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Abstract

Organic thin �lm transistors (OTFTs) were investigated as novel radiation detectors.

OTFTs were fabricated on glass and PET substrates, with a pentacene semiconductor,

and PMMA or Parylene-C dielectric. Kilovoltage (100, 180 kVp) and megavoltage (6, 18

MV) photon beams were used to irradiate OTFTs to 400 Gy. One OTFT was irradiated

to 1000 Gy to observe its longevity. Irradiated devices showed a positive shift in the

threshold voltage and a degradation in mobility. Initial sensitivity of devices was greater

for kilovoltage-irradiated devices than megavoltage-irradiated devices, but converged af-

ter � 200 Gy to a value of� 1 mV/Gy and continued to decrease slowly at higher doses.

After 1000 Gy, one device remained functional. Directional and dose rate dependence

measurements were inconclusive and require further investigation. Monte Carlo simula-

tions found less than 5% intrinsic energy dependence for photon spectra from Co-60 to

15 MV.
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Chapter 1

Introduction

1.1 Radiation interactions with matter

Ionizing irradiation has societal bene�ts such as medical imaging, nuclear power, food

safety, airport security, radiotherapy, and others. However, human exposure to ionizing

irradiation can be harmful due to its ability to disrupt crit ical molecular bonds { partic-

ularly in cellular DNA [1]. Consequently, being able to detect and accurately quantify

�elds of ionizing radiation are critical prerequisites forits safe use.

Approximately half of all patients diagnosed with cancer should receive some form of

radiotherapy over the course of their treatment [2]. Radiotherapy represents a balancing

act in which the dose of radiation delivered to a target is large enough to produce a

high probability of controlling disease progression, while not being so high as to incur

a signi�cant risk of severe complications in surrounding healthy tissues. This type of

dose response relationship is typically modelled by a sigmoidal curve that rises steeply

from low to high probability (see �gure 1.1). Therefore, accurate 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 four most common interaction

types are: Rayleigh scatter, photoelectric e�ect, Comptonscatter and pair production.

The pertinent information of these interactions will be discussed, but a more detailed

explanation can be found elsewhere [3]. Rayleigh scattering is a process in which a

photon de
ects through a small angle due to an interaction with a particle in the medium.

The oscillating electric �eld of the photon acts on the charges within the particle, causing

them to oscillate with the same frequency. This causes the particle to become a radiating

dipole and the resulting radiation we see as scattered light. Rayleigh scattering is an

elastic process, meaning that no energy is lost by the photonwhen 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



2

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

� R

�
/

Z
E 2

(1.1)

whereE is the energy of the incident photon andZ is the atomic number of the medium.

Pair production occurs when the photon passes close to the nucleus of the atoms and if

the energy of photon is high enough (> 1.022 MeV) it is converted to an electron and

positron pair and their associated kinetic energies. The mass attenuation coe�cient for

pair production, �=� , depends on the atomic number of the material through which the

photon is traveling:
�
�

/ Z (1.2)

The photon spectra used in this work range from 100 kV to 18 MV and although Rayleigh

scattering and pair production can occur in these beams theyare responsible for a low

percentage of interactions.

In this work the two main interactions of interest are the photoelectric e�ect and

the Compton e�ect. The photoelectric e�ect occurs when a photon interacts with an

atom containing orbital electrons of binding energy less than the photon. The energy of

the photon is absorbed by the atom, then the atom releases an orbital electron (called

a photoelectron) with kinetic energy of the incident photonenergy minus the energy of

the binding energy of the electron. In equation form this is given by:

T = E � Eb (1.3)

Where T is the kinetic energy of the electron,E is the incident photon energy, andEb is

the binding energy of the electron. The space left by the electron is �lled with another

orbital electron from a higher energy shell, which is accompanied by the emission of a

characteristic X-ray or the emission an outer shell electronknown 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 material through which

the photon is traveling:
�
�

/
Z n

E m
(1.4)

whereZ is the atomic number of the medium andE 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 at 0.1 MeV and gradually decreases to� 1 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 much greater than the

binding energy of electron. The photon gives up some of its energy to the electron and

scatters. The equations that describe Compton interactions are:

E 0 =
E

1 + ( E
m � c2 )(1 � cos� )

(1.5)

T = E � E 0 (1.6)

cot� =
�

1 +
E

m� c2

�
tan

�
�
2

�
(1.7)

whereE is the incident photon energy,E 0 is the scattered photon energy,m� c2 is the rest

mass of the electron,T is the kinetic energy of the scattered electron,� is the scattering

angle of the electron, and� the scattering angle of the photon. If the energy of the

incident photon is known that leaves four unknowns (E 0, � , � , T) and three equations

that cannot be solved, but follow a probability distribution based on the energy of the

incident photon. The probability of a photon interacting via the Compton e�ect is

dependent on the electron density of the medium:

�
�

/ � e (1.8)

where�=� is the Compton mass attenuation coe�cient and� e is the density of electrons

in the medium.

Equations 1.4 and 1.8 show the probability of interaction via the photoelectric e�ect

and Compton e�ect. Compton e�ect does not depend on the atomic number, whereas for

the photoelectric e�ect there is a strong dependence. When making dosimetric measure-

ments in radiation �elds that produce a signi�cant number ofphotoelectric interactions

in the detector (e.g. diagnostic x-ray beams), the composition of the detector should be

similar to tissue so that the interactions in the active volume of the detector mimic that

of tissue.

Incident electrons or secondary electrons can interact with the medium via elastic

collisions in which no energy is lost; or inelastic collisions in which the electron loses

some kinetic energy. Elastic collisions result in a de
ection of the electron, but since

no energy is deposited in the tissue, it is less important in dosimetry. If an electron



5

undergoes an inelastic collision with an orbital electron it gives up some of its energy.

This results either in an excitation (orbital electron moves to higher energy shell) or

ionization (orbital electron escapes the atom). In the event of ionization, if the electron

is scattered with su�cient energy, it can go on to produce itsown track of ionizations and

excitations. The term delta ray is used to describe these secondary electrons. The last

type of interaction is an inelastic collision with the nucleus of an atom. The interaction

known as Bremsstrahlung, is when an electron decelerates when de
ected by another

charged particle and the loss of kinetic energy is convertedinto a photon. Other types

of radiations (e.g. protons, carbon ions, etc.) can interact with matter, but those are

beyond the scope of this work.

1.2 Dosimeters

When measuring parameters of a radiation �eld (e.g. dose, dose rate, ionization density,

etc.), it is the ionization process itself that often forms the basis of the measured signal

in a radiation detector. When calibrated appropriately, themeasured signal can be

translated to the amount of energy that would be absorbed perunit mass (i.e. absorbed

dose) if a small mass of tissue were positioned at the same location as the detector. An

ideal dosimeter would possess the following characteristics:

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

to the detector.

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

be measurable during irradiation.

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

time.

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

with the same conditions.

� Energy independence: Response of the dosimeter should be directly proportional

to the dose, independent of the type of radiation or its energy. Furthermore, the

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

energy.

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

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

� Temperature and humidity: Response of the dosimeter shouldbe independent of

the temperature and humidity.

� Dose rate: Response of the dosimeter should be proportionalto the absorbed dose,

independent of the dose rate. This includes both instantaneous dose rate (pulsed

or continuous) and average dose rate.

None of the currently used dosimeters can be considered ideal. Some examples of

currently used dosimeters are ion chambers, thermoluminescent dosimeters (TLDs), ra-

diochromic �lm, diamond detectors, diodes, and metal oxidesemiconductor �eld e�ect

transistor (MOSFETs).

An ionization chamber consists of a gas �lled chamber with twoelectrodes [4]. A

voltage potential between the two electrodes creates an electric �eld in the chamber.

Incident ionizing irradiation can create ion-pairs in the gas chamber. The electric �eld

causes the positive ions to move towards the negative electrode and the negative ions

toward the positive electrode. This creates an ionization current which can be measured

by an electrometer. The current measured is proportional tothe number of ion pairs

created, which in turn is proportional to the radiation dose. Since the active volume is a

gas it requires larger volumes than a solid state dosimeter to produce a measurable signal.

Furthermore, an ionization chamber gives one reading whichis 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 creating a partial volume e�ect.

Another limitation of ion chambers is their energy dependence which can be problematic

at diagnostic energies [5].

TLDs consist of crystalline dielectric material, which contains trace impurities. The

trace impurities create trapping centers whose energy levels lie inside the forbidden gap

of the pure crystal. When exposed to ionizing irradiation, a TLD stores a fraction of the

absorbed energy [6]. Then when a TLD is heated, it releases visible light proportional to

the amount of absorbed dose. The emitted photons are not absorbed by the crystal since
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their energy is insu�cient to promote electrons from the valence band to the conduction

band of the crystal. TLDs are considered tissue equivalent in the energy range 20

keV to Co-60 (mean energy 1.25 MeV) [7]. Limitations of TLDs are their lack of real

time readout, they require specialized hardware for the readout (reader, annealing oven,

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

Radiochromic �lm consists of a layer of organic monomers that are sensitive to ra-

diation on a polyester base with a transparent coating [8]. When exposed to ionizing

radiation, a polymerization reaction causes the �lm to change colour and the darkness of

the �lm increases with absorbed dose. The �lm is then scannedwith visible light and the

transmission used to determine the dose at each point on the �lm. Due to the sensitivity

of the �lm, great care needs to be taken during manufacturing, transport, storage, and

processing to ensure an accurate reading. Another limitation is the readout time. Film

needs to be left for� 12-24 hours before it can be read. Furthermore, the uncertainty of

�lm can be made � 1%, but it is not practical to reach that level of uncertainty in the

clinic due to the di�culty of implementation [9].

When a bias is applied to a diamond detector a depleted neutralregion is created [10].

Ionizing radiation creates electron-hole pairs that are attracted to the opposite polarity,

which creates current proportional to the dose rate. However, some electrons can become

trapped in the diamond creating an electric �eld opposing the applied �eld and reducing

the current at a given dose rate. By pre-irradiating the detectors the traps will �ll to

allow the dose rate to be proportional to the current [10]. Potential sources of error of a

diamond detector are dark current, temperature dependence, dose rate dependence, and

angular dependence. A limitation of the detector is that in comparison to other solid

state detectors it is more expensive [10].

A diode dosimeter consists of a lightly doped silicon substrate (either n-type or p-

type) and a heavily doped surface region of the opposite type(p-type or n-type) creating

p-n junction. The p-n junction creates an electric �eld making it possible to collect

charge without an external bias on the diode. When exposed to ionizing irradiation, an

electric current is generated which is measured by an electrometer [11]. The induced

current in the diode is proportional to the dose rate. The increased density relative to

an ionization chamber allows the active volume to be made much smaller. Limitations

of diode dosimeters are the energy dependence, dose per pulse dependence, temperature
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dependence, and accumulated dose dependence [12, 13, 14, 15]. As the dose per pulse

increases so does the rate of recombination, which lowers the response of the diode to a

given dose. The accumulated dose dependence results from damage to the diode which

reduces the sensitivity with accumulated dose. Energy dependence results from the

materials and composition of the diode and surrounding material (protective housing,

buildup material and electrode attachment). The di�erencein response of a photon diode

in comparison to water comes from a higher sensitivity to lowenergy photons which can

result from scatter in the phantom. To compensate for the energy dependence a photon

diode is shielded with a high Z material such as tungsten to attenuate the low energy

photons [11]. Electron diode detectors are approximately energy independent because

the electron stopping power of silicon to water is approximately constant over a wide

energy range. Electron diode detectors use much less buildup material and it is a low Z

material such as PMMA.

