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ABBREVIATIONS AND SYMBOLS

Symbol Physical Constant / description Value / unit
Ce Concentration of electrons in conduction band cm?
CF Calibration factor
Ch Concentration of holes in valence band cm?
CMRP Centre for Medical Radiation Physics, University
of Wollongong, New South Wales, Australia
Cox Oxide capacitance per unit area F/cm?
D Absorbed dose Jkg*
Dy Depth of maximum dose
Dier Reference absorbed dose Gy
E Energy level J
Ea Average energy absorbed per interaction eV
E. Minimum energy of conduction band eV
Ee Fermi energy eV
Egap Energy difference between conduction and eV
valence bands in a semiconductor
Ey Energy transferred by ionising radiation eV
eV Electron-Volt
E, Maximum energy of valence band V
f Frequency of radiation st
f(E) Charge vyield coulomb
F(E) Fermi-Dirac distribution function
F(E)e Fermi-Dirac distribution function for electrons
F(E)n Fermi-Dirac distribution function for holes
Feorr Correction factor
g Hole generation rate 7.9 x 10" cm®/cGy
G Number of electron-hole pairs per second st
Gy Absorbed dose 1Gy=1Jkg"
h Planck’s constant 6.62617 x 10> J.s
I Current ampere
IC lon chamber
IVD In vivo dosimetry
Kk Boltzmann’s constant 8.617 x 10° eV/K
meg* Density-of-states effective mass of electron 1.08m,*
mp* Density-of-states effective mass of hole 0.811m,~
min Minute
Mo Free electron mass 9.1095 x 10™" kg
MOS Metal-oxide-semiconductor
MOSFET | Metal Oxide Semiconductor Field Effect
Transistor
n Density of electrons or holes cm?
N Number of electron-hole pairs
N(E) Density of quantum states per unit volume per cm® J?
unit energy
N(E)e Density of electron quantum states per unit cm® J?
volume per unit energy
N(E)n Density of hole quantum states per unit volume cm® J?
per unit energy
Ng Density of donors cm?
Ne(t) Density of electrons at time t after irradiation cm?
Nu(t) Density of holes at time t after irradiation cm”®
Ngs Density of interface states cm®
ANgs(t) Density of interface states with time after cm®

irradiation




Nt Area density of available traps in trapping sheet cm®
q Electronic charge 1.60218 x 10™° C
Qi Interface charge density per unit area Cm*
S Second
SD Standard deviation
Si Silicon
SiO, Silicon dioxide
SSD Source-to-surface distance cm
T Temperature kelvin
t Time S
T&N Thomson Nielsen Electronics Ltd, Canada
th Time of travel for holes across SiO, S
to Time of termination of irradiation S
Tox Oxide thickness cm
tsat Time of MOSFET saturation S
v Velocity cms?
Vv Voltage
Ves Flatband voltage V
Vq Gate voltage V
Vs Voltage between source and substrate V
Vin Threshold voltage \

AVines Flatband threshold voltage shift V or mV
AV Threshold shift V or mV
AVini Threshold shift for the first exposure of a new V or mV

MOSFET

AVip ox Threshold shift due to oxide trapped charge V or mV

AVih ret Reference Threshold shift V or mV

AVih sat Threshold shift at saturation V or mV

W Energy to produce one electron-hole pair >17+1 eV in SiO,

Wollongong | MOSFETSs provided by University of Wollongong,
MOSFETs | New South Wales, Australia

X Distance travelled by holes or electrons in SiO, cm

Xh Distance travelled by holes in SiO, cm

Z Angle degree

Greek symbols

& Electric field strength of oxide Vcm?

& Permittivity in free space 8.854 x 10™ F/cm
& Permittivity in silicon 11.9 F/cm
Eox Permittivity in silicon dioxide 3.9 F/cm
O Activation energy for annealing process eV

u Coefficient of mobility cm®/V.s

Uenl p Mass energy absorption coefficient cm/g

D Density of material cm”
Dox Density of oxide charge Cm?

