of the detector indepeard of the incident
energy.

Directional independence: Response of the dosimeter stibblle proportional to
the absorbed dose independent of the angle of the incidendration.

Temperature and humidity: Response of the dosimeter shoultk independent of
the temperature and humidity.

Dose rate: Response of the dosimeter should be proportiotathe absorbed dose,
independent of the dose rate. This includes both instantanas dose rate (pulsed
or continuous) and average dose rate.

None of the currently used dosimeters can be considered ide&ome examples of
currently used dosimeters are ion chambers, thermolumireesnt dosimeters (TLDs), ra-
diochromic Im, diamond detectors, diodes, and metal oxidesemiconductor eld e ect
transistor (MOSFETS).

An ionization chamber consists of a gas lled chamber with twelectrodes [4]. A
voltage potential between the two electrodes creates an @igc eld in the chamber.
Incident ionizing irradiation can create ion-pairs in the gs chamber. The electric eld
causes the positive ions to move towards the negative elade and the negative ions
toward the positive electrode. This creates an ionizatioruerent which can be measured
by an electrometer. The current measured is proportional tthe 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 produce a measurable signal.
Furthermore, an ionization chamber gives one reading whigh the average dose to the
active volume. This is problematic for small eld dosimetrywhere the dose changes with
a change in position smaller than the size of the detector ating a partial volume e ect.
Another limitation of ion chambers is their energy dependerecwhich can be problematic
at diagnostic energies [5].

TLDs consist of crystalline dielectric material, which cotains trace impurities. The
trace impurities create trapping centers whose energy ldsdie inside the forbidden gap
of the pure crystal. When exposed to ionizing irradiation, a ID stores a fraction of the
absorbed energy [6]. Then when a TLD is heated, it releasesibie light proportional to
the amount of absorbed dose. The emitted photons are not alobed by the crystal since
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their energy is insu cient to promote electrons from the vaénce band to the conduction
band of the crystal. TLDs are considered tissue equivalent ithe energy range 20
keV to Co-60 (mean energy 1.25 MeV) [7]. Limitations of TLDs artheir lack of real
time readout, they require specialized hardware for the rdaut (reader, annealing oven,
nitrogen gas supply), and need precise procedures for cediting, reading, and annealing.

Radiochromic Im consists of a layer of organic monomers thare sensitive to ra-
diation on a polyester base with a transparent coating [8]. Wdn exposed to ionizing
radiation, a polymerization reaction causes the Im to chage colour and the darkness of
the Im increases with absorbed dose. The Im is then scannedlith visible light and the
transmission used to determine the dose at each point on thém. Due to the sensitivity
of the Im, great care needs to be taken during manufacturingiransport, storage, and
processing to ensure an accurate reading. Another limitahas the readout time. Film
needs to be left for 12-24 hours before it can be read. Furthermore, the uncentdy of
Im can be made 1%, but it is not practical to reach that level of uncertaintyin the
clinic due to the di culty of implementation [9].

When a bias is applied to a diamond detector a depleted neutnagion is created [10].
lonizing radiation creates electron-hole pairs that are &tacted to the opposite polarity,
which creates current proportional to the dose rate. Howevesome electrons can become
trapped in the diamond creating an electric eld opposing th applied eld and reducing
the current at a given dose rate. By pre-irradiating the detetors the traps will Il to
allow the dose rate to be proportional to the current [10]. Rential sources of error of a
diamond detector are dark current, temperature dependencaose rate dependence, and
angular dependence. A limitation of the detector is that in amparison to other solid
state detectors it is more expensive [10].

A diode dosimeter consists of a lightly doped silicon subsite (either n-type or p-
type) and a heavily doped surface region of the opposite ty[fe-type or n-type) creating
p-n junction. The p-n junction creates an electric eld makng it possible to collect
charge without an external bias on the diode. When exposed tonizing irradiation, an
electric current is generated which is measured by an elemtneter [11]. The induced
current in the diode is proportional to the dose rate. The ineased density relative to
an ionization chamber allows the active volume to be made ntusmaller. Limitations
of diode dosimeters are the energy dependence, dose pergdkpendence, temperature
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dependence, and accumulated dose dependence [12, 13, 14, A% the dose per pulse
increases so does the rate of recombination, which lowerg ttesponse of the diode to a
given dose. The accumulated dose dependence results frormdge to the diode which
reduces the sensitivity with accumulated dose. Energy depdence results from the
materials and composition of the diode and surrounding matel (protective housing,
buildup material and electrode attachment). The di erencen response of a photon diode
in comparison to water comes from a higher sensitivity to lownergy photons which can
result from scatter in the phantom. To compensate for the engy dependence a photon
diode is shielded with a high Z material such as tungsten to t@nhuate the low energy
photons [11]. Electron diode detectors are approximatelynergy independent because
the electron stopping power of silicon to water is approximely constant over a wide
energy range. Electron diode detectors use much less bupdmaterial and it is a low Z
material such as PMMA.

A MOSFET is a voltage controlled current source. When the MOSFETs exposed
to ionizing radiation, electron-hole pairs are created tlmughout the device [16]. Holes
become trapped in the Silicon-dioxide of the MOSFET, changinthe current that can
ow through the MOSFET at a given voltage. By calibrating the rate of change of
a particular metric (e.g. threshold voltage) to the absorbe dose, the MOSFET can
be used as a dosimeter. The main limitation of a MOSFET is the engy dependence,
particularly at low energies. The sensitivity of a MOSFET depnds on the device design,
but MOSFETSs are not used below 1 cGy because the signal fades with time, leading
to a large error in measurement at small doses [16]. The remder of the discussion will
be about MOSFETs due to the similarity of the novel radiation @tectors used in this
study (Organic thin Im 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 gure 1.2 (addpd from Sedra
and Smith [17]). The transistor is fabricated on an n-type dastrate (silicon) with two
heavily doped p-type regions at the source and drain. Metad deposited on the source
and drain regions forming electrodes. An insulating layer @ilicon 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 voltagevr ). IncreasingVgs above the threshold voltage
will pull more holes into the channel, which enhances the chael and give rise to the
name enhancement-mode operation. The gate and channel cggact as two plates of
charge forming a parallel plate capacitor with the silicon idxide being the dielectric.
The resulting electric eld controls the amount of charge irthe channel and the amount
of current that can ow through the device.

1.3.2 Saturation Mode

Assuming the gate bias is su cient for a conductive channel, @lying a bias between
the source and drain (negativd/ps) will allow holes to ow from source to drain. AsVps
increases, the electric eld along the channel increases iatn allows the charge carriers
to move faster and creates a higher current. However, incréag the bias also causes
the channel to taper because the potential at the source end the channel isVgs,
but is only Vgs Vps at the drain end. A greater negative potential at the sourceral
creates a deeper buildup of holes near the source and shadlbane near the drain ( gure
1.4). Therefore, increasing th&/ps increases the resistance of the channel and does not
increase the current linearly. WhenVps is high enough to reduce the voltage between
the gate and the channel at the drain end t&/ry, the channel depth decreases to almost
zero and the channel is said to be pinched o . Increasings beyond this point will not
increase the current and the drain current is said to saturatat this value. The voltage
Vps Where this occurs is denoted¥ps.s,x and is equal toVes  Vry.

1.3.3 Derivation of MOSFET Equations

To analyze and better understand our results, it is importanto develop equations that
describe the relationship between the source to drain cunte(lps) and Vgs. Consider
an in nitesimal strip of the gate at a distance x from the source (gure 1.5). The
capacitance of the strip is:

C = CoWdx (1.9)

where C,y is the capacitance per unit area. The charge stored on this mitesimal strip
is found by multiplying the capacitance by the e ective volage between the gate and
the channel at the pointx. The voltage responsible for inducing the channel at point
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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)=[Ves V(X) Vinl (1.10)

where v(x) is the voltage due toVps at point x. The hole charge in the in nitesimal
portion of the channel is:

dg= Cox(Wdx)(Ves  V(X) Vru) (1.11)

The electric eld along the channel in the x-direction causkby Vps Is:

dv(x)
dx

E(x) = (1.12)

(positive electric eld meaning the holes move in the x-dirion with E- eld). The
electric eld causes the holes to migrate toward the drain wh a velocity of:

_dx _ _ dv(x)
Vaa T EWE g

(1.13)

Where is the mobility of the holes in the channel and depends on theaterials and
fabrication process. The resulting current can be expressas:

~dg_ dg dx
| = G- ox . (1.14)
Substituting equation 1.11 and 1.13 gives:
dv(x
= CoW(Ves V(O Ve ) (1.15)

dx

The source-drain current must be the same at all points alortge channel. Since we are
interested in the current owing through the device we will elabell to I ps. Furthermore,
if we rearrange the equation slightly and integrate along #nchannel fromx =0to x = L
orv(0)=0to v(L)= Vps we get:

Z Z Vos

lpsdx = CoaW(Ves V(X) Vry)dv(x) (1.16)

0 0

W 1
Ips = ( C ox) I ((Ves  VrH)Vbs E(Vozs)) (1.17)
As stated before the saturation region begins whévhs = Vgs  Vrpy and substituting
this in gives:
1 W

lps = E(C ox) N (Vos  Vrn)? (1.18)
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In saturation mode, | ps is constant with Vjps so this equation will hold as long as satura-
tion is achieved Vps > Vgs Vrn). To increase the drain current the electrodes should
be long and the spacing between them should be narrow (inceedV=L). Furthermore,
multiple source and drain contacts in an interdigitated dagn can be used to further
increase the signal.