A MOSFET is a voltage controlled current source. When the MOSFETis exposed

to ionizing radiation, electron-hole pairs are created throughout the device [16]. Holes

become trapped in the Silicon-dioxide of the MOSFET, changing the current that can


ow through the MOSFET at a given voltage. By calibrating the rate of change of

a particular metric (e.g. threshold voltage) to the absorbed dose, the MOSFET can

be used as a dosimeter. The main limitation of a MOSFET is the energy dependence,

particularly at low energies. The sensitivity of a MOSFET depends on the device design,

but MOSFETs are not used below� 1 cGy because the signal fades with time, leading

to a large error in measurement at small doses [16]. The remainder of the discussion will

be about MOSFETs due to the similarity of the novel radiation detectors used in this

study (Organic thin �lm 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 (adapted from Sedra

and Smith [17]). The transistor is fabricated on an n-type substrate (silicon) with two

heavily doped p-type regions at the source and drain. Metal is deposited on the source

and drain regions forming electrodes. An insulating layer ofsilicon dioxide is grown on
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channel is called the threshold voltage (VT H ). IncreasingVGS above the threshold voltage

will pull more holes into the channel, which enhances the channel and give rise to the

name enhancement-mode operation. The gate and channel region act as two plates of

charge forming a parallel plate capacitor with the silicon dioxide being the dielectric.

The resulting electric �eld controls the amount of charge inthe 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, applying a bias between

the source and drain (negativeVDS ) will allow holes to 
ow from source to drain. AsVDS

increases, the electric �eld along the channel increases which allows the charge carriers

to move faster and creates a higher current. However, increasing the bias also causes

the channel to taper because the potential at the source end of the channel is VGS ,

but is only VGS � VDS at the drain end. A greater negative potential at the source end

creates a deeper buildup of holes near the source and shallower one near the drain (�gure

1.4). Therefore, increasing theVDS increases the resistance of the channel and does not

increase the current linearly. WhenVDS is high enough to reduce the voltage between

the gate and the channel at the drain end toVT H , the channel depth decreases to almost

zero and the channel is said to be pinched o�. IncreasingVDS beyond this point will not

increase the current and the drain current is said to saturate at this value. The voltage

VDS where this occurs is denotedVDS;Sat and is equal toVGS � VT H .

1.3.3 Derivation of MOSFET Equations

To analyze and better understand our results, it is important to develop equations that

describe the relationship between the source to drain current ( I DS ) 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 = CoxWdx (1.9)

whereCox is the capacitance per unit area. The charge stored on this in�nitesimal strip

is found by multiplying the capacitance by the e�ective voltage between the gate and

the channel at the pointx. The voltage responsible for inducing the channel at pointx
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is V(x), given by:

V(x) = [ VGS � v(x) � VT H ] (1.10)

where v(x) is the voltage due toVDS at point x. The hole charge in the in�nitesimal

portion of the channel is:

dq = Cox(Wdx)(VGS � v(x) � VT H ) (1.11)

The electric �eld along the channel in the x-direction caused by VDS is:

E(x) =
dv(x)

dx
(1.12)

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

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

V =
dx
dt

= � �E (x) = � �
dv(x)

dx
(1.13)

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

fabrication process. The resulting current can be expressed as:

I =
dq
dt

=
�

dq
dx

� �
dx
dt

�
(1.14)

Substituting equation 1.11 and 1.13 gives:

I = �C oxW(VGS � v(x) � VT H )
dv(x)

dx
(1.15)

The source-drain current must be the same at all points alongthe channel. Since we are

interested in the current 
owing through the device we will relabelI to I DS . Furthermore,

if we rearrange the equation slightly and integrate along the channel fromx = 0 to x = L

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

Z L

0
I DS dx =

Z VDS

0
�C oxW(VGS � v(x) � VT H )dv(x) (1.16)

I DS = ( �C ox)
�

W
L

�
((VGS � VT H )VDS �

1
2

(V 2
DS )) (1.17)

As stated before the saturation region begins whenVDS = VGS � VT H and substituting

this in gives:

I DS =
1
2

(�C ox)
�

W
L

�
(VGS � VT H )2 (1.18)



14

In saturation mode,I DS is constant with VDS so this equation will hold as long as satura-

tion is achieved (VDS > VGS � VT H ). To increase the drain current the electrodes should

be long and the spacing between them should be narrow (increaseW=L). Furthermore,

multiple source and drain contacts in an interdigitated design can be used to further

increase the signal.

1.4 OTFT Operation (P-channel)

An organic thin �lm transistor (OTFT) has a layered design consisting of a thin �lm of

organic semiconductor, an insulator, a substrate, and three electrodes called the source,

drain, and gate like a MOSFET. A bottom gate top contact OTFT is depicted in �gure

1.6. Similarly to the MOSFET an OTFT operates as a voltage-controlled current source.

Applying a bias between the gate and source results in the accumulation of charge carriers

near the semiconductor/insulator interface allowing current to 
ow through the active

layer from source to drain if a suitable bias is applied (VDS ). An important di�erence

between MOSFETs and OTFTs is the formation of the channel. For MOSFETs the

channel results from an inversion process forming a layer ofcharge carriers, whereas a

channel in an OTFT is formed due to the accumulation of charge in the semiconductor.

In a p-type semiconductor a negativeVGS produces an electric �eld across the di-

electric and results in the accumulation of holes in the semiconductor (�gure 1.7). For

charge to 
ow between the semiconductor and source/drain electrodes the fermi level

of the electrodes needs to be closely aligned with either thehighest occupied molecular

orbital (HOMO) for holes to 
ow or the lowest unoccupied molecular orbital (LUMO)

for electrons. For example pentacene has a HOMO of about 4.5 eVand a LUMO of

about 2.5 eV (relative to the vacuum potential)[18]. If the source and drain contacts

are made of gold which has a fermi energy of about 5 eV the exchange of holes is much

more e�cient. Therefore, a p-channel OTFT blocks electron 
ow due to the large energy

di�erence between the fermi level and the LUMO, even in the presence 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. Applying a VDS will result in

the holes 
owing from the source to drain. Like a MOSFET theVDS results in a potential

increase from source to drain meaning the channel behaves like a variable resistor. Like a

MOSFET when the magnitude ofVDS is great enough the channel is pinched o� and the
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1.6.1 Charge Yield

The amount of recombination highly depends on the magnitudeof the electric �eld and

the line density of charged pairs created by the incident radiation [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 linear energy transfer (LET),

and therefore depends on the energy and type of incident particle. High LET irradiation

leaves a dense track of electron hole pairs meaning the created electrons or holes can

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

1.6.2 Oxide Traps

The transportation of holes through the oxide is much slowerthan electrons [19, 20]. In

the presence of a positive gate bias, holes transport towardthe Si/ SiO2 interface. As

a hole moves through theSiO2 it causes a distortion of the local potential �eld which

increases the trap depth at the localized site. These holes are transported by what is

known as polaron hopping. A polaron is the combination of thehole 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 of the holes, which decreases

their mobility. This means that as the holes move through thelattice they are trapping

themselves (known as a self-trapped polaron).

Close to theSi/ SiO2 interface there is a large number of oxygen vacancies that can

act as trapping centers [24]. The number of holes that will become trapped near the

interface depends on the applied electric �eld and the fabrication of the device [25]. Only

holes will become trapped in oxide traps meaning that the threshold voltage will shift

negatively. Immediately after the holes become trapped they can become neutralized,

which means that the MOSFET will operate as it did before the hole became trapped

[26]. Oxide-trapped holes can become neutralized either bytunneling of electrons from

the silicon or by thermal emission of electrons from the oxide valence band into oxide

traps [22, 27]. It should be noted that not all electrons neutralize the hole directly,

but some move into an electron trap associated with the trapped hole which e�ectively

neutralizes it. In this case if the applied bias is reversed the electrons can tunnel back

into the silicon substrate and a fraction of the original amount of oxide-trapped charge

is restored. The degree to which this occurs depends on the annealing conditions, which
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include the temperature and the applied bias from the time ofirradiation to the time of

measurement [27]. The amount of oxide trapped charge does not explicitly depend on

the dose rate. If the total time of irradiation and anneal is the same, then the amount

of oxide trapped will be equivalent [26]. However, if one measures the device directly

after irradiation then a MOSFET irradiated with a higher doserate will not have had

as much time to anneal as a device irradiated to the same dose with a slower dose rate.

Therefore the high dose rate device will have less oxide trapped charge neutralized and

a greater shift in threshold voltage.

1.6.3 Interface Traps

Radiation leads to the formation of interface traps at theSi/ SiO2 interface as well.

These interface traps exist within the silicon band gap at the interface. For p-channel

MOSFETs the interface traps are mainly in the lower region of the band gap. The traps

are mostly donors meaning that the fermi level at the interface is below the trap energy

level and so the trap donates an electron to the silicon. Thisleaves the trap positively

charged and shifts the threshold voltage negatively.

Interface traps build up much slower than oxide-trap charge. The interface traps

occur immediately after irradiation, but in one study did not saturate until � 105 s [28].

Like oxide traps, interface traps are electric �eld-dependent 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 rate dependence as long as the total

irradiation plus anneal time is kept consistent [26]. Unlikeoxide traps, an insigni�cant

number of trapped holes will anneal at room temperature. Some annealing of interface

traps occurs if the device is above 100� C [29, 30]. Interface traps cause the threshold

voltage to shift negatively and decrease the mobility of the MOSFET.

1.6.4 Threshold Voltage Shift

The threshold voltage shift of a MOSFET after being irradiated is due to the oxide traps

(OT) and the interface traps (IT) given by:

� VT H = � VOT + � VIT (1.20)
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Each can be determined from:

� VOT;IT =
�

� 1
Coxtox

� Z tox

0
� OT;IT xdx (1.21)

Where � is the charge distribution, tox is the oxide thickness andCox is the oxide ca-

pacitance. For p-channel MOSFETs both oxide traps and interface traps are positive

meaning the threshold voltage shift is negative. The threshold voltage shift depends on

the time after irradiation. Directly after a high dose rate irradiation, oxide trap charges

will dominate. As time passes the oxide trapped charge will begin to neutralize and

interface charges will emerge. The threshold voltage shiftmeasured will depend on the

temperature and the bias the MOSFET is held at during this time. For low dose rate

irradiations the threshold voltage shift will almost entirely be due to interface trapped

charge.

1.7 Measured MOSFET Response to Ionizing Irradiation

For MOSFETs operating in passive mode (No gate bias during irradiation) the threshold

voltage shift has been found experimentally to be [31]:

� VT H � 2:2D 0:9t2
ox (1.22)

Where D is the dose in cGy, �VT H 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:

� VT H � 40Dt 2
oxf (1.23)

Where f is the fraction of holes yield and depends on the applied electric �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 by either increasing the thickness

of the oxide or by increasing the hole yield. However, there are a limited number of hole

traps available and increasing the sensitivity will �ll them faster and decrease the useful

lifetime of the MOSFET.

A dosimeter is used to measure the absorbed dose due to ionizing radiation. The

threshold voltage shift is converted into an absorbed dose to tissue for a radiation source

of quality Q, using:

D(Q) = CF(Q)� VT H � ki (1.24)
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Where D is the absorbed dose to tissue,CF is the calibration factor, and ki are the

correction factors that take into account dependencies of the detector reading when dif-

ferent from calibration conditions (such as dose rate, energy, temperature, �eld size,

source to surface distance (SSD), angular, and time). MOSFETdetectors are calibrated

for a given beam quality in water against an ionization chamber that is traceable to

the National Standards Laboratory. Using the chamber readingthe dose to water can

be calculated using TG-51 [32]. The MOSFET is then placed under the same condi-

tions and the threshold voltage shift measured. With the calibration factor known the

MOSFET can be placed in a radiation �eld where the dose is unknown and the threshold

voltage shift can be used to determine the dose (provided thedi�erences from calibration

conditions does not change the response of the device).