T Timescale of charge build-up, or time constant S

To Lifetime of electrons S

n Lifetime of holes S

[k Bulk potential of silicon V

Y Work function of metal \Y

B Work function of semiconductor \

O Electron affinity for semiconductor 4.05V
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THESIS ABSTRACT

This thesis investigates the response to ionising radiation, of p-type Metal Oxide
Semiconductor Field Effect Transistors (MOSFETs) (REM Oxford (UK)) and a
reader system developed by the Centre for Medical Radiation Physics, The
University of Wollongong, to determine their feasibility for measurements of
dose during radiotherapy treatment (in vivo dosimetry (IVD)). Two types of
MOSFET probes were used — “single sensitivity”, for measuring low doses, and
“dual sensitivity”, to measure both high and lose doses. Sensitivity, linearity of
response with dose, and response changes with accumulated dose and
direction of incident radiation (angular dependence) were investigated.

The average sensitivity reduction over the lifetime of the probes was 22.37%
with a standard deviation of 0.63%. This reduction in sensitivity can be
corrected for by the use of “drift equations”. MOSFETSs have a limited “lifetime”
due to saturation effects with increasing accumulated dose. Saturation
occurred at an average of 40 Gray (Gy) accumulated dose, for the high

sensitivity probes investigated.

The high sensitivity probes were linear within 1.6% for doses between 5 and
140 cGy, and 3.8% for the high sensitivity probes for doses between 50 and
500 cGy.

Drift (changes in readings with time since irradiation due to electronic
processes) over the long-term (from hours to weeks following irradiation) has
been previously well characterised in the literature. This work focuses on short-
term drift, within the first few seconds or minutes following irradiation, being the
most clinically relevant for in vivo measurements. Drift is investigated for various
reading methods, such as reading frequency, and delays between irradiation
and readings. It is shown that sensitivity, and consequently dose determination,
is significantly influenced by the reading methodology.

During the first five minutes following an irradiation, drift increased inversely
with delivered dose, and was greater for probes having accumulated dose of
> 20 Gy (2.0 — 16.2% compared with 1.2 — 7.4% for < 20 Gy probes).



When two post-irradiation readings were taken following an irradiation, the
difference between them generally increased as the time interval between the
two readings increased, by up to 8.8%.

Delays in taking pre- and post-irradiation readings resulted in drift of up to 5.7%
or 9.3% respectively, compared with readings without a delay.

These results emphasise the necessity for consistent methodologies between
calibration and measurement in the clinical situation.

Greater sensitivity was measured with the epoxy bubble, rather than the
substrate side, facing the beam. The greatest variation, for orientations other
than the bubble side facing directly towards the beam, was 10%, or 5%
uncertainty in dose. The variations with angle were found to be reproducible, so
that appropriate correction factors could be applied to correct measurements at
angles other than with the sensitive area of the probes facing directly towards

the radiation beam.
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1. INTRODUCTION

Accurate dosimetry is critical in delivering high quality radiotherapy treatments
to patients. The aim of radiotherapy treatment is to deliver the prescribed
radiation dose to the target volume of the patient, whilst minimising the dose to
the surrounding healthy tissues and organs. The delivered dose should be
within = 5% of the dose prescribed, as recommended by the International
Commission on Radiation Units and Measurements [ICRU 24]. Deviations from
prescribed dose can occur due to random and systematic errors including
patient set-up and radiation beam output. Measurement of absorbed dose
during radiotherapy treatment can identify such errors, and is therefore an

important quality assurance tool for verification of accurate dose delivery [1-3].

With appropriately calibrated instrumentation, small dosimeters placed on the
patient’s skin function as in vivo dosimeters, which can measure entrance
and/or exit dose, from which the dose to the midline can be estimated.
Entrance dose measurements verify patient set-up and beam delivery, whilst
exit dose measurements provide information on any inhomogeneities and verify

treatment planning [4].