1.4 OTFT Operation (P-channel)

An organic thin Im transistor (OTFT) has a layered design conssting of a thin Im of
organic semiconductor, an insulator, a substrate, and theeelectrodes called the source,
drain, and gate like a MOSFET. A bottom gate top contact OTFT is cepicted in gure
1.6. Similarly to the MOSFET an OTFT operates as a voltage-conblled current source.
Applying a bias between the gate and source results in the acoulation of charge carriers
near the semiconductor/insulator interface allowing cuent to ow through the active
layer from source to drain if a suitable bias is appliedVps). An important di erence
between MOSFETs and OTFTs is the formation of the channel. For RASFETs the
channel results from an inversion process forming a layer diarge carriers, whereas a
channel in an OTFT is formed due to the accumulation of chargeithe semiconductor.
In a p-type semiconductor a negative/ss produces an electric eld across the di-
electric and results in the accumulation of holes in the seounductor (gure 1.7). For
charge to ow between the semiconductor and source/drain edtrodes the fermi level
of the electrodes needs to be closely aligned with either theghest occupied molecular
orbital (HOMO) for holes to ow or the lowest unoccupied molealar orbital (LUMO)
for electrons. For example pentacene has a HOMO of about 4.5 evid a LUMO of
about 2.5 eV (relative to the vacuum potential)[18]. If the surce and drain contacts
are made of gold which has a fermi energy of about 5 eV the exnlga of holes is much
more e cient. Therefore, a p-channel OTFT blocks electron av due to the large energy
di erence between the fermi level and the LUMO, even in the peence of an applied pos-
itive electric eld (+ Vgs). However, applying a su ciently negative Vgs will pull holes
into the semiconductor from the source forming a channel. Appng a Vps will result in
the holes owing from the source to drain. Like a MOSFET thé/ps results in a potential
increase from source to drain meaning the channel behavée la variable resistor. Like a
MOSFET when the magnitude of\/ps is great enough the channel is pinched o 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 magnitudef the electric eld and
the line density of charged pairs created by the incident raation [21] . A stronger electric
eld will pull the electron and hole apart with more force anddecrease the probability
of recombination. The line pair density depends on the lineanergy transfer (LET),
and therefore depends on the energy and type of incident pate. High LET irradiation
leaves a dense track of electron hole pairs meaning the cezhtelectrons or holes can
recombine with a neighbouring pair, increasing the rate oecombination [21, 22, 23].

1.6.2 Oxide Traps

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

Close to theSi/ SiO, interface there is a large number of oxygen vacancies thatrca
act as trapping centers [24]. The number of holes that will lseme trapped near the
interface depends on the applied electric eld and the falration of the device [25]. Only
holes will become trapped in oxide traps meaning that the tesshold voltage will shift
negatively. Immediately after the holes become trapped tlgecan become neutralized,
which means that the MOSFET will operate as it did before the He became trapped
[26]. Oxide-trapped holes can become neutralized either hynneling of electrons from
the silicon or by thermal emission of electrons from the ox@édvalence band into oxide
traps [22, 27]. It should be noted that not all electrons neualize the hole directly,
but some move into an electron trap associated with the traggal hole which e ectively
neutralizes it. In this case if the applied bias is reversed¢ electrons can tunnel back
into the silicon substrate and a fraction of the original amont of oxide-trapped charge
is restored. The degree to which this occurs depends on thenaaling conditions, which
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include the temperature and the applied bias from the time afradiation to the time of
measurement [27]. The amount of oxide trapped charge doeg eaplicitly depend on
the dose rate. If the total time of irradiation and anneal is he same, then the amount
of oxide trapped will be equivalent [26]. However, if one maags the device directly
after irradiation then a MOSFET irradiated with a higher doserate will not have had
as much time to anneal as a device irradiated to the same dosghaa slower dose rate.
Therefore the high dose rate device will have less oxide tgzgd charge neutralized and

a greater shift in threshold voltage.

1.6.3 Interface Traps

Radiation leads to the formation of interface traps at theSi/ SiO, interface as well.
These interface traps exist within the silicon band gap at th interface. For p-channel
MOSFETS the interface traps are mainly in the lower region ofite band gap. The traps
are mostly donors meaning that the fermi level at the interfee is below the trap energy
level and so the trap donates an electron to the silicon. Thigaves 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 na saturate until 1% s [28].
Like oxide traps, interface traps are electric eld-depereht and if a negative bias is
applied during irradiation and anneal then an insigni cantnumber of trap states will
occur. Furthermore, like oxide traps, there is no dose rateegendence as long as the total
irradiation plus anneal time is kept consistent [26]. Unlikexide traps, an insigni cant
number of trapped holes will anneal at room temperature. S@rannealing of interface
traps occurs if the device is above 100 [29, 30]. Interface traps cause the threshold
voltage to shift negatively and decrease the mobility of the ISFET.

1.6.4 Threshold Voltage Shift

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

Viy = Vot + Vir (1.20)
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Each can be determined from:

1 Z tox

C:OXtOX 0
Where is the charge distribution, to, is the oxide thickness andC, is the oxide ca-

Vot = ot XdX (1.21)

pacitance. For p-channel MOSFETs both oxide traps and inteste traps are positive
meaning the threshold voltage shift is negative. The thresid voltage shift depends on
the time after irradiation. Directly after a high dose rate rradiation, oxide trap charges
will dominate. As time passes the oxide trapped charge will g to neutralize and

interface charges will emerge. The threshold voltage shifieasured 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 entiely be due to interface trapped
charge.

1.7 Measured MOSFET Response to lonizing Irradiation

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

Viy  2:2D%9t2, (1.22)

Where D is the dose in cGy, V7 the threshold voltage shift in mV, and the thickness
of the oxide in m . In active mode (Positive gate bias during irradiation) thethreshold
voltage shift has been found to be:

Vry 40Dt f (1.23)

Where f is the fraction of holes yield and depends on the apglieelectric eld. The
intrinsic sensitivity of a MOSFET is given by dividing the change in threshold voltage
by the absorbed dose. The sensitivity can be increased byhat increasing the thickness
of the oxide or by increasing the hole yield. However, thereaa limited number of hole
traps available and increasing the sensitivity will Il them faster and decrease the useful
lifetime of the MOSFET.

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

D(Q)= CF(Q) Vru ki (1.24)
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Where D is the absorbed dose to tissueCF is the calibration factor, andk; are the
correction factors that take into account dependencies olfi¢ detector reading when dif-
ferent from calibration conditions (such as dose rate, ergr, temperature, eld size,
source to surface distance (SSD), angular, and time). MOSFEJetectors are calibrated
for a given beam quality in water against an ionization chandr that is traceable to
the National Standards Laboratory. Using the chamber readinthe dose to water can
be calculated using TG-51 [32]. The MOSFET is then placed undéhe same condi-
tions and the threshold voltage shift measured. With the cdration factor known the
MOSFET can be placed in a radiation eld where the dose is unkmm and the threshold
voltage shift can be used to determine the dose (provided tkieerences from calibration
conditions does not change the response of the device).

1.8 MOSFET Radiation Response Characteristics

MOSFET response to ionizing radiation involves various depdencies such as energy,
dose rate, directional, and temperature. Some of these degencies will depend highly
on device fabrication and so may change from one manufactute another.