1.8 MOSFET Radiation Response Characteristics

MOSFET response to ionizing radiation involves various dependencies such as energy,

dose rate, directional, and temperature. Some of these dependencies will depend highly

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

1.8.1 Temperature dependence

A temperature increase reduces the number of trapped holes a�ecting the shift in thresh-

old voltage and limiting the accuracy of measurement [33, 34]. Cheunget al showed an

8% variation in threshold voltage over a 20� C variation for a prototype MOSFET from

CMRP [35]. Kinhikar et al [33, 36] measured a 1.5% under response at 37� C in com-

parison to 20 � C for a OneDose sensor. Briereet al and Beyer et al found an under

response of about 3.3% when comparing Sicel's implantable detector at 23 � C to 37 � C

[34, 37] . These measurements highlight the importance of establishing the temperature

correction factor before clinical use. However, this e�ect can be minimized when using

a dual-MOSFET detector. This works by having two identical MOSFETs directly next

to one another operating at di�erent gate biases. After irradiation the di�erence in the

threshold voltage shifts are proportional to the absorbed dose. With both detectors

being in the same environment this reduces the temperature dependence to less than

0.015 mV/� C from 0 to 80 � C [38, 39]. With dual bias dual MOSFETs the temperature

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

One of the main disadvantages of MOSFETs is the increased sensitivity at lower beam

energies. The energy dependence emerges due to the use of silicon and silicon dioxide in

the MOSFET. In �gure 1.9a the photon cross section is shown as afunction of energy.

In �gure 1.9b the ratio of the photon cross section for silicon and silicon dioxide to water

is shown. At low energies the ratio of the cross-section to water is much higher and

changes rapidly with energy. This means that a higher proportion of photons interact.

Furthermore, the photons are more likely to interact via thephotoelectric e�ect which

deposits a greater fraction of the incident energy locally in comparison to the Compton

e�ect. This causes a larger response in the MOSFET. This becomes problematic when

the energy of the beam changes relative to the energy in whichthe MOSFET was cal-

ibrated. Megavoltage photon beams contain photons in this low energy region and so

the MOSFET must be calibrated in each radiation modality and �eld in which it is to

be used [16]. When MOSFETs are used in photon beams of low energies (i.e. in the

diagnostic imaging energy range: 20 { 150 keV) this is especially problematic because

the photon beam quality will change from calibration conditions when interacting with

a phantom or patient and cause a large error in measurement. At high photon energies

(150 keV { 10 MeV) the ratio of the photon cross sections are much more constant and

so a small perturbation in the beam quality when interactingwith 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 structure and encap-

sulation of the device. The response of the device was found to be constant within � 3%

over a range of photon (4 to 25 MV) and electron (5 to 21 MeV) therapy beams [40]

[41, 42]. Beyeret al found an energy dependence of less than� 1 % over the range of

Co-60 to 18 MV photon beams [34]. However, Panettieriet al found a 12% reduction in

response in 18 MV photon beams in comparison to Co-60 [43]. These apparent disagree-

ments speak to the high dependence on device and encapsulation properties. Edwards

et al found the air kerma sensitivity to be 4.4 times higher at 33 keV than at 6 MV for

photons [44]. 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 calibratedin the beam quality

in which they will be used to minimize the error of the measurements. Ramaseshanet

al found no �eld size dependence in MOSFETs (5x5cm2 to 30x30cm2) [41]. For 6 MV
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1.8.4 Dose and Dose Rate Dependence

As the exposure to radiation increases, more charge is trapped in the silicon dioxide of the

MOSFET. The trapped charge will repel newly created holes leading to fewer trapped

holes at the same given dose. The result is a decrease in sensitivity with accumulated

dose [34, 52, 53]. Beyeret al found a reduction of 40% in the sensitivity over the 80 Gy

lifetime of the device [34]. For this reason MOSFETs have a pre-calibration curve given

by the manufacturer to correct for the decrease in sensitivity with accumulated dose

(no user input required). Using the pre-calibration curve One Dose MOSFETs (Sicel

Technologies, MorrisVille, USA) were linear in both 6 MV and Ir-192 photon beams

[36, 42]. Furthermore, dosimeter readings were independent of dose rates in the range

of 80 to 480 cGy/min [42]. MicroMOSFET (Best Medical, Ottawa,Canada) showed a

linear response up to 500 cGy in a 6 MV photon beam and no dose rate response [40].

As long as the total irradiation plus anneal time is consistent there is no dependence on

the dose per pulse [26].

1.8.5 Time Dependence

A time dependence can emerge due to trapped holes being neutralized, which will de-

crease the signal and is known as fading. Dual-MOSFET dual-bias detectors had a 3%

fading within the �rst 5 hours and then remained stable up to 60 hours [41]. Less than

2% fading was found for Sicel OneDose sensors in the �rst ten minutes after irradiation

[54]. For irradiations that may take a few hours special MOSFETs should be used that

have been designed to have much lower fading. Due to fading, the MOSFETs should be

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

1.9 Organic Semiconductors Response to ionizing irradiation

Mills et al measured the response of organic semiconductor in the form of a diode

in a 6 MV photon beam [55]. They found a linear increase in photocurrent with

dose, showing potential to be used as a radiation detector. For operating voltages of

-50 to -150 V the sensitivity was found to be 13 to 20 nC mGy� 1 cm� 3. Similarly,

Intaniwet et al made a diode with a blend of poly(triarylamine)(PTAA) and 6,13-

bis(triisopropylsilylethynyl)(TIPS)-pentacene as the semiconductor [56]. They found
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the sensitivity of the devices to 17.5 keV x-rays increased with increasing mobility. Fur-

thermore, they found a linear increase in photocurrent withdose rate.

Raval et al irradiated an OTFT with a P3HT semiconductor on a silicon dioxide

insulating layer up to 410 Gy using a Co-60 source [57]. They found a decrease in the

on current by a factor of 2, an increase in o� current by a factor of 150, and a decrease

in the mobility. Furthermore, they observed a negative shift in the threshold voltage

attributed to positive charge accumulation in the silicon dioxide. Kim et al measured

the response of a rubrene semiconductor OTFT to electron beamirradiation [58]. For

a control device they irradiated a silicon/silicon dioxidesubstrate before deposition of

a rubrene semiconductor. For this device the on and o� currents remained about the

same, but the mobility fell by about 50% after 105 Gy in comparison to pre-irradiation

conditions. A second device was irradiated after the deposition of rubrene. This device

saw a mobility decrease of more than 50% after 103 Gy and no charge transportation

after 105 Gy. From this they concluded that the response of the OTFT to irradiation was

dominated by the response of the organic semiconductor. These results provide promise

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

�elds.

1.10 Energy Dependence of Organics

In �gure 1.10a the photon cross sections of several organics and silicon are shown as a

function of energy. The organic materials given in the �gureare parylene-C (C8H7Cl),

parylene-F (C8H4F4), PET ( C10H8O4), PMMA ( C5H8O2), and polyvinyl-F (C2HF 3). In

�gure 1.10b the ratio of the photon cross sections for the organics and silicon to water are

shown. Below 150 keV the organic materials are more similar to water than silicon and

change less rapidly. Furthermore, using a combination of organic materials that under

respond and over respond could allow the overall response ofthe 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 witha single calibration.
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could allow novel in vivo dosimetry applications. Furthermore, the ability to tune the

chemical composition of the device could allow for thermal neutron measurements with

enriched B-10 or increased low energy photon sensitizationwith high-Z elements. Given

that there already exist commercial products for some of these applications (planar dose

measurements in particular), OTFTs will need to demonstratean advantage over exist-

ing technologies if they are to be used clinically in a routine manner. Reduced energy

dependence and theoretical reductions in fabrication costs could provide su�cient mo-

tivation for their commercialization. The current work aims to provide early evidence

that this technology is deserving of further exploration. The work di�ers from OTFT

work done previously due to our use of a 
exible substrates, use of various energy photon

beams, and use of an organic dielectric di�ering from silicon-dioxide.



Chapter 2

Methods

In this section the methodologies used for this research will be described. First the

fabrication techniques used when making the OTFTs will be described (spin coating,

physical vapor deposition, and parylene-C deposition). Next, the steps used for fabri-

cating OTFTs on both a glass substrate and a 
exible PET substrate will be described.

Then the techniques used for measuring the OTFTs (transfer curves) and extracting the

important parameters will be discussed. Finally, the designand 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 �lm of material to be deposited evenly across a substrate [59].

This is done typically by dissolving the desired material into a solvent. The substrate

is held in place on a pedestal with a vacuum (�gure 2.1). The solution is placed onto

the substrate and the substrate is rotated at high speeds which hurls the majority of

the solution o� the substrate. An even covering of the substrate is produced by the

combination of the centripetal force and the surface tension of the solution. Air 
ow

aids in the drying of the solvent leaving a �lm of the desired material behind. It may

be necessary to place the substrate onto a hot plate to allow the rest of the solvent to

evaporate.

2.1.2 Physical Vapor Deposition

Physical vapor deposition is used to deposit a material in a precise pattern [60]. The

material to be deposited is placed into a basket (usually tungsten) that has a higher evap-

oration temperature than the material to be deposited (�gure 2.2). Current through the

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

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

being held heat up. When the temperature is high enough, the material 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 the areas where the deposited

material is undesired. This process takes place in a vacuum of less than 6x10� 6 Torr

to ensure a low level of contamination. Shutters are placed in front of the substrate to

prevent deposition until the desired rate of deposition is reached. Approximately 50�A

of the material is wasted to ensure any contaminants on the surface of the material are

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

2.1.3 Parylene-C Deposition

Parylene deposition is used to evenly coat a substrate in parylene. Parylene is often used

to coat circuit boards because it is a good moisture barrier,has good dielectric properties,

and creates a pinhole free �lm [61]. To start, the substratesare placed into the deposition

chamber (SCS Labcoter 2 (Specialty Coating Systems, Indianapolis, USA)). Parylene-C

in the form of a dimer is placed into the vaporizer and heated to 176� C to evaporate it

(�gure 2.3) [62]. The dimer gas then enters the pyrolysis furnace which is heated to 176
� C converting the gas into the reactive monomer phase. The monomer gas 
ows into the
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Figure 2.3: Schematic representation of parylene-C deposition. Parylene-C is loaded as
a solid dimer in the vaporizer and the substrates are loaded into the deposition chamber.
In the vaporizer the solid dimer is heated to 176� C forming a gas. The gas 
ows into the
pyrolysis chamber where it is heated to 690� C converting the dimer gas into a reactive
monomer gas. The monomer gas 
ows into the deposition chamber where it polymerizes
over all surfaces and creates a uniform �lm over the substrates. Figure adapted from
Rezaet al [60].

deposition chamber such that the pressure remains at 35 mT and polymerizes at room

temperature forming an even �lm on the device. Between the deposition chamber and

vacuum pump is a cold trap to condense any remaining vapors before they enter the

vacuum pump and cause damage.