Thermoluminescent detectors (TLDs) and semiconductor diodes have
traditionally been used as in vivo dosimeters, however they have certain
disadvantages. TLDs do not provide real-time monitoring of dose, but require
post-irradiation processing, which destroys their dose history. Semiconductor
diodes are electronic devices which can measure in real-time, but many
correction factors must be applied to their readings due to their dependence on
radiation energy, dose-rate and angle of incidence, as well as ambient
temperature, size of the radiation field, distance between the detector and the
source, and beam modifiers which alter the quality of the beam, such as
wedges and shielding block trays. MOSFETs are gaining in popularity for
many dose measurement applications in radiation therapy, since their response
to irradiation is also proportional to dose (see Ch. 3). Their extremely small
sensitive volume (typically 4 x 10° mm?®) enables measurement in very small
radiation fields where larger volume dosimeters are unsuitable, and excellent
spatial resolution (1 um) can be achieved for microbeam dosimetry and in

regions with high dose gradients [5, 6]. Like diodes, they can measure in real-
1.



time and store dose information after readout, however they are dose-rate and
energy-independent [7-9], except for very low energies (<~100 keV), and some
MOSFETSs are isotropic and temperature-independent. They can measure low
radiation doses (< 10 cGy) [10], and their sensitivity can be adjusted by altering
characteristics during the manufacturing process, such as the oxide thickness,
as well as the irradiation bias. These attributes make MOSFETs promising
candidates for use clinically as in vivo dosimeters, requiring fewer correction

factors than semiconductor diodes.

However, a disadvantage of electronic detectors like diodes and MOSFETS is
response drift (variation in response with time since irradiation) which impacts
on their use as clinical radiation dosimeters. It depends on many factors, and
can result in uncertainties in dose determinations, depending on readout
methodology.

The intrinsic drift of MOSFETs over the long-term (hours-weeks following
irradiation) has been previously well characterised [11-14], however, little work
has been published on short-term drift (within the first few seconds or minutes
following irradiation), which period is clinically appropriate for routine in vivo
dosimetry (IVD). While the principal emphasis of this thesis is on drift effects,
certain other characteristics of MOSFETs have also been investigated, such as
linearity with dose and angular dependence, to investigate the feasibility of their
use for clinical IVD for external beam radiotherapy at the Royal Adelaide
Hospital.

Most published work on the characteristics of MOSFETs as radiation
dosimeters relates to the MOSFETs and reader systems developed by
Thomson Nielsen Electronics Ltd of Canada, referred to as “T&N” throughout
this thesis. The current work reports on results using the MOSFETs and reader
system developed by the Centre for Medical Radiation Physics (CMRP),
University of Wollongong, New South Wales, Australia (“Wollongong
MOSFETSs”). It should be noted that the reader system used for this work (as
described in section 4.1) has both automatic and manual readout facilities, and
that the present work utilises only the manual method, and hence the results
presented apply only to that mode of operation.



2.1

2.2

GENERAL DESCRIPTION AND OPERATION OF
MOSFETs

Introduction

It is now approximately 40 years since the effect of radiation exposure on
MOSFET performance was first observed. Early developments of metal-
oxide-semiconductor (MOS) technology for space and military
applications had shown that radiation caused a detrimental affect on
properties of electronic circuits, due to a build-up of trapped charge in the
silicon dioxide (SiO;) of MOS devices [15]. lonising radiation passing
through a medium may deposit some or all of its energy in that medium
by various processes as described in section 3.2. This deposition of
energy may result in changes to the lattice structure or the release of
electrons from atoms (ionisation). The extent of lattice change or
ionisation is therefore proportional to energy absorbed by the medium,
i.e. dose. The amount of energy, dE, deposited in a small mass, dm, at a
point, p, in a medium is the absorbed dose, D:

D(p) = G 2.1)

The International System of Units (SI) unit for absorbed dose is the Gray
(Gy), where 1 Gy = 1 joule/kg. The absorbed dose to the medium may
be measured indirectly using MOSFETs, by measuring one of their
electrical characteristics, the “threshold voltage” (Viw), as described
below.