1.8.1 Temperature dependence

A temperature increase reduces the number of trapped holes@ing the shift in thresh-
old voltage and limiting the accuracy of measurement [33, BACheunget al showed an
8% variation in threshold voltage over a 20C variation for a prototype MOSFET from
CMRP [35]. Kinhikar et al [33, 36] measured a 1.5% under response at & in com-
parison to 20 C for a OneDose sensor. Brieret al and Beyeret al found an under
response of about 3.3% when comparing Sicel's implantabletector at 23 C to 37 C
[34, 37] . These measurements highlight the importance otadishing the temperature
correction factor before clinical use. However, this e ectam be minimized when using
a dual-MOSFET detector. This works by having two identical MCBFETSs directly next
to one another operating at di erent gate biases. After irrathtion the di erence in the
threshold voltage shifts are proportional to the absorbedase. With both detectors
being in the same environment this reduces the temperatureependence 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 comactactor is needed [39].
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1.8.2 Energy dependence

One of the main disadvantages of MOSFETSs is the increased sémgy at lower beam
energies. The energy dependence emerges due to the useiobsiand silicon dioxide in
the MOSFET. In gure 1.9a the photon cross section is shown asfanction of energy.
In gure 1.9b the ratio of the photon cross section for siliao and silicon dioxide to water
is shown. At low energies the ratio of the cross-section to tea is much higher and
changes rapidly with energy. This means that a higher propton of photons interact.
Furthermore, the photons are more likely to interact via thephotoelectric e ect which
deposits a greater fraction of the incident energy locallynicomparison to the Compton
e ect. This causes a larger response in the MOSFET. This beces problematic when
the energy of the beam changes relative to the energy in whitie MOSFET was cal-
ibrated. Megavoltage photon beams contain photons in thioWw energy region and so
the MOSFET must be calibrated in each radiation modality and eld in which it is to
be used [16]. When MOSFETSs are used in photon beams of low enesgi.e. in the
diagnostic imaging energy range: 20 { 150 keV) this is espdtygproblematic because
the photon beam quality will change from calibration condibns when interacting with
a phantom or patient and cause a large error in measurementt Aigh photon energies
(150 keV { 10 MeV) the ratio of the photon cross sections are mlignore constant and
so a small perturbation in the beam quality when interactingvith a patient or phantom
should not signi cantly change the response of the device.

The MOSFET response as a function of energy depends on the sture and encap-
sulation of the device. The response of the device was fourmdlte constant within 3%
over a range of photon (4 to 25 MV) and electron (5 to 21 MeV) thepy beams [40]
[41, 42]. Beyeret al found an energy dependence of less tharl % over the range of
Co-60 to 18 MV photon beams [34]. However, Panettiegt al found a 12% reduction in
response in 18 MV photon beams in comparison to Co-60 [43]. eRe apparent disagree-
ments speak to the high dependence on device and encapsolatproperties. Edwards
et al found the air kerma sensitivity to be 4.4 times higher at 33 kéthan at 6 MV for
photons [44]. Wanget al found the maximum air kerma sensitivity at 40 keV was over 6
times that of a 6 MV beam [45, 46]. MOSFETs should be calibrated the beam quality
in which they will be used to minimize the error of the measuments. Ramasesharet
al found no eld size dependence in MOSFETs (5xém? to 30x30cm?) [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 trappia the silicon dioxide of the
MOSFET. The trapped charge will repel newly created holes ldmg to fewer trapped
holes at the same given dose. The result is a decrease in sty with accumulated
dose [34, 52, 53]. Beyest al found a reduction of 40% in the sensitivity over the 80 Gy
lifetime of the device [34]. For this reason MOSFETs have a paalibration curve given
by the manufacturer to correct for the decrease in sensittyi with accumulated dose
(no user input required). Using the pre-calibration curve Oa Dose MOSFETSs (Sicel
Technologies, MorrisVille, USA) were linear in both 6 MV and 11192 photon beams
[36, 42]. Furthermore, dosimeter readings were independef dose rates in the range
of 80 to 480 cGy/min [42]. MicroMOSFET (Best Medical, Ottawa,Canada) showed a
linear response up to 500 cGy in a 6 MV photon beam and no dosderaesponse [40].
As long as the total irradiation plus anneal time is consistérthere is no dependence on
the dose per pulse [26].

1.8.5 Time Dependence

A time dependence can emerge due to trapped holes being nalized, which will de-
crease the signal and is known as fading. Dual-MOSFET dualdsi detectors had a 3%
fading within the rst 5 hours and then remained stable up to © hours [41]. Less than
2% fading was found for Sicel OneDose sensors in the rst tenimates after irradiation
[54]. For irradiations that may take a few hours special MOSFEs should be used that
have been designed to have much lower fading. Due to fadingetMOSFETSs should be
read out at the same time post irradiation each time to mininze the error.

1.9 Organic Semiconductors Response to ionizing irradiation

Mills et al measured the response of organic semiconductor in the forrh a diode
in a 6 MV photon beam [55]. They found a linear increase in photurrent with
dose, showing potential to be used as a radiation detector.of~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 smiconductor [56]. They found
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the sensitivity of the devices to 17.5 keV x-rays increasedttvincreasing mobility. Fur-
thermore, they found a linear increase in photocurrent witllose rate.

Raval et al irradiated an OTFT with a P3HT semiconductor on a silicon dioxile
insulating layer up to 410 Gy using a Co-60 source [57]. Thegund a decrease in the
on current by a factor of 2, an increase in o current by a factoof 150, and a decrease
in the mobility. Furthermore, they observed a negative shifin the threshold voltage
attributed to positive charge accumulation in the silicon txide. Kim et al measured
the response of a rubrene semiconductor OTFT to electron beamadiation [58]. For
a control device they irradiated a silicon/silicon dioxidesubstrate before deposition of
a rubrene semiconductor. For this device the on and o currés 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 deptisn of rubrene. This device
saw a mobility decrease of more than 50% after @Gy and no charge transportation
after 1 Gy. From this they concluded that the response of the OTFT to iradiation was
dominated by the response of the organic semiconductor. eeresults provide promise
for organic semiconductor based electronics to be used fdretdetection of radiation
elds.

1.10 Energy Dependence of Organics

In gure 1.10a the photon cross sections of several organicasdasilicon are shown as a
function of energy. The organic materials given in the gureare parylene-C CgH;ClI),
parylene-F (CgH4F4), PET (CyoHgO4), PMMA ( CsHgO5), and polyvinyl-F (C,HF3). In
gure 1.10b the ratio of the photon cross sections for the oagics and silicon to water are
shown. Below 150 keV the organic materials are more similay tvater than silicon and
change less rapidly. Furthermore, using a combination of gainic materials that under
respond and over respond could allow the overall responsditd 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 wita 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 thermalenmtron measurements with
enriched B-10 or increased low energy photon sensitizatianth high-Z elements. Given
that there already exist commercial products for some of tBe applications (planar dose
measurements in particular), OTFTs will need to demonstratan advantage over exist-
ing technologies if they are to be used clinically in a routenmanner. Reduced energy
dependence and theoretical reductions in fabrication castould provide su cient mo-
tivation for their commercialization. The current work aims to provide early evidence
that this technology is deserving of further exploration. Tie work di ers from OTFT
work done previously due to our use of a exible substratessa of various energy photon

beams, and use of an organic dielectric di ering from silicedioxide.



Chapter 2

Methods

In this section the methodologies used for this research Wile described. First the
fabrication techniques used when making the OTFTs will be desbed (spin coating,
physical vapor deposition, and parylene-C deposition). Nexthe steps used for fabri-
cating OTFTs on both a glass substrate and a exible PET subsate will be described.
Then the techniques used for measuring the OTFTs (transfer otes) and extracting the
important parameters will be discussed. Finally, the desigand 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 Im of material to be deposited ewadly across a substrate [59].
This is done typically by dissolving the desired material t® a solvent. The substrate
is held in place on a pedestal with a vacuum ( gure 2.1). The &dion is placed onto
the substrate and the substrate is rotated at high speeds vdhi hurls the majority of
the solution o the substrate. An even covering of the substta is produced by the
combination of the centripetal force and the surface tensioof the solution. Air ow
aids in the drying of the solvent leaving a Im of the desired raterial behind. It may
be necessary to place the substrate onto a hot plate to allowd rest of the solvent to
evaporate.

2.1.2 Physical Vapor Deposition

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

basket is controlled via a power supply. As the current incresas the basket and material

29
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Figure 2.1: Schematic representation of spin coating. Thelsbon is dispensed onto
the substrate which is held onto a pedestal via a vacuum. Theefestal rotates quickly
forcing some of the solution o the edges of the substrate. Ehremaining solution
evaporates leaving a Im of the solute behind.

being held heat up. When the temperature is high enough, the neaial evaporates and
ows away from the basket in straight lines until it contactsa cool surface and condenses.
A mask is placed directly in front of the substrate to block tle areas where the deposited
material is undesired. This process takes place in a vacuurhless than 6x10° Torr

to ensure a low level of contamination. Shutters are placed front of the substrate to
prevent deposition until the desired rate of deposition iseached. Approximately 50A
of the material is wasted to ensure any contaminants on the dace of the material are
fully evaporated o . When the desired thickness is reached ¢hshutters are closed.