2.2 OTFT Fabrication

Fabrication of OTFTs followed established methods from the literature [63]. The �rst

OTFTs fabricated were on a glass substrate with indium tin oxide (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 tape and placing the slide in 12

M HCl for 10-12 minutes until the non-covered ITO is fully etched away. The slides

were then cleaned by sonicating for 20 minutes each in deionized water with Sparkleen,

deionized water, acetone, and ethanol. A parylene-C dielectric layer was formed by

placing about 300 mg of Parylene-C (� 300 nm thick �lm) into the parylene deposition

machine and left to run to completion. To be able to make electrical contact to the
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A new design was implemented to fabricate OTFTs on a 
exible PET substrate

(�gure 2.5). Brie
y, a 125 � m polyethylene terephthalate (PET) �lm (Tekra, New Berlin,

USA) was mounted on a glass slide using Polydimethylsiloxane (PDMS). This made spin

coating onto PET possible and made alignment during subsequent vapor deposition steps

easier. PDMS was made by mixing Sylgard 184A and B (Dow Corning Corporation,

Midland, USA) in a 10:1 ratio (polymer to curing agent) and leftto sit until all the

bubbles have evaporated out of solution (about 30 minutes).The solution is spin coated

onto the glass at 2000 rpm for 1 minute, and cured for 30 minutes at 150� C to facilitate

smooth adhesion to the PET. A 50 nm aluminum gate was deposited with thermal

evaporation at a rate of� 1 �A/s. A dielectric layer of either parylene-C or PMMA was

then deposited. For PMMA, a 6.0 % by weight solution of PMMA (Sigma-Aldrich, St.

Louis, USA) in toluene was spin coated for 60 s at 1000 rpm. The �lms were heated at

70 � C for 2 h to evaporate residual toluene leaving a dielectric layer of PMMA. For a

parylene-C dielectric layer, 300 mg of parylene-C was placed into the deposition system

and left until all of the material was deposited. Thermal evaporation was used to deposit

a 50 nm pentacene layer at a rate of� 1 �A/s with the substrate held at 50 � C during

evaporation. Source and drain electrodes were made by thermally evaporating gold at

a rate of � 1 �A/s to a thickness of 50 nm. The OTFT was encapsulated with� 1 � m of

parylene-C. The source-drain electrodes were deposited inan interdigitated con�guration

with at W/L of 125. To permit easy connection of cabling, copper tape was attached to

the gold electrodes.

2.3 OTFT Irradiation Setup

OTFTs were irradiated with both an Xstrahl 300 orthovoltage x-ray unit (Xstrahl Ltd.,

Surrey, UK) (100 and 180 kVp) and a Varian Clinac 21EX (Varian Medical Systems, Inc.,

Palo Alto, USA) medical linear accelerator (6 and 18 MV photons). For the orthovoltage

irradiations, a 5 cm diameter, 30 cm length cone was used to deliver dose to the OTFT

(�gure 1.6). OTFTs were placed on top of a 15 cm stack of Solid Water (Sun Nuclear

Corp., Melbourne, USA). For the megavoltage irradiations, the OTFTs were placed at

isocenter with a 5x5 cm2 �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 (�gure 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 consists of 4 OTFTs and the
one being measured is aligned to the center of the cone. The OTFT is placed on top of
15 cm of solid water located 30 cm from the source.
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Figure 2.8: Directional dependence measurements. The OTFT was located at isocenter
with a �eld size of 5x5 cm2. The device was irradiated at 0� (�gure 2.7), 90� (left
image), and 180� (right image). Ion chamber measurements were performed to ensure
equal dose to the OTFT at each angle. During directional dependence irradiations the
white PMMA shims were modi�ed so that they did not protrude beyond the solid water
(shown in �gure) and were made such that the device was at a depth of 10 cm when
irradiated at 90� .

2.4 Directional Dependence

Directional dependence of the OTFT was measured using an 18 MVphoton beam. The

OTFT was positioned at isocenter and the response was measured at beam incidence

angles of 0� , 90� , and 180� . Buildup of 10 cm of solid water was used at angles of 0�

and 90� . At 180� there was 5 cm of solid water plus the couch. At each geometry ion

chamber measurements were performed and monitor units wereadjusted appropriately

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

In section 1.5 of the introduction the method and equation for extracting the mobility

and threshold voltage from the drain-source current (I DS ) as a function of the gate-

source voltage (VGS) is described. The on-current and o�-current are found by taking

the maximum and minimumI DS measured, respectively. This means that the on-current

is found at the most negativeVGS measured and depends on the range thatVGS is swept.

For this reason the acquisition parameters were kept the same from one device to another

where possible. To extract the threshold voltage, mobility, on-current, and o� current

requires a sweep of the OTFT over a range of biases. To use an OTFTto measure

dose clinically it would be advantageous if one measurementcould be used to calibrate

the device. For this either the change inVGS was measured at a constantI DS or the

change inI DS was measured at a constantVGS . For both of these analyses, the changing

parameter was extracted by interpolating between data points on the transfer curves.

This allowed us to extract the important parameters above, while also showing the proof

of concept of the quicker measurement.

2.6 Monte Carlo Simulations

Monte Carlo simulations using DOSXYZnrc were used to investigate the intrinsic energy

dependence of proposed device designs (i.e. materials, thicknesses and geometries) [66].

To assess the energy dependence of the OTFT the perturbation factor was calculating

using:

P =
DW

Ddet
(2.1)

WhereDW is the dose to water in the position of the OTFT had the OTFT been replaced

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

perturbation factor were the doses to the dielectric material of the OTFT because the

dielectric is the active material responsible for the dose response of a MOSFET and an

assumption was made that similar mechanisms may be responsible for signal generation

in OTFTs.

The �rst Monte Carlo simulations were a simplistic 1x1x9 voxel simulation shown

in �gure 2.9. The length and width of each voxel was 1 cm and thematerial and

thickness of each voxel was varied. This layered design was used to increase the speed of
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deposit the rest of its energy locally. Set to 1 keV for the simulations.

� Electron Boundary Algorithm { This controls the algorithm used to transport

electrons across boundaries. For the simulations, the EXACTalgorithm was used

which transports electrons in single elastic scattering mode when the electrons are

within a distance from the boundary given by the skin depth for boundary crossing

algorithm (BCA).

� Skin depth for BCA { When using the EXACT algorithm the skin depth for BCA

is the perpendicular distance in units of elastic mean free paths, to the region

boundary when the electron transport will be in single elastic scattering mode.

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

� Electron step algorithm { The algorithm is used to calculatethe lateral and longi-

tudinal corrections to account for elastic scattering for acondensed history electron

step. PRESTA-II was used for the simulations.

� Bound Compton Scattering { Used to determine if Doppler broadening and binding

e�ects are simulated in Compton scattering events. This wasturned on because

bound Compton scattering is important at low energies and ifRayleigh scattering

is being simulated.

� Rayleigh scattering { Determines whether Rayleigh scattering is simulated or not.

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

� Atomic relaxations { Determines whether the relaxation of atoms to their ground

state are simulated following a Compton or photoelectric event. Atomic relaxations

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



Chapter 3

Results

In this section, the results of device fabrication and response to irradiation will be pre-

sented. First the design change of the OTFTs from a glass substrate to a 
exible PET

substrate will be described, along with the reasons for the changes. Next the di�cul-

ties in fabrication and measurement will be presented, withthe change in methods and

the resulting electrical properties of the OTFTs. The response of the OTFTs will be

presented for each of the photon beam qualities used. The longevity, directional depen-

dence, and dose rate dependence of the OTFTs will be presented. Finally, the simulated

perturbation factors of OTFTs simulated with Monte Carlo will be presented.

3.1 Designing new OTFTs

Originally OTFTs were made on a glass substrate, with ITO electrodes, parylene-C

dielectric, and a pentacene semiconductor (�gure 2.4). From that design we wanted to

move to a more tissue-equivalent, 
exible substrate. Doingso, however, led to several

challenges. First, a PET substrate was chosen, but unlike theglass substrates the PET

was not coated in a conductive material. An aluminum gate was chosen because it has

a low atomic number relative to most conductive materials and should have less energy

dependence. A second problem with the new design was contacting the electrodes.

Depositing parylene-C as a dielectric layer evenly coats the entire device including the

contacts. For the glass/ITO devices a razor blade was used toscrape the parylene-C o�

of the areas needed for contact. Using a razor blade with the new design would result in

removing the aluminum contact as well. Instead, contact to the aluminum gate was made

before the deposition of parylene-C. Rather than using copper wires with conductive glue

as before, we used a conductive copper tape because it stayedin place more e�ectively.

An improvement over the �rst design (glass substrate, �gure 2.5) was made by de-

positing the source and drain electrodes last to make easierconnection. With the in-

terdigitated design, each of the contacts needed to be connected together. This was
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temporary adhesion. PDMS is spin coated onto the glass forming a smooth PDMS layer

and then the PET can be lightly pressed on. Sticking PET onto glass had the additional

bene�t of making spin coating onto PET possible which was useful when the dielectric

would later be changed from parylene-C to PMMA.

3.3 Substrate Preparation

Most of the OTFTs made in the �rst batch did not function as transistors, but with

improvements in the cleaning methods a much higher yield wasachieved. Many of the

OTFTs were reaching \compliance" on the gate (current greater than 0.01 A). This

indicates that the current between the gate and drain was high, even when the device

was biased to be turned o�, which means that the resistance between the gate and drain

is too small. This led us to believe that the dielectric material, which should isolate the

gate electrode, was not functioning as intended. This couldbe due to a short through

the dielectric material. The cause of a short could be from dust or from large extrusions

or scratches on the PET substrate. To overcome this, two solutions were tried. For both,

all handling of PET occurred in the clean room. The �rst solution was to use a lens brush

to brush dust o� the PET before the usual sonication steps used for cleaning (�fteen

minutes sonicating in sparkleen and deionized water and �fteen minutes in deionized

water). Second, a thin PMMA �lm was spin coated onto the PET tomake a smoother

layer in case the surface of the PET was too rough. After some investigation, it was

decided that using the lens brush and sonicating the PET substrates was enough to

produce functional OTFTs and so the additional step of spin coating PMMA was no

longer used. Figure 3.2 shows transfer curves of some of the �rst OTFTs before and

after the new cleaning method. New cleaning methods yielded amuch higher percentage

of functional OTFTs in a given batch.