General Semiconductor Structure and Operation

The MOSFETs wused for this work incorporate silicon (Si)
semiconductors. Silicon has an atomic number of 14. In the ground
state, its 14 electrons are distributed in three shells:

Shell: K L M
Configuration: 1s 2s, 2p 2s, 2p
No. of electrons in shell: 2 8 4




The 4 valence electrons in the M-shell join with 4 surrounding Si atoms
through covalent bonds comprising 2 electrons with opposite spins
(according to Pauli's exclusion principle) to form a diamond lattice

structure.

The pure or “intrinsic” Si bulk structure can be considered in terms of
quantum physics, whereby electrons behave as travelling waves. These
waves can undergo constructive or destructive interference by interaction
with the Si ion core, and create an energy difference between electrons
which are “bound” and those which are “free” to carry charge. The
“bound” electrons occupy the “valence band” and the “free” electrons
occupy the “conduction band”. The difference in energies in these two
bands is the “bandgap” or “forbidden gap” or “energy barrier” (Egap). FoOr
intrinsic Si at room temperature, the bandgap energy is 1.107 eV (CRC
Handbook of Chemistry and Physics, 55" ed., pE103), and for an
interface of Si with silicon dioxide, it is 8.8 eV. The energy bands are
formed of large numbers of energy levels (quantum states). There are 5
x 10%% energy levels in each band per cm® [16]. According to Pauli's
exclusion principle, each level can accommodate 2 electrons of opposite
spin, therefore each band may have up to 1 x 10 electrons.

Under normal circumstances, electrons in the valence band are unable to
surmount the energy barrier, however, given certain conditions (for
example, heating) they may gain energy sufficient to enable them to
enter the conduction band and carry negative charge throughout the
lattice structure. The vacancy, or “hole”, left in the valence band can
similarly carry positive charge. For intrinsic Si, the numbers of electrons
equals the number of holes, and the semiconductor has a neutral charge.
The effectiveness of a semiconductor to carry charge is a function of the
number density of charge carriers. The density of charge carriers
depends on the density of quantum states, and the probability of carriers
occupying those states. At thermal equilibrium for intrinsic Si, the density
of charge carriers depends on the distribution of available states, and the
probability of occupancy of those states by electrons or holes.

The total electron or hole concentration per unit volume, n, in the

conduction or valence band is a function of energy [17]:



n = TN(E).F(E)dE ............................................ (2.2)

Egap
where E =  energy level (J)
N(E) = density of quantum states per unit volume per
unit energy (cm™J%)
FE) = Fermi-Dirac distribution function.

The Fermi-Dirac distribution functions, F(E)e and F(E), give the
probabilities of occupancy of energy level E by electrons and holes
respectively. At room temperature and thermal equilibrium, the
probability that an electron occupies level E is given by [17]:

F(E)e = e, (2.3)
E-E.
1+exp
N
where Eg = is the Fermi energy, the level for which the

probability of occupancy is Y2

k

T

and 1 — F(E)e is the probability that level E is empty (i.e. probability of a

Boltzmann’s constant (eV/K)

temperature (K)

hole, F(E)n). The Fermi level is the energy level for which there are

equal densities of filled shells above and below it.

The density of states N(E) is also a function of energy, as well as of
density-of-states effective mass m* of the electron or hole. (The density-
of-states effective mass differs from the free-space mass due to the
influence of the periodic force field of the lattice atoms.) The density of

guantum states equations for electrons (N(E) and holes N(E) are [17]:

3
N(E)e = (87;;/5) (m:)2 0 (2.4)
3
N(E), = [87;\3/5] (mh F (E, —E) toeeereeereeerenenen, (2.5)
where h = Planck’s constant (J.s)
Ec = Minimum energy of conduction band (eV)
Ev = Maximum energy of valence band (eV)
me* =  1.08(free electron mass, mo)*
mp* =  0.811my*t.