2.1.3 Parylene-C Deposition

Parylene deposition is used to evenly coat a substrate in géene. Parylene is often used
to coat circuit boards because it is a good moisture barrignas good dielectric properties,
and creates a pinhole free Im [61]. To start, the substrateare placed into the deposition
chamber (SCS Labcoter 2 (Specialty Coating Systems, Indiapolis, USA)). Parylene-C
in the form of a dimer is placed into the vaporizer and heatedt176 C to evaporate it
(gure 2.3) [62]. The dimer gas then enters the pyrolysis faace which is heated to 176
C converting the gas into the reactive monomer phase. The maner gas ows 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 depasit. Parylene-C is loaded as
a solid dimer in the vaporizer and the substrates are loadextd the deposition chamber.
In the vaporizer the solid dimer is heated to 176C forming a gas. The gas ows into the
pyrolysis chamber where it is heated to 690C converting the dimer gas into a reactive
monomer gas. The monomer gas ows into the deposition chambeghere it polymerizes
over all surfaces and creates a uniform Im over the substraes. Figure adapted from
Rezaet al [60].

deposition chamber such that the pressure remains at 35 mT dupolymerizes at room
temperature forming an even Im on the device. Between the g@esition chamber and
vacuum pump is a cold trap to condense any remaining vaporsfoee they enter the
vacuum pump and cause damage.

2.2 OTFT Fabrication

Fabrication of OTFTs followed established methods from theterature [63]. The rst
OTFTs fabricated were on a glass substrate with indium tin oxie (ITO) electrodes
(gure 2.4). Initially, the glass is coated in ITO. The ITO device contacts are then
patterned by covering contact areas with electroplating gae and placing the slide in 12
M HCI for 10-12 minutes until the non-covered ITO is fully etcled away. The slides
were then cleaned by sonicating for 20 minutes each in deiped water with Sparkleen,
deionized water, acetone, and ethanol. A parylene-C dietac layer was formed by
placing about 300 mg of Parylene-C (300 nm thick Im) into the parylene deposition
machine and left to run to completion. To be able to make eledtal contact to the
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A new design was implemented to fabricate OTFTs on a exible PE substrate
(gure 2.5). Briey, a125 m polyethylene terephthalate (PET) Im (Tekra, New Berlin,
USA) was mounted on a glass slide using Polydimethylsiloxane@MS). This made spin
coating onto PET possible and made alignment during subsegpt vapor deposition steps
easier. PDMS was made by mixing Sylgard 184A and B (Dow CormnCorporation,
Midland, USA) in a 10:1 ratio (polymer to curing agent) and leftto sit until all the
bubbles have evaporated out of solution (about 30 minutesY.he solution is spin coated
onto the glass at 2000 rpm for 1 minute, and cured for 30 minudeat 150 C to facilitate
smooth adhesion to the PET. A 50 nm aluminum gate was depositenith thermal
evaporation at a rate of 1 A/s. A dielectric layer of either parylene-C or PMMA was
then deposited. For PMMA, a 6.0 % by weight solution of PMMA (Sima-Aldrich, St.
Louis, USA) in toluene was spin coated for 60 s at 1000 rpm. Themis were heated at
70 C for 2 h to evaporate residual toluene leaving a dielectricyiar of PMMA. For a
parylene-C dielectric layer, 300 mg of parylene-C was platato the deposition system
and left until all of the material was deposited. Thermal evaoration 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 thely evaporating gold at
a rate of 1 A/s to a thickness of 50 nm. The OTFT was encapsulated with 1 m of
parylene-C. The source-drain electrodes were depositecaminterdigitated con guration
with at W/L of 125. To permit easy connection of cabling, coppetape was attached to
the gold electrodes.

2.3 OTFT Irradiation Setup

OTFTs were irradiated with both an Xstrahl 300 orthovoltage xray unit (Xstrahl Ltd.,
Surrey, UK) (100 and 180 kVp) and a Varian Clinac 21EX (Varian Mdical 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 tolider dose to the OTFT
(gure 1.6). OTFTs were placed on top of a 15 cm stack of Solid Wer (Sun Nuclear
Corp., Melbourne, USA). For the megavoltage irradiations, tt OTFTs were placed at
isocenter with a 5x5 cm eld size. The OTFTs were positioned on top of a 10 cm stack
of Solid Water and below an additional 5 cm of Solid Water (gue 1.7). To prevent
the build up material from damaging the OTFTs, 3 mm shims of PMMAwere used to
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Figure 2.6: Orthovoltage irradiation setup. The substrate @nsists of 4 OTFTs and the
one being measured is aligned to the center of the cone. The BJTis placed on top of
15 cm of solid water located 30 cm from the source.
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Figure 2.8: Directional dependence measurements. The OTFT sviocated at isocenter
with a eld size of 5x5 cm?. The device was irradiated at 0 (gure 2.7), 90 (left
image), and 180(right image). lon chamber measurements were performed tosaire
equal dose to the OTFT at each angle. During directional depdence irradiations the
white PMMA shims were modi ed so that they did not protrude begond the solid water
(shown in gure) and were made such that the device was at a diépof 10 cm when
irradiated at 90 .

2.4 Directional Dependence

Directional dependence of the OTFT was measured using an 18 M¥ioton beam. The
OTFT was positioned at isocenter and the response was measili@ beam incidence
angles of 0, 90, and 180. Buildup of 10 cm of solid water was used at angles of O
and 90. At 180 there was 5 cm of solid water plus the couch. At each geometgni
chamber measurements were performed and monitor units wexdjusted 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 foextracting the mobility
and threshold voltage from the drain-source currentlfs) as a function of the gate-
source voltage Vss) is described. The on-current and o -current are found by tking
the maximum and minimumI ps measured, respectively. This means that the on-current
is found at the most negativeVgs measured and depends on the range th¥ts is swept.
For this reason the acquisition parameters were kept the sanfrom one device to another
where possible. To extract the threshold voltage, mobilityon-current, and o current
requires a sweep of the OTFT over a range of biases. To use an OTEI measure
dose clinically it would be advantageous if one measuremesduld be used to calibrate
the device. For this either the change inVgs was measured at a constankps or the
change inlps was measured at a constan¥ss. For both of these analyses, the changing
parameter was extracted by interpolating between data pdigs on the transfer curves.
This allowed us to extract the important parameters above, hile also showing the proof
of concept of the quicker measurement.

2.6 Monte Carlo Simulations

Monte Carlo simulations using DOSXYZnrc were used to investge the intrinsic energy
dependence of proposed device designs (i.e. materialsckhesses and geometries) [66].
To assess the energy dependence of the OTFT the perturbatiocecfor was calculating

using:
p = Dw
B Ddet

WhereD,y is the dose to water in the position of the OTFT had the OTFT beeneplaced

(2.1)

with water and D 4 IS the dose measured in the OTFT. The doses used to calculateeth
perturbation factor were the doses to the dielectric mateal of the OTFT because the
dielectric is the active material responsible for the dosesponse of a MOSFET and an
assumption was made that similar mechanisms may be respdmsifor signal generation
in OTFTs.

The rst Monte Carlo simulations were a simplistic 1x1x9 voel simulation shown
in gure 2.9. The length and width of each voxel was 1 cm and thenaterial and
thickness of each voxel was varied. This layered design wa®d to increase the speed of
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deposit the rest of its energy locally. Set to 1 keV for the suhations.

Electron Boundary Algorithm { This controls the algorithm used to transport
electrons across boundaries. For the simulations, the EXACdlgorithm was used
which transports electrons in single elastic scattering nde when the electrons are
within a distance from the boundary given by the skin depth foboundary 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 freeafhs, to the region
boundary when the electron transport will be in single elast scattering mode.
The default value of 3 was used which has been found to give geaciency [66].

Electron step algorithm { The algorithm is used to calculatehe lateral and longi-
tudinal corrections to account for elastic scattering for aondensed history electron
step. PRESTA-II was used for the simulations.

Bound Compton Scattering { Used to determine if Doppler broaehing and binding
e ects are simulated in Compton scattering events. This watirned on because
bound Compton scattering is important at low energies and Rayleigh scattering
is being simulated.

Rayleigh scattering { Determines whether Rayleigh scattarg is simulated or not.
This was turned on because low energy photons are simulatedthis work.

Atomic relaxations { Determines whether the relaxation of ®oms to their ground
state are simulated following a Compton or photoelectric ent. Atomic relaxations
are important at low energies and were turned on for the simations.