Next, the thickness of the parylene-C layer was investigated. Thicknesses of approxi-

mately 100 and 300 nm were deposited based on previous calibration curves. Figure 3.3

shows the transfer curves of a batch of OTFTs made with the two thicknesses. For a

given VGS the electric �eld drops o� linearly with distance (equation 1.12). This means

that the charge buildup drops o� inearly with distance and causes a lower current to be

created at a given voltage for a thicker dielectric. Furthermore, it shifts the threshold

voltage because a larger bias is needed to create the accumulation of charge initially [64].
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In table I is a summary of the important parameters for the two sets of devices. Also

in the table are the important parameters of the devices shown previously that were

fabricated with the new cleaning methods (approximately 300 nm parylene-C). The de-

vices shown previously are going to be referred to as the old batch and were included

to highlight incremental improvements in device performance. Between the old batch

and this experiment the transfer curves were measured with adi�erent VDS and over a

di�erent range of VGS . However, some comparisons can still be made. The o� current

was (2.8� 2.0) x10� 8 A (n=6), (1.1 � 0.8) x10� 8 A (n=8), and (4.0 � 3.3) x10� 9 A

(n=7) for the old batch (300 nm parylene-C), 100 nm parylene-C, and 300 nm parylene-

C, respectively. The error given is the standard deviation of the batch of devices. The

mobility was calculated based on the thickness calculated from previous calibration of

the parylene-C layer and using a relative permittivity of 3.1. The measured mobilities

were 0.09� 0.03, 0.43� 0.04, and 0.29� 0.02 cm2/V.s for the old batch (300 nm

parylene-C), 100 nm parylene-C, and 300 nm parylene-C, respectively. The increased

mobility and lower o� currents from the old batch to the new batch may have been due

to more careful fabrication and less exposure to air betweenfabrication steps. In terms

of reproducibility (variance of mobility, threshold voltage, etc.) and quality of devices

the 100 nm parylene-C and 300 nm parylene-C were similar. Following this comparison

study, subsequent devices used 300 nm of parylene-C becauseMOSFET dosimeters have

been shown to have increased sensitivity to ionizing irradiation with increased thickness

of the dielectric.
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of dose (increments varied between 1 and 10 Gy) and shown in �gure 3.4. As a general

observation, the on current decreased with dose to the OTFT. In �gure 3.5 the threshold

voltage shift as a function of accumulated dose is shown. Thethreshold voltage shift is

more sensitive to dose initially, and then lessens with accumulated dose. A total shift of

about +2.8 V over a 160 Gy was measured. Mobility of the OTFTs were extracted from

the transfer curves as described in section 1.5. Figure 3.6 shows the normalized mobility

as a function of accumulated dose where the mobility is normalized to the mobility

before irradiation. Over 160 Gy, there is over a 20% reduction in mobility. Mobility

and threshold voltage were extracted from the transfer curves. A clinical system would

likely require a simpler readout circuit; probably one in which a �xed voltage is used to

drive a measured current or one in which the voltage requiredto drive a given current is

measured. Figure 3.7 shows how the current changes at a given gate bias as a function

of dose. This data is extracted from the transfer curves, butcould be extracted as

a single point measurement in a future prototype after further characterization of the

devices. This would have the advantage of greatly simplifying and reducing the cost of

the readout circuitry since voltages across electrodes would not need to be swept (e.g.

with a costly source meter unit as was used in this work). At 0 Vthe current is very

noisy, but at -49 V the current decreases with dose and is approximately linear over

that span. A common way to use MOSFETs as radiation detectors is to measure what

bias is required to drive a given current. Again we have extracted this data from the

transfer curves taken previously. To drive a current of 0.25mA 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 dose and 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 dose as extracted from the
transfer curves shown in �gure 3.4. The OTFT had a 300 nm parylene-C dielectric layer
and was irradiated up to 160 Gy with a 180 kVp photon beam. The threshold voltage
shifted positively as a function of accumulated dose. A greater shift occurred for a given
amount of dose at low accumulated doses (less than 40 Gy), than for higher accumulated
doses (greater than 40 Gy).
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Figure 3.6: Change in the normalized mobility as a function ofaccumulated dose for
an OTFT made with a 300 nm parylene-C dielectric layer and irradiated with 180 kVp
photon beam. The mobility was extracted from the transfer curves in �gure 3.4 and
normalized to the mobility before irradiation. The mobility decreased as a function of
accumulated dose, with an approximate 10% reduction after 40 Gy and more than a 20%
reduction after 160 Gy.
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stable [67]. As a result of our measurements which supported the previous study, we

elected to change the dielectric to see if we could improve threshold voltage stability and

reduce the dependence of threshold voltage shifts on thingsunrelated to the ionizing

irradiation.

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

3.6 Changing to a PMMA dielectric

PMMA and CYTOP were investigated as alternative dielectricsto determine if OTFTs

would have a more stable threshold voltage. No functioning transistors were made with
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Figure 3.11: The threshold voltage for 50 measurements of thePMMA 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 bias during

irradiation, and the transfer curve measured after every 10Gy (�gure 3.12). The on

current decreased with dose, whereas the o� current followed no discernable trend with

dose. The corresponding threshold voltage shift as a function of accumulated dose is

shown in �gure 3.13. The shift in threshold voltage is noisy which is possibly due to the

high o�-current. The noisy and high o� current was concerning and so steps were taken

to improve device performance before more irradiation experiments 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 beam in 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 much lower o�-currents

than OTFTs measured in the clinical irradiation setup, indicating that there could be

technical challenges in the latter measurements that couldbe addressed to improve the

quality of our measured data. In the lab the OTFTs are measuredusing a probe station.

The probe station allows very precise contact to each electrode by lowering a tungsten

needle with a micropositioner. Contact in the clinical setting was made by attaching

copper tape to the electrodes and then attaching alligator clips to the tape. In the

clinical setting, we switched from using single-conductortest 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 werechanged resulting in much
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better measurements at low currents. The �rst parameter changed was the window

of currents that the Keithley expected to measure. As the current got to the lower

part of the window (� 10� 6 A) the current would be very noisy and currents below

this value were not able to be measured. The window was switched to an automatic

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

automatic window was not used initially because it caused a noisy signal across the

entire data acquisition. However, this time the number of power line cycles (NPLC)

was increased. Increasing NPLC increases the noise integration time, which increases

the accuracy. The down side of increasing NPLC is slower data acquisition, but the

combination of the new measurement parameters allowed for measurements at lower

currents with less noise. Shown in �gure 3.14 are 50 transfercurves of an OTFT with

the new parameters. Particularly if you compare the transfer curves previously (�gure

3.12) the o� current is about 3 x 10� 7 A in comparison to 1 x 10� 6 A and there is much less

noise. However, this o� current is still higher than the (4.0� 3.3) x10� 9 A measured for

300 nm parylene-C dielectric devices measured previously in the lab. To further lower

the o� current the spin coating speed was lowered from 2000 rpm to 1000 rpm when

forming the PMMA dielectric layer. Lowering the spin speed would create a thicker

dielectric which could isolate the gate better and reduce leakage current. Furthermore,

instead of attaching the copper tape leads before spin coating the PMMA they were not

attached until directly before the encapsulation step. This was done by rubbing o� the

PMMA covering the contact with a Q-tip soaked in toluene. Care needed to be taken

when removing the PMMA because if too much was rubbed o� the gate contact would

touch the semiconductor directly and the OTFT would not work.If not enough PMMA

was removed then contact would not be made.
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dose for each OTFT. The mobilities are normalized to the mobility measured directly

before irradiating the OTFTs. In each case the mobility decreases with accumulated

dose with larger degradations occurring for kilovoltage irradiated OTFTs in comparison

to megavoltage irradiated OTFTs. Each OTFT remained functional after 400 Gy with

the largest degradation of mobility being about 15% for the OTFT irradiated with 100

kV.

Figure 3.17: The change in threshold voltage as a function of accumulated dose for
each energy used. A di�erent OTFT was used for each experimentand so the di�erent
responses could partially be due to di�erences in the devices. In each case there is a
positive shift with accumulated dose.
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Figure 3.18: The sensitivity (change in threshold voltage with dose) is plotted as a
function of accumulated dose for each of the four photon beams used in this study.
Initially there are large deviations between devices in sensitivity, but after about 100 Gy
of accumulated dose the sensitivities begin to converge.
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Figure 3.19: The normalized mobility of an OTFT with accumulated dose for each of
the photon beams used in this study. The mobility was normalized to the mobility
before irradiating for each OTFT. Each device shows degradation in the mobility with
accumulated dose with a maximum reduction of about 15% for the OTFT irradiated
with 100 kV photon beam.

3.10.1 OTFT Lifetime

An OTFT was irradiated up to 1000 Gy using a 6 MV photon beam and the transfer

curve measured after every 20 Gy. The resulting threshold voltage shift as a function

of time is shown in �gure 3.20. After 1000 Gy the OTFT is still functional and the

threshold voltage continues to change with accumulated dose. The threshold voltage

after 300 Gy has a sensitivity of 0.8� 0.1 mV/Gy. Before and after the device was

irradiated the device was measured 5 times with a +10 V bias held for the length of an

increment of irradiation as a control. The threshold voltage shift with no irradiation is

in the opposite direction in comparison to the shift during irradiations indicating that
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we are measuring a radiation-induced response.

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

3.10.2 Directional Dependence

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

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

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

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

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

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

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

3.10.3 Dose Rate Dependence

To measure the dose rate dependence an OTFT was irradiated with an 18 MV photon

beam at various SSDs. The starting SSD was 95 cm and increased in 5 cm increments

after every 4 irradiations of 15 Gy each (60 Gy at each SSD). The sensitivity as a function

of dose is shown in �gure 3.22. As with previous devices the sensitivity start high ( � 5

mV/Gy) and decreases with accumulated dose. As with the directional dependence

measurements, qualitatively the plot looks similar to previously irradiated OTFTs, but

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

irradiated with photon beam energies ranging from 20 keV to 100 keV. The perturba-

tion factor at each energy was calculated and normalized to the perturbation factor at

100 keV. The thickness and position of the parylene-C layers were varied to see how
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Figure 3.24: Perturbation factor as a function of energy for the varying thickness of
parylene-C as the inside layers (�gure 3.24) of the OTFT. As theenergy decreases the
perturbation factors goes farther from unity. As the thickness of parylene-C increases
the perturbation factor goes farther from unity.
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Figure 3.25: Perturbation factor as a function of energy for the varying thickness of
parylene-C as the outside layers (�gure 3.24) of the OTFT. If parylene-C is present the
perturbation factor is farther from unity at low energies. However, the thickness of the
parylene-C does not have a large e�ect.

The previous �gures (3.24 and 3.25) suggest that parylene-Fis a good material to

use in fabricating OTFTs with low energy dependence. From that we simulated a device

shown in �gure 3.26 with parylene-F on a PET substrate. Immediately we noticed an

energy dependence at low energies and decided to add PMMA layers to try to obtain

a perturbation factor closer to unity. The perturbation as afunction of energy for

various thicknesses of PMMA are shown in �gures 3.27 and 3.28. At low energies the

perturbation factors get closer to unity with increasing thickness until a thickness of

� 1500 nm where the perturbation factor is greater than unity and continues to increase

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

3.11.2 Directional Dependence

The OTFT used experimentally and shown in �gure 2.4 was simulated and irradiated

at photon energies of Co-60, 6 MV, 10 MV, and 15 MV and incident angles of 0� , 90� ,

and 180� . Over this energy range the perturbation factors were less than 6% from unity

at each angle (�gure 3.29). From the simulations, the directional dependence is small.

The perturbation factors farthest from unity are at 180� where the photon beam passes

through 1.1 mm of glass before the active volume. If the glassis removed perhaps the

directional dependence would be less. The error in the measurements 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 realistic OTFT shown in �gure
2.4 for beam energies of Co-60, 6 MV, 10 MV, and 18 MV and beam incident angles of
0� , 90� , and 180� .

Presented �rst in this section were the changes in fabrication that led to improvements

of OTFTs performance. Next, the response of OTFTs to photon �elds of various qualities

were given in terms of the threshold voltage shift and degradation of mobility. Lastly,

Monte Carlo results showed the potential to make devices with low energy dependence.

In the following section a more complete discussion of how the changes in fabrication

lead to better OTFTs, the signi�cance of the response of the OTFTs in comparison to

MOSFETs, and the signi�cance of the di�erent response to various energy photon beams

will be discussed.



Chapter 4

Discussion

Over the course of the project a new OTFT design was fabricatedon a 
exible substrate.

Many challenges arose, but through better cleaning methods, better acquisition setup,

and di�erent electrode connections the OTFTs were greatly improved. We have demon-

strated that an OTFT on a 
exible substrate shows a measureable response to photon

radiation of various qualities. Furthermore, we have demonstrated that an OTFT can

remain functional after 1000 Gy and important characteristics (mobility and threshold

voltage) continue to change with dose. Some remaining challenges include making more

reproducible OTFTs, increasing the sensitivity, and accurately measuring the dose rate,

energy, and directional dependences.

4.1 Improving OTFT function

Slowing the spin speed of the dielectric PMMA improved the o�current of the OTFTs.

A slower spin speed creates a thicker dielectric which couldisolate the gate better. The

thickness of the �lm is proportional to the angular velocityusing:

t /
1

p
!