Figure 2.1 shows the convolution of functions N(E) and F(E), to give the

carrier density at equilibrium and for T > 0 K.

Conduction band

Density of electrons

R

h
Density of holes

A I
0
N(E) F(E) ! N
Distribution of Fermi-Dirac Density of charge
available energy states distribution carriers

Figure 2.1 Density of charge carriers in the valence and
conduction bands of a pure semiconductor

Semiconductors can be “doped” by replacement of a percentage of the
Si atoms in the lattice by atoms of other materials. These materials may
have either extra negative charge carriers (e.g. phosphorus with 5
valence electrons), or extra positive charge carriers, (e.g. boron with 3
valence electrons). Semiconductors doped with extra electrons are
called “donors” or “n-type”, whilst those with extra holes are called
“acceptors” or “p-type”.

Donors introduce extra energy levels close to the conduction band edge,
and acceptors introduce energy levels close to the valence band edge.
This reduces the bandgap energy between the valence and conduction
bands in the semiconductor, and makes it easier for electrons to jump
from the valence to the conduction band. The Fermi level is adjusted
accordingly — up closer or into the conduction band for n-type, and down
closer or into the valence band for p-type. Figure 2.2 is an example of
how the electron density in the conduction band is increased in an n-type
semiconductor. Similarly, the hole density increases in a p-type
semiconductor.

When n-type and p-type semiconductors are placed in contact with each
other, there will be a diffusion of majority electrons and holes between
them (figure 2.3(a)), leaving a narrow layer of ionised minority carriers.
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Figure 2.2 Density of charge carriers in an n-doped semiconductor

This produces an electric field across the junction (figure 2.3(b)). The
narrow layer is called the “depletion region”, as it is depleted of majority
carriers, since the electric field prevents their further diffusion. The Fermi
levels of the two types of material will adjust until there is one continuous
Fermi level between them, as shown. This forms a p-n junction.
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Figure 2.3 Typical p-n junction

The next section describes the use of two p-n junctions in a MOSFET.



2.3

MOSFET Description and Threshold Shift

The MOSFET used for this work consists of an n-type silicon substrate in
which are embedded two p-type areas. The substrate is separated from
an aluminium gate by an SiO, insulator, and the whole MOSFET s
covered with about 0.3 mm epoxy. The oxide is a passivator, thermally
grown (through oxidation at elevated temperatures) onto the Si, which
insulates it from the metal gate electrode. The MOSFET comprises two

p-n junctions, denoted the “source” and the “drain” (see figure 2.4).

Silicon dioxide

Aluminium gate )
insulator

-V
.

Source,
p-type

B Drain,
1 ptype

Inversion layer

Depletion layer n-type Si

Figure 2.4 Schematic of a typical p-MOSFET

MOSFETs may be operated in several modes - flatband, accumulation,
depletion or inversion - depending on bias voltage between the substrate
and gate, called “gate voltage” (Vqy). When there is no charge in the
semiconductor, the energy levels of the Si in an energy band diagram are
flat, hence this is called the flatband mode. The Vy required to maintain
this condition is called “flatband voltage”, Vgs. For n-type Si,
accumulation mode occurs by applying a positive gate bias (Vg > Veg)
which attracts electrons towards the Si/SiO, interface. Depletion or
inversion occurs when a negative gate bias (Vg4 < Veg) is applied. When
a large negative voltage is applied to the gate with respect to the
substrate, an electrostatic field is set up between the gate and the rest of
the device. This voltage repels electrons from the interface between the
substrate and insulator, and also attracts holes (minority carriers) to the
interface, thus producing a positively charged channel. This region of the
substrate, having been *“inverted” from n-type to p-type, is called an
“inversion layer”. This layer is a p-type channel in the silicon close to the

insulator, through which holes can move and carry charge from the

8.



source to the drain. The gate voltage which induces inversion and first
permits a current to flow between source and drain is V4. The Vi
necessary to cause this inversion depends on:

the thickness, capacitance and charge of the oxide

the doping density

temperature

the electron and hole concentrations

electric potential between the gate and the Si.