Chapter 3

Results

In this section, the results of device fabrication and respse to irradiation will be pre-
sented. First the design change of the OTFTs from a glass sulete to a exible PET
substrate will be described, along with the reasons for thén@nges. Next the di cul-
ties in fabrication and measurement will be presented, witthe change in methods and
the resulting electrical properties of the OTFTs. The respae of the OTFTs will be
presented for each of the photon beam qualities used. The ¢mvity, directional depen-
dence, and dose rate dependence of the OTFTs will be present&thally, 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 elémodes, parylene-C
dielectric, and a pentacene semiconductor ( gure 2.4). Ao that design we wanted to
move to a more tissue-equivalent, exible substrate. Doingo, however, led to several
challenges. First, a PET substrate was chosen, but unlike thggass substrates the PET
was not coated in a conductive material. An aluminum gate washosen because it has
a low atomic number relative to most conductive materials ahshould have less energy
dependence. A second problem with the new design was contagtthe electrodes.
Depositing parylene-C as a dielectric layer evenly coatsdlentire device including the
contacts. For the glass/ITO devices a razor blade was used $orape the parylene-C o
of the areas needed for contact. Using a razor blade with thewmelesign would result in
removing the aluminum contact as well. Instead, contact tote aluminum gate was made
before the deposition of parylene-C. Rather than using coppwires with conductive glue
as before, we used a conductive copper tape because it stayedlace more e ectively.
An improvement over the rst design (glass substrate, gure &) was made by de-
positing the source and drain electrodes last to make easmwnnection. With the in-
terdigitated design, each of the contacts needed to be cowcted together. This was
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temporary adhesion. PDMS is spin coated onto the glass formgi a smooth PDMS layer
and then the PET can be lightly pressed on. Sticking PET ontolgss had the additional
bene t of making spin coating onto PET possible which was uid when the dielectric
would later be changed from parylene-C to PMMA.

3.3 Substrate Preparation

Most of the OTFTs made in the rst batch did not function as transistors, but with
improvements in the cleaning methods a much higher yield wagshieved. Many of the
OTFTs were reaching \compliance" on the gate (current greatethan 0.01 A). This
indicates that the current between the gate and drain was hig even when the device
was biased to be turned o, which means that the resistance treeen the gate and drain
is too small. This led us to believe that the dielectric mateéal, which should isolate the
gate electrode, was not functioning as intended. This coulde due to a short through
the dielectric material. The cause of a short could be from duor from large extrusions
or scratches on the PET substrate. To overcome this, two sdians were tried. For both,
all handling of PET occurred in the clean room. The rst soluiton was to use a lens brush
to brush dust o the PET before the usual sonication steps uskfor cleaning ( fteen
minutes sonicating in sparkleen and deionized water and déen minutes in deionized
water). Second, a thin PMMA Im was spin coated onto the PET tomake a smoother
layer in case the surface of the PET was too rough. After somevestigation, it was
decided that using the lens brush and sonicating the PET sutrates was enough to
produce functional OTFTs and so the additional step of spin aing PMMA was no
longer used. Figure 3.2 shows transfer curves of some of thet OTFTs before and
after the new cleaning method. New cleaning methods yieldedraich higher percentage
of functional OTFTs in a given batch.

Next, the thickness of the parylene-C layer was investigated hicknesses of approxi-
mately 100 and 300 nm were deposited based on previous catlon curves. Figure 3.3
shows the transfer curves of a batch of OTFTs made with the twohicknesses. For a
given Vgs the electric eld drops o linearly with distance (equation 1.12). This means
that the charge buildup drops o inearly with distance and caises a lower current to be
created at a given voltage for a thicker dielectric. Furtheanore, it shifts the threshold
voltage because a larger bias is needed to create the accwatiah of charge initially [64].
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In table | is a summary of the important parameters for the two sets of g&es. Also
in the table are the important parameters of the devices shawpreviously that were
fabricated with the new cleaning methods (approximately 3Dnm parylene-C). The de-
vices shown previously are going to be referred to as the oldtth and were included
to highlight incremental improvements in device performace. Between the old batch
and this experiment the transfer curves were measured withdierent Vps and over a
di erent range of Vgs. However, some comparisons can still be made. The o current
was (2.8 2.0) x108 A (n=6), (1.1 0.8) x10 8 A (n=8), and (4.0 3.3) x10° A
(n=7) for the old batch (300 nm parylene-C), 100 nm parylen€&, and 300 nm parylene-
C, respectively. The error given is the standard deviationfdhe batch of devices. The
mobility was calculated based on the thickness calculatedofn previous calibration of
the parylene-C layer and using a relative permittivity of 3L. The measured mobilities
were 0.09 0.03, 0.43 0.04, and 0.29 0.02 cn?/V.s for the old batch (300 nm
parylene-C), 100 nm parylene-C, and 300 nm parylene-C, respively. The increased
mobility and lower o currents from the old batch to the new bach may have been due
to more careful fabrication and less exposure to air betwedabrication 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. Fating this comparison
study, subsequent devices used 300 nm of parylene-C becadd§&SFET dosimeters have
been shown to have increased sensitivity to ionizing irraation with increased thickness
of the dielectric.
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of dose (increments varied between 1 and 10 Gy) and shown inurg 3.4. As a general
observation, the on current decreased with dose to the OTFTnl gure 3.5 the threshold
voltage shift as a function of accumulated dose is shown. Thiereshold voltage shift is
more sensitive to dose initially, and then lessens with actwlated dose. A total shift of
about +2.8 V over a 160 Gy was measured. Mobility of the OTFTs we extracted from
the transfer curves as described in section 1.5. Figure 3.68ls the normalized mobility
as a function of accumulated dose where the mobility is nordeed to the mobility
before irradiation. Over 160 Gy, there is over a 20% reductioin mobility. Mobility
and threshold voltage were extracted from the transfer cues. A clinical system would
likely require a simpler readout circuit; probably one in with a xed voltage is used to
drive a measured current or one in which the voltage requirdd drive a given current is
measured. Figure 3.7 shows how the current changes at a givetegbias as a function
of dose. This data is extracted from the transfer curves, butould be extracted as
a single point measurement in a future prototype after furter characterization of the
devices. This would have the advantage of greatly simplify§y and reducing the cost of
the readout circuitry since voltages across electrodes wowot need to be swept (e.g.
with a costly source meter unit as was used in this work). At O \the current is very
noisy, but at -49 V the current decreases with dose and is ampimately linear over
that span. A common way to use MOSFETSs as radiation detectors to measure what
bias is required to drive a given current. Again we have extrged this data from the
transfer curves taken previously. To drive a current of 0.28A the gate voltage changes
from approximately -52.5 V to -56 V over the 160 Gy ( gure 3.8) The voltage shift per
unit dose is larger than the threshold voltage change per dosnd is more linear. At a
constant current of 2 and 50 A there was a smaller shift in voltage and less linearity
than at a constant current of 2.5 mA.
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Figure 3.5: Change in threshold voltage as a function of doss axtracted from the
transfer curves shown in gure 3.4. The OTFT had a 300 nm paryfee-C dielectric layer
and was irradiated up to 160 Gy with a 180 kVp photon beam. The tleshold voltage
shifted positively as a function of accumulated dose. A gres shift occurred for a given
amount of dose at low accumulated doses (less than 40 Gy), thior higher accumulated
doses (greater than 40 Gy).
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Figure 3.6: Change in the normalized mobility as a function aiccumulated dose for
an OTFT made with a 300 nm parylene-C dielectric layer and irrdiated with 180 kVp
photon beam. The mobility was extracted from the transfer awes in gure 3.4 and
normalized to the mobility before irradiation. The mobility decreased as a function of
accumulated dose, with an approximate 10% reduction afte045y and more than a 20%
reduction after 160 Gy.
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stable [67]. As a result of our measurements which supporteldet previous study, we
elected to change the dielectric to see if we could improveréshold voltage stability and
reduce the dependence of threshold voltage shifts on thingarelated to the ionizing

irradiation.

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

3.6 Changing to a PMMA dielectric

PMMA and CYTOP were investigated as alternative dielectricto determine if OTFTs
would have a more stable threshold voltage. No functioningdnsistors were made with
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Figure 3.11: The threshold voltage for 50 measurements of tiRMMA OTFT which
shows more stability than the parylene-C OTFT. The thresholdvoltage 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 bas during
irradiation, and the transfer curve measured after every 1Gy (gure 3.12). The on
current decreased with dose, whereas the o current follodeno discernable trend with
dose. The corresponding threshold voltage shift as a funati of accumulated dose is
shown in gure 3.13. The shift in threshold voltage is noisy hich is possibly due to the
high o -current. The noisy and high o current was concerniig and so steps were taken
to improve device performance before more irradiation expeents took place.
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Figure 3.13: The threshold voltage shift of the rst OTFT irradiated with a PMMA
dielectric. The OTFT was irradiated with a 180 kVp photon beamm 10 Gy increments.