(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 dielectric will improve device

performance.

Another modi�cation of the device design was to attach copperleads 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 thee�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 dissolved in toluene which

could have damaged the copper tape or could have spread the conductive adhesive from

the tape across the device and caused shorts through the device.

76
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As the project went on and experience was gained, the OTFTs wereexposed to air

less during fabrication. Exposure to air increases the chance that dust can get on the

OTFT. Since many of the layers are less than a micrometer thick, dust can be thicker

than a layer of the device. If dust gets on the OTFT it can cause ashort through a layer

and ruin the device. Furthermore, pentacene is sensitive toair, so reducing its exposure

should help device performance [68]. We spent time investigating the e�ect of depositing

a parylene-C encapsulation layer to protect the device fromdegradation when exposed

to air because it is necessary to be exposed to air in the irradiation environment. OTFTs

showed good performance after the deposition of parylene-C, which lead to encapsulating

all of the devices afterwards.

4.2 Mobility Degradation with Dose

Each OTFT had a degradation of mobility with accumulated dosewhich is consistent

with other studies using organic semiconductors [57, 58]. Kim et al made an OTFT

with a rubrene semiconductor on a silicon-dioxide dielectric and measured a decrease in

mobility of more than 50 % after 1000 Gy[58]. For our device irradiated with a 6 MV

photon beam to 1000 Gy we measured a mobility reduction of about 32%. Mobility is

a measure of how e�ciently charge carriers can move through the conductive path [64].

The charge defects (trapped holes) at the interface exert Coulomb forces on the charge

carriers as they 
ow through the channel scattering them from their intended path. This

means that the charge carriers do not 
ow from the source to drain as quickly as before

and the mobility is reduced [69].

4.3 Threshold Voltage Shift with Dose

For each of the devices irradiated in this study the threshold voltage shifted positively

with increasing accumulated dose. This is the opposite of what is observed for p-

type MOSFETs used as dosimeters [70]. Ionizing radiation produces electron-hole pairs

throughout the OTFT. Electrons in the pentacene layer can become trapped at the

pentaceneSiO2 interface in the hydroxyl groups at the boundary [71, 72]. This means

that in devices with an organic semiconductor that the change in signal may not be

dominated by the trapped charge in the dielectric layer, butby trapped charge or other
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defects in the organic semiconductor itself. Kimet al irradiated an OTFT with a pen-

tacene semiconductor andSiO2 dielectric with 10 MeV protons [73]. With a proton


uence of 1012 cm� 2 they measured a small positive shift in threshold voltage. However,

when irradiating with a 1014 cm� 2 
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 produced from the trapped electrons

in the pentacene was greater than the electric �eld from the trapped holes in theSiO2.

E�ectively this electric �eld acts like a negative gate voltage, which results in a posi-

tive threshold voltage shift. As the proton 
uence increasesmore holes are trapped in

SiO2 and migrate closer to theSiO2/pentacene interface. The electric �eld from the

trapped holes in theSiO2 dominate the electric �eld created by the trapped electrons

in the pentacene causing a negative shift in threshold voltage. To support this inter-

pretation of their results they made an OTFT with a self-assembled monolayer (SAM)

of octadecyltrichlorosilane (OTS) coating the SiO2 dielectric layer. The OTS is used to

suppresses the interface trap states at the interface and then pentacene is deposited on

top [74]. When irradiating the OTFT with 1012 cm� 2 
uence of protons they measured a

slight negative shift in threshold voltage in contrast to the previous OTFTs. With fewer

electrons being trapped at the interface the slight shift inthreshold voltage was due to

the trapped holes in theSiO2 layer. In our study we have measured a positive shift

in threshold voltage as a function of dose. Like Kimet al, we used a pentacene semi-

conductor, but unlike their study we used a PMMA dielectric instead ofSiO2. At the

current time there is insu�cient evidence to make any conclusions, but we can speculate.

Perhaps in our OTFTs the PMMA does not trap electrons or holes preferentially and

the entire signal is due to defects in the pentacene semiconductor. Another possibility

is that PMMA traps electrons, but to a far less degree thanSiO2 traps holes which

results in the slight positive shift in the threshold voltage. It should be noted that the

sensitivities in this study (� 1 mV/Gy) are about two orders of magnitude lower than

MOSFETs used as dosimeters (� 100 mV/Gy). Part of the reason the response is small

is that the mobility degradation is competing against the shift in threshold voltage. If

a device was made such that the threshold voltage shifted negatively, the degradation

of mobility would amplify the signal. With sensitivities � 100 times less than clinically

used MOSFETs these devices are not very attractive as dosimeters used in the clinic
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in their current state. However, they could potentially be used for higher dose appli-

cations. High doses are used for sterilization of medical products, food irradiations to

reduce pathogens, and some plastic �lm and packaging is irradiated for better perfor-

mance. Another potential application is to make the devices even more radio-resistant

for use in electronics. Although this would not make a good dosimeter, if the electronic

characteristics were good enough they could have potentialapplications in radiation en-

vironments as transistors. Since the current OTFTs are not sensitive enough for use

as a clinical dosimeter, future work will explore methods toimprove sensitivity such as,

changing the device con�guration, using di�erent materials, and potentially the device

type (e.g. diodes).

4.4 Lifetime of OTFTs

In this study an OTFT was irradiated up to 1000 Gy and the mobility and threshold

voltage continued to change with dose. As dosimeters MOSFETs have a limited lifetime

that depends on the design of the device. Many MOSFETs used clinically have lifetimes

below 100 Gy and lose sensitivity over their lifetimes [16, 34]. After 300 Gy the OTFT

had a sensitivity of 0.8 � 0.1 mV/Gy. The response of the OTFTs converge with

accumulated dose across the four energies used (100 kV, 180 kV,6MV, and 18 MV).

Perhaps a pre-irradiation could be used to reduce the energydependence between the

devices. If the devices were pre-irradiated to 300 Gy, that would leave a lifetime of at

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

4.5 Comparisons of Di�erent Quality Photon Beams

We observed greater changes in the threshold voltage and mobility of the OTFTs irra-

diated with kV photon beams in comparison to MV photon beams at low accumulated

doses (< 200 Gy). One contributing factor may be that the average doserate is about

twice as high for the megavoltage beams as the kilovoltage beams, but the pulsed nature

of the linac beam creates a substantially higher instantaneous dose rate. A higher dose

rate increases the density of ionization and increases the likelihood of recombination.

Furthermore, the devices are on a PET substrate on top of glass which could be causing

a perturbation to the true energy dependence of the device, particularly at low photon
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Table II: The starting (before irradiation) OTFT parameters: threshold voltage (VT H ),
on current (I ON ), and o� current ( I OF F ) are given for each photon beam energy.

VT H I ON (A) I OF F (A)
100 kV -19.7 5.9x10� 6 2.1x10� 8

180 kV -21.3 6.5x10� 6 2.6x10� 9

6 MV -14.1 1.3x10� 5 4.7x10� 9

18 MV -14.2 3.9x10� 5 4.5x10� 8

energies. The glass was used to aid with the fabrication process, but can be removed

for future studies. The PET substrate can be peeled o� of the glass 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 the radius of curvature of the

device.

Di�erences attributed to energy dependence in OTFT responsemay in fact be in

part due to di�erences in the devices themselves. TableII shows some of the important

starting parameters of the OTFTs. The two OTFTs irradiated with megavoltage photon

beams have a lower threshold voltage and higher on currents than the OTFTs irradiated

with kilovoltage photon beams. To measure the response of the OTFTs to various

energy photon beams work should be done to optimize the OTFTs to ensure greater

reproducibility of device characteristics. Furthermore,more OTFTs could be irradiated

at each energy and look at the average response. We attemptedto irradiate 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 setupand secured on the solid

water. Then, after irradiating the OTFT in one environment the entire setup should

be moved simultaneously to avoid moving any of the connecting electrodes and causing

damage to the device.

4.6 Monte Carlo Energy Dependence

In the energy range of Co-60-18 MV used in the Monte Carlo simulations of the device,

there was an energy dependence of less than 5% when normalized to 6 MV. The initial

response of the irradiated OTFTs showed an energy dependence. Up to 200 Gy the
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sensitivity measured with photon beams of 6 MV and 18 MV were 1.3 � 0.5 and 1.8�

0.3, respectively. Between 200-400 Gy the sensitivities were 0.8 � 0.2 and 0.9� 0.2 for

6 MV and 18 MV, respectively. This could indicate that there are more factors involved

than the intrinsic energy dependence (at least initially),which will be investigated in

the future.

Simulations of a simplistic OTFT were performed using monoenergetic beams with

energies 20-100 keV. With the introduction of 800 nm of parylene-C close to the dielectric

layer the perturbation factor changed from� 0.97 to � 0.62 at 20 keV when normalized

to the response at 100 keV. When 800 nm parylene-C was introduced on the outside of

100 � 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 show the importance of the

location of the introduced material relative to the dielectric and the e�ect it will have.

These results lead us away from using parylene-C in the simulations, but parylene-F

showed good water equivalence. Placing the OTFT on a PET substrate immediately

made the perturbation factor worse. To compensate, PMMA layers were introduced and

the thickness varied. By using� 1400 nm of PMMA the perturbation factor di�ers from

unity by less than 3% across the energy range from 20 keV to 100keV 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 thecharacteristics of OTFTs

were improved by modifying various fabrication steps.

The second objective of this work was to acquire preliminarydata measuring the

response of devices to �elds of ionizing radiation which wassuccessful as well. The

OTFTs response using parameters such as threshold voltage and mobility were measured

as a function of dose in photon �elds of 100 kV, 180 kV, 6 MV, and 18 MV.

The last objective was to characterize the dependence of thedevices on energy, di-

rection and dose rate. We did experiments to measure each of these. Unfortunately,

more experiments are needed to truly quantify the dependences of these devices. In the

future devices could be irradiated to a high level (� 200 Gy) before doing the experiments

because the sensitivities measured across devices converged. These measurements may
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bene�t from improving the reproducibility and sensitivity of the OTFTs.



Chapter 5

Conclusion

MOSFETs are used as dosimeters in radiotherapy because they have a high sensitivity,

immediate readout, and small size. However, MOSFETs cannot bereliably used at

low energies (diagnostic energies) because they exhibit anenergy dependence. OTFTs,

which are similar to MOSFETs in their operation, use organic materials instead of silicon,

which means they could have many of the same advantages of MOSFETs while having

a lower energy dependence.

OTFT performance was improved with changes in fabrication process (i.e. cleaning

PET substrate with camera brush) and material selection (i.e. from Parylene-C to

PMMA). Irradiating OTFTs with photon beams of energies 100 kV, 180 kV, 6 MV, and

18 MV resulted in a positive shift in threshold voltage and a degradation in mobility

for each device. Furthermore, Monte Carlo results suggest that the intrinsic energy

dependence of the devices can be made small through appropriate material selection

and device con�guration. The Monte Carlo results contradict the initial response of

the OTFTs, which showed energy dependence. This could indicate that there are more

factors involved than the intrinsic energy dependence, which will be investigated in the

future. Additional work is needed to improve the sensitivityand reproducibility of these

devices. Furthermore, the energy, dose rate, directional and other dependencies of the

OTFTs need to be investigated in greater detail. Two of the three objectives were

met in this research. First, familiarity of the fabrication process was gained. Second,

preliminary data of the response of the OTFTs to ionizing irradiation was measured.

The �nal objective of characterizing various dependences of the devices (energy, dose

rate, direction) was started, but more work is needed to be able to draw signi�cant

conclusions.