The MOSFET used for the current work is operated in inversion mode
and is called a “p-type MOSFET". For a p-type MOSFET, Vi, is given by
[17]:

V2 &.an, (126, |- V)

Vin =Ves — |20 | - S (2.6)
where F = bulk potential (V)
& = permittivity in Si (F/cm)
g = electron charge (C)
ng = density of donors (m™)
Vss = voltage between source and substrate (V)
Cox = oxide capacitance per unit area (F/m?).

The flatband voltage is the applied gate voltage which yields a flat energy
band in the semiconductor. It equals the difference between the work-
functions of the metal, ¢y, and the semiconductor, ¢s, minus terms
expressing the voltage across the oxide due to charge at the oxide-Si
interface, and in the oxide. The work function is the voltage required to
extract an electron from the Fermi level to the vacuum level (i.e. outside

the atom). Flatband voltage is given by:

tox
Vg = ¢|v| _[7{"' Ezg;p _|¢F |j_CQ_0iX_ giox .!‘X POX(X) dx......... (2.7)
where 0 = electron affinity for semiconductor (V)
Qi = interface charge density per unit area (C/m?)
Eox = permittivity of the oxide (F/cm)
Pox = oxide charge density (C/m®)
tox = oxide thickness (m)



In investigating charge yield and effects of oxide thickness and applied
bias on flatband voltage in MOS capacitors, Boesch and McGarrity [18]
determined that, for a uniform radiation-produced oxide hole charge
density, pox, the shift in flatband voltage was proportional to radiation

dose, oxide thickness and the applied electric field across the oxide:

_pOX tOX
AV, s = T (2.8)
f(E)Dt ?
() Dt (2.9).
W

where AV, g is the flatband threshold voltage shift (V).

From this, they confirmed that the radiation energy required to produce
one electron-hole pair in SiO, was 18 + 3 eV. Later work [19] achieved
greater accuracy of 17 + 1 eV.

For the use of MOSFETs as dosimeters, the Vy, is slightly differently
defined — it does not relate to the inversion Vg which first permits a
current to flow, but to a certain specified constant current, as shown in
figure 2.5 which depicts the shift in Vi produced by irradiation. It shows
the current-voltage (I-V) curves of a p-MOSFET prior to and following
irradiation in passive mode (no applied gate bias). In this example, the

shift is 2V to maintain a constant source-drain current of 160 pA.

It can be seen that the curve is translated as well as “stretched out” as a
result of the exposure. The translation is due to charge trapped in the

oxide, whilst the distortion is due to interface charge.

Post- Pre-
irradiation Vi, irradiation Vi,
L ¥ Drain
A current
T 160pA

«
Gate-source
Voltage

Figure 2.5 I-V curves prior to and following irradiation,
displaying the shift in Vy, to maintain a 160 gA current
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The measurement of the Vi, before and after irradiation, viz. “threshold
shift”, AVy, is the basis of MOSFET dosimetry, as will be described in the
next chapter.

11.



3.1

3.2

THE MOSFET AS A RADIATION DOSIMETER

Background

Most early work into radiation effects on MOS devices had been directed
at minimising degradation of circuits containing them, particularly for their
use for the defence and space industries [20-22]. The use of MOSFETs
for radiation dosimetry was first suggested in 1974 by Andrew Holmes-
Siedle [23], who developed a space-charge dosimeter for radiation
monitoring and safety applications. In 1978, Adams and Holmes-Siedle
[24] suggested that, since radiation damage was proportional to radiation
dose, dose absorbed by MOSFETs could be determined by
measurement of its properties, such as inversion voltage, and thus they
could be used as radiation detectors. They realised the potential of
controlling certain parameters of MOS transistors, such as oxide
thickness and density of traps through fabrication processes, to optimise,
rather than to minimise, the space-charge density, to produce useful

radiation dosimeters.