3.8 Improving OTFT Performance with a PMMA dielectric

OTFTs measured in the lab setting (all gures up to 3.4) had a mah lower o -currents
than OTFTs measured in the clinical irradiation setup, indiating that there could be
technical challenges in the latter measurements that coulse addressed to improve the
guality of our measured data. In the lab the OTFTs are measuredsing a probe station.
The probe station allows very precise contact to each eleotie by lowering a tungsten
needle with a micropositioner. Contact in the clinical sethg was made by attaching
copper tape to the electrodes and then attaching alligatorlips to the tape. In the
clinical setting, we switched from using single-conductdest leads with alligator clips
on them to triaxial cables with alligator clips to reduce thenoise. Next, the transfer
curve acquisition parameters selected in the software wecbanged resulting in much
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better measurements at low currents. The rst parameter chaged was the window
of currents that the Keithley expected to measure. As the cuent got to the lower

part of the window ( 10 ® A) the current would be very noisy and currents below
this value were not able to be measured. The window was switth to an automatic

mode where the window adjusts based on the current that it isucrently reading. The

automatic window was not used initially because it caused aoisy signal across the
entire data acquisition. However, this time the number of poer line cycles (NPLC)

was increased. Increasing NPLC increases the noise integrattime, which increases
the accuracy. The down side of increasing NPLC is slower data@auisition, but the

combination of the new measurement parameters allowed foreasurements at lower
currents with less noise. Shown in gure 3.14 are 50 transfeurves of an OTFT with

the new parameters. Particularly if you compare the transfecurves previously ( gure

3.12) the o currentis about 3 x 10 7 Ain comparisonto 1 x 106 A and there is much less
noise. However, this o current is still higher than the (4.0 3.3) x10 °® A measured for
300 nm parylene-C dielectric devices measured previoustythe lab. To further lower

the o current the spin coating speed was lowered from 2000 mpto 1000 rpm when
forming the PMMA dielectric layer. Lowering the spin speed wuld create a thicker
dielectric which could isolate the gate better and reduced&age current. Furthermore,
instead of attaching the copper tape leads before spin caagithe PMMA they were not

attached until directly before the encapsulation step. Thi was done by rubbing o the
PMMA covering the contact with a Q-tip soaked in toluene. Cag needed to be taken
when removing the PMMA because if too much was rubbed o the ¢& 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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dose for each OTFT. The mobilities are normalized to the moliy measured directly
before irradiating the OTFTs. In each case the mobility deceses with accumulated
dose with larger degradations occurring for kilovoltageradiated OTFTs in comparison
to megavoltage irradiated OTFTs. Each OTFT remained functioal after 400 Gy with
the largest degradation of mobility being about 15% for the ©FT irradiated with 100
kV.

Figure 3.17: The change in threshold voltage as a function ot@mulated dose for
each energy used. A dierent OTFT was used for each experimeand so the di erent
responses could partially be due to di erences in the devige In each case there is a
positive shift with accumulated dose.
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Figure 3.18: The sensitivity (change in threshold voltage #i dose) is plotted as a
function of accumulated dose for each of the four photon beanused in this study.
Initially there are large deviations between devices in ssitivity, 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 accumulaéd dose for each of
the photon beams used in this study. The mobility was normaled to the mobility
before irradiating for each OTFT. Each device shows degradan in the mobility with
accumulated dose with a maximum reduction of about 15% for éhOTFT 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 té transfer
curve measured after every 20 Gy. The resulting threshold Kage shift as a function
of time is shown in gure 3.20. After 1000 Gy the OTFT is still furctional and the
threshold voltage continues to change with accumulated des 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 liefor the length of an
increment of irradiation as a control. The threshold voltag shift with no irradiation is
in the opposite direction in comparison to the shift duringmradiations indicating that



66

we are measuring a radiation-induced response.

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

3.10.2 Directional Dependence

To measure directional dependence an OTFT was placed at isotax and irradiated
with an 18 MV photon beam at incidence angles of 090, and 180. At each angle, the
OTFT was irradiated up to 100 Gy in ve increments with the transfer curve measured
after each increment. The sensitivity as a function of accumated dose is shown in
gure 3.21. Similarly to before ( gure 3.18) the sensitiviy starts high ( 4 mV/Gy) and
decreases with accumulated dose. Qualitatively the sensgity looks similar to previous
OTFTs, but more experiments are needed to determine the trudrdctional dependence.
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Figure 3.21: An OTFT was placed at the isocenter of an 18 MV photobeam and

irradiated at incidence angles of Q 90, and 180. The sensitivity (change in threshold

voltage with dose) follows the trend of devices irradiatedrpviously where all irradiations

were done at 0. From these plots we cannot determine the diractional depdance at

this time because the sensitivity degradation with dose i®b variable even with devices
at a constant angle.

3.10.3 Dose Rate Dependence

To measure the dose rate dependence an OTFT was irradiated ian 18 MV photon
beam at various SSDs. The starting SSD was 95 cm and increasedicm increments
after every 4 irradiations of 15 Gy each (60 Gy at each SSD). €lsensitivity as a function
of dose is shown in gure 3.22. As with previous devices the s#ivity start high ( 5
mV/Gy) and decreases with accumulated dose. As with the direicinal dependence
measurements, qualitatively the plot looks similar to preiusly 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 hcrements. The
sensitivity (change in threshold voltage with dose) is plé¢d as a function of accumulated
dose. The SSD is increased with accumulated dose, while th&J¥l are increased, such
that the dose delivered to the OTFT is the same at each SSD, buté dose rate decreases.
From these plots we cannot determine the dose rate dependerat this time because the
sensitivity degradation with dose is too variable even witldevices 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 gure 3.23 &as simulated and
irradiated with photon beam energies ranging from 20 keV to0D keV. The perturba-
tion factor at each energy was calculated and normalized ttvé perturbation factor at
100 keV. The thickness and position of the parylene-C layerseve varied to see how
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Figure 3.24: Perturbation factor as a function of energy forhe varying thickness of
parylene-C as the inside layers (gure 3.24) of the OTFT. As thenergy decreases the
perturbation factors goes farther from unity. As the thicknses 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 forhie varying thickness of
parylene-C as the outside layers ( gure 3.24) of the OTFT. If arylene-C is present the
perturbation factor is farther from unity at low energies. Havever, the thickness of the
parylene-C does not have a large e ect.

The previous gures (3.24 and 3.25) suggest that parylene4B a good material to
use in fabricating OTFTs with low energy dependence. From thave simulated a device
shown in gure 3.26 with parylene-F on a PET substrate. Immeidtely we noticed an
energy dependence at low energies and decided to add PMMAdeg/ to try to obtain
a perturbation factor closer to unity. The perturbation as afunction of energy for
various thicknesses of PMMA are shown in gures 3.27 and 3.2&t low energies the
perturbation factors get closer to unity with increasing tlckness until a thickness of

1500 nm where the perturbation factor is greater than unity i@d continues to increase
with thickness.
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Figure 3.27: Perturbation factor for the OTFT in gure 3.26 nomalized to 100 keV.
This plot shows the perturbation factor can be made small wit PET substrate allowing
for greater mechanical stability. As the thickness of PMMA inreased the perturbation
factor became closer to unity. By changing the thickness dfi¢ surrouding materials the
dose to the dielectric can be optimized to reduce the energgmendence.
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Figure 3.28: Perturbation factor for the OTFT in gure 3.27 nomalized to 100 keV. At
low energies the perturbation factor increases with PMMA tickness, 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 energyange.

3.11.2 Directional Dependence

The OTFT used experimentally and shown in gure 2.4 was simutad and irradiated
at photon energies of Co-60, 6 MV, 10 MV, and 15 MV and incident gtes of 0, 90,
and 180. Over this energy range the perturbation factors were leshdn 6% from unity
at each angle (gure 3.29). From the simulations, the direadbnal 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 glassremoved perhaps the
directional dependence would be less. The error in the messments are large making
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it di cult to di erentiate one measuremnet from another. Mo re particles should be
simulated to lower the error.

Figure 3.29: The perturbation factors simulated for the re@tic OTFT shown in gure
2.4 for beam energies of Co-60, 6 MV, 10 MV, and 18 MV and beam uhent angles of
0,90, and 180.

Presented rstin this section were the changes in fabricain that led to improvements
of OTFTs performance. Next, the response of OTFTs to photon elslof various qualities
were given in terms of the threshold voltage shift and degration of mobility. Lastly,
Monte Carlo results showed the potential to make devices witow energy dependence.
In the following section a more complete discussion of howelthanges in fabrication
lead to better OTFTs, the signi cance of the response of the CHTSs in comparison to
MOSFETS, and the signi cance of the di erent response to vadus energy photon beams
will be discussed.