This work provides preliminary evidence that OTFTs can be used as radiation detec-

tors/dosimeters and suggests that further study of these devices and others (e.g. diodes)

is warranted.
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Chapter 6

Future Work

6.1 More Reproducible OTFTs

Di�erences in initial device parameters make it di�cult to c ompare the response of

OTFTs across experiments. Improvements need to be made to improve the reproducibil-

ity of the devices. Various stages of the fabrication process could be optimized. For

instance, the temperature of the substrate during pentacene deposition should be mon-

itored more carefully. The temperature at which the pentacene is deposited will change

the morphology of the pentacene and change the mobility [75]. Furthermore, a temper-

ature change could a�ect the dielectric layer on which it is being deposited. PMMA has

a glass transition temperature above 100� C and pentacene is deposited at about 50� C

[76]. However, when depositing pentacene the temperature ofthe substrate is not known

well. Perhaps monitoring the OTFT temperature more accurately and optimizing the

temperature to produce better OTFTs would help make them morereproducible.

Other dielectric materials will be explored as part of a process to increase repro-

ducibility of the OTFTs. It may be worth revisiting the parylene-C or perhaps other

parylene dielectrics. When the instability of the parylene-C OTFT was measured, the

measurements in the clinical setup had not yet been improved. The high and noisy

o�-current associated with low quality data acquisition may have overestimated the in-

stability of the device. We referenced Ismail and Hill as evidence of threshold voltage

instability in devices with a parylene dielectric, but it ispossible that other factors con-

tributed to our observed instabilities in threshold voltage [67]. Perhaps another parylene

could work even better. The advantage of using parylene is how uniformly it coats the

surface. A smooth dielectric is essential to allow a smooth interface between the dielectric

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

Currently we have four OTFTs on each glass substrate. The original plan was to remove

the PET substrate from the glass and cut the PET so that each ofthe four OTFTs

could be measured and irradiated separately. However, the consequences of bending the

OTFTs are unknown. In the interest of time and the desire to irradiate the OTFTs

and measure the response, the devices remained attached to the glass substrate, but the

removal and bending of the OTFTs will be investigated in the future. This means that

for every four OTFTs made, only one was used for experiment. Using all four could help

improve reproducibility as well since each of the four devices would undergo nominally

the same conditions during fabrication. Furthermore, thisallows applications using a


exible design and will likely reduce the intrinsic energy dependence that glass may

cause at low energies. Experiments with 
exible substratespose numerous additional

questions that will need to be answered, particularly the e�ect of substrate bending on

device response.

6.3 Energy and Directional Dependence

With more reproducible OTFTs the energy and directional dependence should be mea-

sured again. While the initial results were encouraging, it will be important to quantify

these and other dependencies with greater con�dence. Furthermore, 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 maynot only be due to energy

dependence, but also to di�erences in OTFTs. By irradiating asingle device across

multiple energies, the di�erences in response due to variation 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 switched between energies multiple

times and should be irradiated to a high dose. Since the sensitivity of our measurements

decrease with accumulated dose the results should be compared to devices irradiated at

one energy to see if changes in sensitivity follow the normaltrajectory or if they are due

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

We would also like to investigate the use of organic semiconductors in diodes and mon-

itor their response to irradiation. Several groups have made diodes that show a linear

response with dose rate [55, 56]. Millset al used a 
exible kapton substrate and Intani-

wet et al used a glass substrate to measure sensitivities up to 20 and 457 nC mGy� 1

cm� 3 respectively. Optimizing these devices for sensitivity and water equivalence could

make them viable dosimeters.

6.5 Other OTFT Investigations

One of the principal areas for improvement in OTFT dosimetersis the sensitivity. Cur-

rent values are su�ciently low that it would be di�cult to �nd practical applications for

them in a clinical environment. Future work will focus on trying to improve sensitivity

by varying the device design with respect to the active area,materials, and thicknesses

of the various layers the OTFTs. Following the optimization of single device designs,

we will build prototype, few OTFT arrays for planar dose distribution measurements.

Extrapolation from there to a high resolution planar array would be an engineering chal-

lenge, but certainly not insurmountable. Finally, we will investigate at a more basic level

to understand the mechanisms of signal generation of OTFTs. For example materials

used in the OTFT will be looked at using solid state nuclear magnetic resonance (NMR)

spectroscopy and Fourier transform infrared (FTIR) spectroscopy before and after ir-

radiation to help understand how radiation changes the chemical composition and the

resulting changes contribute to a change in signal in the OTFT. FTIR is used to obtain

the infrared spectrum of absorption or emission of a sample.NMR spectroscopy can be

used to determine the chemical properties of molecules and look for radiation-induced

changes following exposure to ionizing radiation.

6.6 Monte Carlo Simulations

Polyenergetic beams should be used in the simulations of kilovoltage energies to un-

derstand the energy dependence better. Spekcalc can be usedto generate kilovoltage

spectra of the Xstrahl 300 orthovoltage x-ray unit that was used experimentally in this

study. In some of the simulations in this work monoenergeticbeams of 20-100 keV were
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used. Using monoenergetic sources can give the impression that the energy dependence

is larger than it would be for a more realistic source used in the clinical environment.

A realistic source will have a distribution of energies which could wash out some of

the energy dependences measured in our simulations. Movingforward more detailed

simulations can be used to evaluate which materials (i.e. dielectrics, substrates etc.), ge-

ometries (i.e. thicknesses, orientations etc.) and di�erent device designs such as diodes.

The simulations will be used to motivate the direction of ourexperiments.



Bibliography

[1] G. A. J. Hall, Eric J., Radiobiology for the radiologist, iD: 781261683 (2012).

[2] K. D. Miller, R. L. Siegel, C. C. Lin, A. B. Mariotto, J. L. Kra mer, J. H. Rowland,
K. D. Stein, R. Alteri, A. Jemal, Cancer treatment and survivorship statistics, 2016.
CA: A Cancer Journal for Clinicians66 (2016) 271{289. doi:10.3322/caac.21349.

[3] F. H. Attix, Introduction to radiological physics and radiation dosimetry, John
Wiley and Sons, 2008.

[4] L. A. DeWerd, S. D. Davis, L. J. Bartol, F. Grenzow, Ionization chamber instrumen-
tation. Clinical Dosimetry Measurements in Radiotherapy,edited by DWO Rogers
and JE Cygler (Medical Physics Publishing, Madison, Wisconsin, 2009) (2009).

[5] L. A. DeWerd, J. Micka, R. Laird, D. Pearson, M. O'brien, P. Lamperti, The e�ect of
spectra on calibration and measurement with mammographic ionization chambers.
Medical physics29 (2002) 2649{2654.

[6] L. DeWerd, L. Bartol, S. Davis, Thermoluminescence dosimetry. Clinical Dosimetry
Measurements in Radiotherapy.Madison WI: Medical Physics Publishing (2009).

[7] A. Nunn, S. Davis, J. Micka, L. DeWerd, Lif: Mg, ti tld response as a function
of photon energy for moderately �ltered x-ray spectra in therange of 20{250 kvp
relative to c60o. Medical physics35 (2008) 1859{1869.

[8] C. G. Soares, S. Trichter, S. Devic, Radiochromic �lm. Textbook of AAPM Summer
School (2009).

[9] H. Bouchard, F. Lacroix, G. Beaudoin, J. Carrier, I. Kawrakow, On the characteri-
zation and uncertainty analysis of radiochromic �lm dosimetry. Medical physics36
(2009) 1931{1946.

[10] I. Das, D. Rogers, J. Cyglar, Diamond detector. ClinicalDosimetry Measurements
in Radiotherapy.Medical Physics Publishing, Madison, WI (2009) 891{912.

[11] T. C. Zhu, A. Saini, J. Cygler, Diode dosimetry for megavoltage electron and photon
beams. Clinical Dosimetry Measurements in Radiotherapy (2009) 913{939.

[12] A. S. Saini, T. C. Zhu, Energy dependence of commerciallyavailable diode detectors
for in-vivo dosimetry. Medical physics34 (2007) 1704{1711.

[13] D. Wilkins, X. A. Li, J. Cygler, L. Gerig, The e�ect of dose rate dependence of
p-type silicon detectors on linac relative dosimetry. Medical physics24 (1997) 879{
881.

88



89

[14] K. T. Welsh, L. Reinstein, The thermal characteristicsof di�erent diodes on in vivo
patient dosimetry. Medical physics28 (2001) 844{849.

[15] J. V. Dam, G. Leunens, A. Dutreix, Correlation between temperature and dose rate
dependence of semiconductor response; in
uence of accumulated dose. Radiotherapy
and Oncology19 (1990) 345{351.

[16] J. Cygler, P. Scalchi, Mosfet dosimetry in radiotherapy. Clinical Dosimetry Mea-
surements in Radiotherapy (2009) 941{977.

[17] A. S. Sedra, K. C. Smith, Microelectronic circuits, New York: Oxford University
Press, 1998.

[18] H. Klauk, Organic thin-�lm transistors. Chemical Society Reviews39 (2010) 2643{
2666.

[19] R. C. Hughes, Hole mobility and transport in thin sio2 �lms. Applied Physics
Letters 26 (1975) 436{438. doi:10.1063/1.88200.

[20] R. C. Hughes, Charge-carrier transport phenomena in amorphous si o2 : Direct
measurement of the drift mobility and lifetime. Physical Review Letters 30 (1973)
1333{1336. doi:10.1103/PhysRevLett.30.1333.

[21] J. R. Schwank, M. R. Shaneyfelt, D. M. Fleetwood, J. A. Felix,P. E. Dodd, P. Pail-
let, V. Ferlet-Cavrois, Radiation e�ects in mos oxides. IEEETransactions on Nu-
clear Science55 (2008) 1833{1853.

[22] P. J. McWhorter, S. L. Miller, W. M. Miller, Modeling the anneal of radiation-
induced trapped holes in a varying thermal environment. IEEETransactions on
Nuclear Science37 (1990) 1682{1689. ID: 1. doi:10.1109/23.101177.

[23] F. B. McLean, T. R. Oldham. Basic mechanisms of radiatione�ects in electronic
materials and devices (1987).

[24] W. L. Warren, M. R. Shaneyfelt, D. M. Fleetwood, J. R. Schwank, P. S. Winokur,
R. A. B. Devine, Microscopic nature of border traps in mos oxides. IEEE Transac-
tions on Nuclear Science41 (1994) 1817{1827. ID: 1. doi:10.1109/23.340513.

[25] M. R. Shaneyfelt, J. R. Schwank, D. M. Fleetwood, P. S. Winokur, K. L. Hughes,
F. W. Sexton, Field dependence of interface-trap buildup in polysilicon and metal
gate mos devices. IEEE Transactions on Nuclear Science37 (1990) 1632{1640. ID:
1. doi:10.1109/23.101171.

[26] D. M. Fleetwood, P. S. Winokur, J. R. Schwank, Using laboratory x-ray and
cobalt-60 irradiations to predict cmos device response in strategic and space en-
vironments. IEEE Transactions on Nuclear Science35 (1988) 1497{1505. ID: 1.
doi:10.1109/23.25487.



90

[27] J. R. Schwank, P. S. Winokur, P. J. McWhorter, F. W. Sexton, P. V.
Dressendorfer, D. C. Turpin, Physical mechanisms contributing to device "re-
bound". IEEE Transactions on Nuclear Science31 (1984) 1434{1438. ID: 1.
doi:10.1109/TNS.1984.4333525.

[28] M. R. Shaneyfelt, J. R. Schwank, D. M. Fleetwood, P. S. Winokur, K. L. Hughes,
G. L. Hash, M. P. Connors, Interface-trap building rates in wet and dry oxides. IEEE
Transactions on Nuclear Science39 (1992) 2244{2251. ID: 1. doi:10.1109/23.211427.