Chapter 4
Discussion

Over the course of the project a new OTFT design was fabricatesh a exible substrate.
Many challenges arose, but through better cleaning methodsetter acquisition setup,
and di erent electrode connections the OTFTs were greatly iproved. We have demon-
strated that an OTFT on a exible substrate shows a measureablresponse to photon
radiation of various qualities. Furthermore, we have demaitrated that an OTFT can
remain functional after 1000 Gy and important characterigts (mobility and threshold
voltage) continue to change with dose. Some remaining claalges include making more
reproducible OTFTs, increasing the sensitivity, and accately measuring the dose rate,
energy, and directional dependences.

4.1 Improving OTFT function

Slowing the spin speed of the dielectric PMMA improved the ocurrent of the OTFTs.
A slower spin speed creates a thicker dielectric which coulblate the gate better. The
thickness of the Im is proportional to the angular velocityusing:

t/ pllz (4.1)
where t is the thickness and is the angular velocity. If the high o current was due
to leakage from the gate, then perhaps using a di erent diet&ric will improve device
performance.

Another modi cation of the device design was to attach coppdeads after spin coat-
ing the PMMA. This was done by rubbing the PMMA o of the contacts with a Q-tip
soaked in toluene after the PMMA was spin coated. Although the ects 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 disdved in toluene which
could have damaged the copper tape or could have spread theduactive adhesive from
the tape across the device and caused shorts through the devi
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As the project went on and experience was gained, the OTFTs weegposed to air
less during fabrication. Exposure to air increases the cham that dust can get on the
OTFT. Since many of the layers are less than a micrometer thicklust can be thicker
than a layer of the device. If dust gets on the OTFT it can cause short through a layer
and ruin the device. Furthermore, pentacene is sensitive #r, so reducing its exposure
should help device performance [68]. We spent time investtag the e ect of depositing
a parylene-C encapsulation layer to protect the device fromlegradation when exposed
to air because it is necessary to be exposed to air in the iriation environment. OTFTs
showed good performance after the deposition of paryleneuhich lead to encapsulating
all of the devices afterwards.

4.2 Mobility Degradation with Dose

Each OTFT had a degradation of mobility with accumulated dosevhich is consistent
with other studies using organic semiconductors [57, 58]. i et al made an OTFT
with a rubrene semiconductor on a silicon-dioxide dieledtrand measured a decrease in
mobility of more than 50 % after 1000 Gy[58]. For our deviceradiated with a 6 MV
photon beam to 1000 Gy we measured a mobility reduction of ab32%. Mobility is

a measure of how e ciently charge carriers can move throughe conductive path [64].
The charge defects (trapped holes) at the interface exert Glomb forces on the charge
carriers as they ow through the channel scattering them fnm their intended path. This
means that the charge carriers do not ow from the source to din 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 threshdlvoltage shifted positively
with increasing accumulated dose. This is the opposite of ahis observed for p-
type MOSFETs used as dosimeters [70]. lonizing radiation pilaces electron-hole pairs
throughout the OTFT. Electrons in the pentacene layer can bexne trapped at the
pentaceneSiO, interface in the hydroxyl groups at the boundary [71, 72]. Tis means
that in devices with an organic semiconductor that the charggin signal may not be
dominated by the trapped charge in the dielectric layer, buby trapped charge or other
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defects in the organic semiconductor itself. Kinet al irradiated an OTFT with a pen-
tacene semiconductor andiO, dielectric with 10 MeV protons [73]. With a proton
uence of 10 cm 2 they measured a small positive shift in threshold voltage. kever,
when irradiating with a 104 cm ? uence of protons they measured a negative shift in
the threshold voltage. They attributed the shift at low proton uence to the trapped
electrons in the pentacene layer. The electric eld produdefrom the trapped electrons
in the pentacene was greater than the electric eld from therapped holes in theSiO,.
E ectively this electric eld acts like a negative gate voliage, which results in a posi-
tive threshold voltage shift. As the proton uence increasemore holes are trapped in
SiO, and migrate closer to theSiO,/pentacene interface. The electric eld from the
trapped holes in theSiO, dominate the electric eld created by the trapped electrons
in the pentacene causing a negative shift in threshold volyje. To support this inter-
pretation of their results they made an OTFT with a self-assebled monolayer (SAM)
of octadecyltrichlorosilane (OTS) coating the SiO2 dielégc layer. The OTS is used to
suppresses the interface trap states at the interface andeh pentacene is deposited on
top [74]. When irradiating the OTFT with 1012 cm 2 uence of protons they measured a
slight negative shift in threshold voltage in contrast to tle previous OTFTs. With fewer
electrons being trapped at the interface the slight shift irthreshold voltage was due to
the trapped holes in theSiO, layer. In our study we have measured a positive shift
in threshold voltage as a function of dose. Like Kinet al, we used a pentacene semi-
conductor, but unlike their study we used a PMMA dielectric mstead ofSiO,. At the
current time there is insu cient evidence to make any conclsions, but we can speculate.
Perhaps in our OTFTs the PMMA does not trap electrons or holesrpferentially and
the entire signal is due to defects in the pentacene semicaiotbr. Another possibility
is that PMMA traps electrons, but to a far less degree thar§iO, traps holes which
results in the slight positive shift in the threshold voltag. It should be noted that the
sensitivities in this study ( 1 mV/Gy) are about two orders of magnitude lower than
MOSFETSs used as dosimeters (100 mV/Gy). Part of the reason the response is small
is that the mobility degradation is competing against the sift in threshold voltage. If
a device was made such that the threshold voltage shifted ragiyely, the degradation
of mobility would amplify the signal. With sensitivities 100 times less than clinically
used MOSFETSs these devices are not very attractive as dosireet used in the clinic
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in their current state. However, they could potentially be ued for higher dose appli-
cations. High doses are used for sterilization of medical ghacts, food irradiations to
reduce pathogens, and some plastic Im and packaging is idiated for better perfor-
mance. Another potential application is to make the devicesven more radio-resistant
for use in electronics. Although this would not make a good doseter, if the electronic
characteristics were good enough they could have potentegbplications in radiation en-
vironments as transistors. Since the current OTFTs are not seitive enough for use
as a clinical dosimeter, future work will explore methods tamprove sensitivity such as,
changing the device con guration, using di erent materias, 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 mobiliy and threshold
voltage continued to change with dose. As dosimeters MOSFETave a limited lifetime
that depends on the design of the device. Many MOSFETSs usedmitially have lifetimes
below 100 Gy and lose sensitivity over their lifetimes [164R8 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 &MV, and 18 MV).
Perhaps a pre-irradiation could be used to reduce the energgpendence between the
devices. If the devices were pre-irradiated to 300 Gy, thatowld leave a lifetime of at
least 700 Gy, which is longer than clinically used MOSFETSs.

4.5 Comparisons of Di erent Quality Photon Beams

We observed greater changes in the threshold voltage and nii of the OTFTs irra-
diated with kV photon beams in comparison to MV photon beamstdow accumulated
doses €200 Gy). One contributing factor may be that the average dosete is about
twice as high for the megavoltage beams as the kilovoltageames, but the pulsed nature
of the linac beam creates a substantially higher instantanes dose rate. A higher dose
rate increases the density of ionization and increases th&elihood of recombination.
Furthermore, the devices are on a PET substrate on top of glasvhich could be causing
a perturbation to the true energy dependence of the deviceampicularly at low photon
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Table II: The starting (before irradiation) OTFT parameters: threshold voltage Vry),
on current (Ion), and o current (1o ) are given for each photon beam energy.

Vin  lon(A)  lorr (A)
100 kv -19.7 5.9x10° 2.1x108
180 kv -21.3 6.5x10° 2.6x10°
6 MV -14.1 1.3x10° 4.7x10°
18 MV -14.2 3.9x10° 4.5x10°8

energies. The glass was used to aid with the fabrication pexs, but can be removed
for future studies. The PET substrate can be peeled o of thelgss to produce exible
OTFTs from our current design. When irradiating exible OTFTs, it will be important
to investigate the dependence of the device response on tlaelius of curvature of the
device.

Di erences attributed to energy dependence in OTFT responseiay in fact be in
part due to di erences in the devices themselves. Tablé 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 currentsan the OTFTs irradiated
with kilovoltage photon beams. To measure the response ofettOTFTs to various
energy photon beams work should be done to optimize the OTFT® tensure greater
reproducibility of device characteristics. Furthermoremore OTFTs could be irradiated
at each energy and look at the average response. We attemptedrradiate one OTFT
with multiple energies, but had di culty transferring the O TFT from one machine to
another. The electrical contacts would often break o if theOTFTs were not handled
carefully. To repeat this experiment the OTFT should be setujand 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 connecgrelectrodes 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 sidations of the device,
there was an energy dependence of less than 5% when normdlize6 MV. The initial
response of the irradiated OTFTs showed an energy dependenddp to 200 Gy the
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sensitivity measured with photon beams of 6 MV and 18 MV wered 0.5 and 1.8
0.3, respectively. Between 200-400 Gy the sensitivitiesneed.8 0.2 and 0.9 0.2 for
6 MV and 18 MV, respectively. This could indicate that there a@ 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 monoengetic beams with
energies 20-100 keV. With the introduction of 800 nm of paryleaC 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 introddoen the outside of
100 m 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 whibie importance of the
location of the introduced material relative to the dieleatic and the e ect it will have.
These results lead us away from using parylene-C in the siratibns, but parylene-F
showed good water equivalence. Placing the OTFT on a PET sulbate immediately
made the perturbation factor worse. To compensate, PMMA la&yrs were introduced and
the thickness varied. By using 1400 nm of PMMA the perturbation factor di ers from
unity by less than 3% across the energy range from 20 keV to 1K€V when normalized
to 100 keV.

4.7 Objectives of Work

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

The second objective of this work was to acquire preliminargiata measuring the
response of devices to elds of ionizing radiation which wasuccessful as well. The
OTFTs response using parameters such as threshold voltagelanobility were measured
as a function of dose in photon elds of 100 kV, 180 kV, 6 MV, and 18 Wi

The last objective was to characterize the dependence of thevices on energy, di-
rection and dose rate. We did experiments to measure each bkse. Unfortunately,
more experiments are needed to truly quantify the dependezg 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 coreergrhese measurements may



bene t from improving the reproducibility and sensitivity of the OTFTs.
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Chapter 5

Conclusion

MOSFETSs are used as dosimeters in radiotherapy because thegvé a high sensitivity,
immediate readout, and small size. However, MOSFETs cannot beliably used at
low energies (diagnostic energies) because they exhibit @mergy dependence. OTFTs,
which are similar to MOSFETSs in their operation, use organic \terials instead of silicon,
which means they could have many of the same advantages of M&ES's while having
a lower energy dependence.

OTFT performance was improved with changes in fabrication picess (i.e. cleaning
PET substrate with camera brush) and material selection @. from Parylene-C to
PMMA). Irradiating OTFTs with photon beams of energies 100 kV, 80 kV, 6 MV, and
18 MV resulted in a positive shift in threshold voltage and a ejgradation in mobility
for each device. Furthermore, Monte Carlo results suggestatithe intrinsic energy
dependence of the devices can be made small through apprafmimaterial selection
and device con guration. The Monte Carlo results contradicthe initial response of
the OTFTs, which showed energy dependence. This could indieahat there are more
factors involved than the intrinsic energy dependence, wdti will be investigated in the
future. Additional work is needed to improve the sensitivityand reproducibility of these
devices. Furthermore, the energy, dose rate, directional @rother dependencies of the
OTFTs need to be investigated in greater detail. Two of the thee 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 irrdiation was measured.
The nal objective of characterizing various dependenced the devices (energy, dose
rate, direction) was started, but more work is needed to be & to draw signi cant
conclusions.

This work provides preliminary evidence that OTFTs can be uskas radiation detec-
tors/dosimeters and suggests that further study of these giees and others (e.g. diodes)
is warranted.

83



Chapter 6

Future Work

6.1 More Reproducible OTFTs

Di erences in initial device parameters make it dicult to compare the response of
OTFTs across experiments. Improvements need to be made to impe the reproducibil-
ity of the devices. Various stages of the fabrication procesould be optimized. For
instance, the temperature of the substrate during pentacendeposition should be mon-
itored more carefully. The temperature at which the pentadgee is deposited will change
the morphology of the pentacene and change the mobility [75furthermore, a temper-
ature change could a ect the dielectric layer on which it is bing deposited. PMMA has
a glass transition temperature above 100C and pentacene is deposited at about 5
[76]. However, when depositing pentacene the temperaturetioé substrate is not known
well. Perhaps monitoring the OTFT temperature more accuralg and optimizing the
temperature to produce better OTFTs would help make them moreeproducible.

Other dielectric materials will be explored as part of a pragss 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 parylen&e OTFT was measured, the
measurements in the clinical setup had not yet been improvedThe high and noisy
0 -current associated with low quality data acquisition ma have overestimated the in-
stability of the device. We referenced Ismail and Hill as evihce of threshold voltage
instability in devices with a parylene dielectric, but it ispossible that other factors con-
tributed to our observed instabilities in threshold voltag [67]. Perhaps another parylene
could work even better. The advantage of using parylene is\wainiformly it coats the
surface. A smooth dielectric is essential to allow a smoothierface between the dielectric
and semiconductor which facilitates high mobility [77].

84



85

6.2 Removal of OTFTs from Glass

Currently we have four OTFTs on each glass substrate. The ofiwl plan was to remove
the PET substrate from the glass and cut the PET so that each ahe four OTFTs
could be measured and irradiated separately. However, thensequences of bending the
OTFTs are unknown. In the interest of time and the desire to iradiate the OTFTs
and measure the response, the devices remained attachedhe glass substrate, but the
removal and bending of the OTFTs will be investigated in the fture. This means that
for every four OTFTs made, only one was used for experiment. Wgiall four could help
improve reproducibility as well since each of the four deves would undergo nominally
the same conditions during fabrication. Furthermore, thisallows applications using a
exible design and will likely reduce the intrinsic energy dpendence that glass may
cause at low energies. Experiments with exible substratgsose numerous additional
guestions that will need to be answered, particularly the eect of substrate bending on
device response.

6.3 Energy and Directional Dependence

With more reproducible OTFTs the energy and directional depatence should be mea-
sured again. While the initial results were encouraging, it W be important to quantify
these and other dependencies with greater con dence. Fudimore, it would be advan-
tageous to irradiate one OTFT with multiple energies. In thiswork separate OTFTs
were irradiated at each energy, meaning that di erences mayot only be due to energy
dependence, but also to dierences in OTFTs. By irradiating asingle device across
multiple energies, the di erences in response due to variah in devices could be elimi-
nated. The di culty of irradiating one device is that the ini tial response of the device is
quite variable. To overcome this the device should be switetl between energies multiple
times and should be irradiated to a high dose. Since the sdnsty of our measurements
decrease with accumulated dose the results should be congghto devices irradiated at
one energy to see if changes in sensitivity follow the normiahjectory 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 semicamttors in diodes and mon-
itor their response to irradiation. Several groups have maddiodes that show a linear
response with dose rate [55, 56]. Millst al used a exible kapton substrate and Intani-
wet et al used a glass substrate to measure sensitivities up to 20 ansi74nC mGy *!
cm 3 respectively. Optimizing these devices for sensitivity ahwater equivalence could
make them viable dosimeters.

6.5 Other OTFT Investigations

One of the principal areas for improvement in OTFT dosimeters the sensitivity. Cur-
rent values are su ciently low that it would be di cultto nd  practical applications for
them in a clinical environment. Future work will focus on tryng to improve sensitivity
by varying the device design with respect to the active areaaterials, and thicknesses
of the various layers the OTFTs. Following the optimization 6 single device designs,
we will build prototype, few OTFT arrays for planar dose distibution 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.oF example materials
used in the OTFT will be looked at using solid state nuclear maggtic resonance (NMR)
spectroscopy and Fourier transform infrared (FTIR) spectrecopy before and after ir-
radiation to help understand how radiation changes the chdaoal composition and the
resulting changes contribute to a change in signal in the OTETFTIR is used to obtain
the infrared spectrum of absorption or emission of a samplBIMR spectroscopy can be
used to determine the chemical properties of molecules arabk for radiation-induced
changes following exposure to ionizing radiation.

6.6 Monte Carlo Simulations

Polyenergetic beams should be used in the simulations ofdkibltage energies to un-
derstand the energy dependence better. Spekcalc can be usedenerate kilovoltage
spectra of the Xstrahl 300 orthovoltage x-ray unit that was usd experimentally in this
study. In some of the simulations in this work monoenergetizeams of 20-100 keV were
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used. Using monoenergetic sources can give the impressioat tithe energy dependence
is larger than it would be for a more realistic source used irhé clinical environment.
A realistic source will have a distribution of energies whiic could wash out some of
the energy dependences measured in our simulations. Moviftggward more detailed
simulations can be used to evaluate which materials (i.e. edectrics, substrates etc.), ge-
ometries (i.e. thicknesses, orientations etc.) and di er¢ device designs such as diodes.
The simulations will be used to motivate the direction of ouexperiments.
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