[29] D. M. Fleetwood, P. V. Dressendorfer, D. C. Turpin, A reevaluation of worst-case
postirradiation response for hardened mos transistors. IEEE Transactions on Nu-
clear Science34 (1987) 1178{1183. ID: 1. doi:10.1109/TNS.1987.4337449.

[30] A. J. Lelis, T. R. Oldham, W. M. DeLancey, Response of interface traps during high-
temperature anneals [mosfets]. IEEE Transactions on Nuclear Science38 (1991)
1590{1597. ID: 1. doi:10.1109/23.124150.

[31] G. Ensell, A. Holmes-Siedle, L. Adams, Thick oxide pmosfetdosimeters for high
energy radiation. Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 269 (1988)
655{658.

[32] P. R. Almond, P. J. Biggs, B. M. Coursey, W. F. Hanson, M. S. Huq, R. Nath,
D. W. O. Rogers, Aapm's tg-51 protocol for clinical reference dosimetry of
high-energy photon and electron beams. Medical physics26 (1999) 1847{1870.
doi:10.1118/1.598691.

[33] R. A. Kinhikar, P. K. Sharma, C. M. Tambe, D. D. Deshpande,Dosimetric evalua-
tion of a new onedose mosfet for ir-192 energy. Physics in Medicine and Biology51
(2006)p. 1261.

[34] G. P. Beyer, G. G. Mann, J. A. Pursley, E. T. Espenhahn, C. Fraisse, D. J. Godfrey,
M. Oldham, T. B. Carrea, N. Bolick, C. W. Scarantino, An implantable mosfet
dosimeter for the measurement of radiation dose in tissue during cancer therapy.
IEEE Sensors Journal8 (2008) 38{51.

[35] T. Cheung, M. J. Butson, K. Peter, E�ects of temperature variation on mosfet
dosimetry. Physics in Medicine and Biology49 (2004)p. N191.

[36] R. A. Kinhikar, P. K. Sharma, C. M. Tambe, U. M. Mahantshetty, R. Sarin, D. D.
Deshpande, S. K. Shrivastava, Clinical application of a onedoseTM mosfet for skin
dose measurements during internal mammary chain irradiation with high dose rate
brachytherapy in carcinoma of the breast. Physics in Medicine and Biology 51
(2006)p. N263.

[37] T. M. Briere, M. T. Gillin, A. S. Beddar, Implantable mosfet detectors: Evaluation
of a new design. Medical physics34 (2007) 4585{4590.



91

[38] P. Scalchi, P. Francescon, Calibration of a mosfet detection system for 6-mv in
vivo dosimetry. International Journal of Radiation Oncology* Biology* Physics 40
(1998) 987{993.

[39] N. Jornet, P. Carrasco, D. Jurado, A. Ruiz, T. Eudaldo, M. Ribas, Comparison
study of mosfet detectors and diodes for entrance in vivo dosimetry in 18 mv x-ray
beams. Medical physics31 (2004) 2534{2542.

[40] R. Ramani, S. Russell, P. O'Brien, Clinical dosimetry using mosfets. International
Journal of Radiation Oncology* Biology* Physics37 (1997) 959{964.

[41] R. Ramaseshan, K. Kohli, T. Zhang, T. Lam, B. Norlinger, A.Hallil, M. Islam,
Performance characteristics of a micromosfet as an in vivo dosimeter in radiation
therapy. Physics in Medicine and Biology49 (2004)p. 4031.

[42] P. H. Halvorsen, Dosimetric evaluation of a new design mosfet in vivo dosimeter.
Medical physics32 (2005) 110{117.

[43] V. Panettieri, M. A. Duch, N. Jornet, M. Ginjaume, P. Carrasco, A. Badal, X. Or-
tega, M. Ribas, Monte carlo simulation of mosfet detectors for high-energy photon
beams using the penelope code. Physics in Medicine and Biology 52 (2006)p. 303.

[44] C. Edwards, S. Green, J. Palethorpe, P. Mountford, The response of a mosfet, p-
type semiconductor and lif tld to quasi-monoenergetic x-rays. Physics in Medicine
and Biology 42 (1997)p. 2383.

[45] B. Wang, C. Kim, X. G. Xu, Monte carlo modeling of a high-sensitivity mosfet
dosimeter for low-and medium-energy photon sources. Medical physics31 (2004)
1003{1008.

[46] B. Wang, X. G. Xu, C.-H. Kim, Monte carlo study of mosfet dosemeter charac-
teristics: dose dependence on photon energy, direction anddosemeter composition.
Radiation Protection Dosimetry 113 (2005) 40{46.

[47] C. F. Chuang, L. J. Verhey, P. Xia, Investigation of the use of mosfet for clinical
imrt dosimetric veri�cation. Medical physics 29 (2002) 1109{1115.

[48] P. Scalchi, P. Francescon, P. Rajaguru, Characterization of a new mosfet detector
con�guration for in vivo skin dosimetry. Medical physics32 (2005) 1571{1578.

[49] Z. Qi, X. Deng, S. Huang, L. Zhang, Z. He, X. A. Li, I. Kwan, M. Lerch, D. Cutajar,
P. Metcalfe, In vivo veri�cation of super�cial dose for headand neck treatments
using intensity-modulated techniques. Medical physics36 (2009) 59{70.

[50] C. G. Rowbottom, D. A. Ja�ray, Characteristics and performance of a micro-mosfet:
An \imageable" dosimeter for image-guided radiotherapy. Medical physics31 (2004)
609{615.



92

[51] J. E. Cygler, A. Saoudi, G. Perry, C. Morash, E. Choan, Feasibility study of using
mosfet detectors for in vivo dosimetry during permanent low-dose-rate prostate
implants. Radiotherapy and oncology80 (2006) 296{301.

[52] C. W. Scarantino, D. M. Ruslander, C. J. Rini, G. G. Mann, H. T. Nagle, R. D.
Black, An implantable radiation dosimeter for use in external beam radiation ther-
apy. Medical physics31 (2004) 2658{2671.

[53] A. Beddar, M. Salehpour, T. Briere, H. Hamidian, M. Gillin, Preliminary evaluation
of implantable mosfet radiation dosimeters. Physics in Medicine and Biology 50
(2004)p. 141.

[54] S. Best, A. Ralston, N. Suchowerska, Clinical application of the onedoseTM patient
dosimetry system for total body irradiation. Physics in Medicine and Biology50
(2005)p. 5909.

[55] C. A. Mills, Y.-F. Chan, A. Intaniwet, M. Shkunov, A. Nisbet, J. L. Keddie, P. J.
Sellin, Direct detection of 6 mv x-rays from a medical linearaccelerator using a
semiconducting polymer diode. Physics in Medicine and Biology 58 (2013)p. 4471.

[56] A. Intaniwet, J. L. Keddie, M. Shkunov, P. J. Sellin, High charge-carrier mobilities
in blends of poly (triarylamine) and tips-pentacene leading to better performing
x-ray sensors. Organic Electronics12 (2011) 1903{1908.

[57] H. N. Raval, S. P. Tiwari, R. R. Navan, V. R. Rao, Determiningionizing radiation
using sensors based on organic semiconducting material. Applied Physics Letters
94 (2009)p. 92.

[58] J. J. Kim, J. M. Ha, H. M. Lee, H. S. Raza, J. W. Park, S. O. Cho, E�ect of electron-
beam irradiation on organic semiconductor and its application for transistor-based
dosimeters. ACS applied materials and interfaces8 (2016) 19192{19196.

[59] D. B. Hall, P. Underhill, J. M. Torkelson, Spin coating of thin and ultrathin polymer
�lms. Polymer Engineering and Science38 (1998) 2039{2045.

[60] D. M. Mattox, Handbook of physical vapor deposition (PVD)processing, William
Andrew, 2010.

[61] R. Ghodssi, P. Lin, Mems materials and processes handbook. Springer Science and
Business Media1 (2011).

[62] P. Kramer, A. Sharma, E. Hennecke, H. Yasuda, Polymerization of para-xylylene
derivatives (parylene polymerization). i. deposition kinetics for parylene n and pary-
lene c. Journal of Polymer Science Part A: Polymer Chemistry22 (1984) 475{491.

[63] C. D. Dimitrakopoulos, D. J. Mascaro, Organic thin-�lm transistors: A review of
recent advances. IBM Journal of research and development45 (2001) 11{27.



93

[64] B. Kumar, B. K. Kaushik, Y. S. Negi, Organic thin �lm transistors: structures,
models, materials, fabrication, and applications: a review. Polymer Reviews54
(2014) 33{111.

[65] S. Basu, M. C. Lee, Y.-H. Wang, Graphene-based electrodesfor enhanced organic
thin �lm transistors based on pentacene. Physical Chemistry Chemical Physics16
(2014) 16701{16710.

[66] B. Walters, I. Kawrakow, D. Rogers, Dosxyznrc users manual. Nrc Report Pirs 794
(2005).

[67] A. G. Ismail, I. G. Hill, Stability of n-channel organic thin-�lm transistors using
oxide, sam-modi�ed oxide and polymeric gate dielectrics, iD: 272178 (June 2011
2011). doi:http://dx.doi.org/10.1016/j.orgel.2011.03.027.

[68] F. D. Angelis, M. Gaspari, A. Procopio, G. Cuda, E. D. Fabrizio, Direct mass
spectrometry investigation on pentacene thin �lm oxidation upon exposure to air.
Chemical Physics Letters468 (2009) 193{196.

[69] R. Velazco, P. Fouillat, R. Reis, Radiation e�ects on embedded systems, Springer
Science and Business Media, 2007.

[70] M. M. Pejovic, P-channel mosfet as a sensor and dosimeter of ionizing radiation.
Facta Universitatis, Series: Electronics and Energetics29 (2016) 509{541.

[71] L.-L. Chua, J. Zaumsell, J.-F. Chang, E. C. Ou, General observation of n-type
�eld-e�ect behaviour in organic semiconductors. Nature434 (2005)p. 194.

[72] Y.-Y. Noh, J. Ghim, S.-J. Kang, K.-J. Baeg, D.-Y. Kim, K. Yase, E�ect of light ir-
radiation on the characteristics of organic �eld-e�ect transistors. Journal of Applied
Physics100 (2006)p. 094501.

[73] T.-Y. Kim, J. Jang, K. Cho, Y. Song, W. Park, J. Park, J.-K. Kim, W.-K. Hong,
T. Lee, Interface e�ect in pentacene �eld-e�ect transistors from high energy proton
beam irradiation. Organic Electronics27 (2015) 240{246.

[74] J. E. McDermott, M. McDowell, I. G. Hill, J. Hwang, A. Kahn, S. L. Bernasek,
J. Schwartz, Organophosphonate self-assembled monolayers for gate dielectric sur-
face modi�cation of pentacene-based organic thin-�lm transistors: A comparative
study. The Journal of Physical Chemistry A111 (2007) 12333{12338.

[75] D. Knipp, R. Street, A. V•olkel, J. Ho, Pentacene thin �lm transistors on inorganic
dielectrics: Morphology, structural properties, and electronic transport. Journal of
Applied Physics93 (2003) 347{355.

[76] A. Richard, Interface and surface e�ects on the glass-transition temperature in thin
polymer �lms. Faraday discussions98 (1994) 219{230.



94

[77] S. Steudel, S. D. Vusser, S. D. Jonge, D. Janssen, S. Verlaak, J. Genoe, P. Heremans,
In
uence of the dielectric roughness on the performance of pentacene transistors.
Applied Physics Letters85 (2004) 4400{4402.