Since the late 1980s, MOSFETs have been investigated extensively for
use for many medical dosimetry applications, including diagnostic
radiology [7], skin surface dosimetry [25, 26], dose distributions of small
fields such as used for stereotactic radiosurgery [5], microbeam
dosimetry [6, 27, 28], image-guided radiotherapy [29] and quality
assurance of Intensity Modulated Radiotherapy equipment [30, 31]. An
understanding of the characteristics and response of MOSFETs to

irradiation is necessary prior to their use for medical dose determination.

The processes subsequent to interaction of ionising radiation with
a MOSFET

Radiation exposure damages the structure of the SiO, with the result that
charge traps are created in the bulk oxide and at the interface with the
silicon, as will be explained hereunder. Most charge traps are located in
the SiO, within 20 nm of the interface with the silicon, although some
traps exist in the bulk oxide and at the interface. Figure 3.1 shows the
identified trapping zones. SiOy indicates an unknown oxygen species.

12.
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Figure 3.1 Bulk oxide, border and interface traps in a

MOSFET [89, p87]
(with permission from Oxford University Press)

When a MOSFET is exposed to radiation of sufficient energy, W,
(>17%1 eV in SiO,), electron-hole pairs may be produced. The number
of pairs produced, N, is proportional to the energy transferred, E;, and
therefore on dose:

The main processes involved as a result of the interaction with ionising
radiation with a MOSFET are:

1. Creation of electron-hole pairs in the SiO; by ionising radiation;

2. Separation of electrons from holes by application of an external
electric field across the oxide, and the movement of electrons
towards the gate;

3. Hole transport through the oxide towards the Si/SiO, interface;
4. Trapping of holes and electrons in the oxide;

Build-up of interface and border traps in the Si bandgap; and

Electron-hole recombination.

These are described in greater detail below, and illustrated in figure 3.2.

13.



3.2.1

3.2.2

/ [DEEP HOLE TRAPPING ~ 1
INEAR THE SUSiO, INTERFACE] 11eV

Al GATE \‘_'_ +[. I~ &
. +|°
W' Vg W Si0, + V : INTERFACE TRAPS
RESULTING FROM
SN —»| ELECTRON-HOLE PAIRS INTERACTION OF HOLES
GENERATED BY IONZING
ﬁ RADIATION
HOPPING TRANSPORT
OF HOLES THROUGH
|7 LOCALIZED STATES
+ IN Si05 BULK

Figure 3.2 Band diagram of a MOS device with a positive
gate bias, illustrating the main processes subsequent to

irradiation [90, p333]
(with permission from Elsevier)

Electron-hole pair creation

When energy is transferred to electrons by ionising radiation, they
are excited from the valence band into the conduction band in
solid state material such as SiO,. They leave behind holes in the
valence band, thus forming electron-hole pairs. (Electron-hole
pairs are also produced in the gate and the substrate, however
these pairs quickly recombine and do not contribute to AVy,, so will
be disregarded for the purposes of this study).

Electron-hole separation by an applied electric field

Both the holes and electrons can carry charge and, although SiO,
is an insulator, it does allow the movement of electrons and holes
under certain circumstances. Some electrons and holes will
recombine immediately, but with an applied positive gate-
substrate bias, the electrons are attracted to the gate, while the
holes move by so-called “hopping transport” through the oxide
towards the Si/SiO, interface. The rate of transport of the
electrons and holes is a function of the oxide thickness and
electric field, and their coefficients of mobility. Hole velocity is
much less than electron velocity [16] (see section 3.5.1). The
mobility of holes in SiO, at room temperature is about 10* — 10™**
cm?/V.s, while typical electron mobility is of the order of
20 cm?/V.s.

14.



3.2.3 Hopping transport of holes through SiO2

The continuous-time-random-walk model [32] of transport
phenomena in solids has been used to describe the movement of
holes in SiO,. Essentially, it involves quantum tunnelling of holes
via lattice distortions. A strong polarization interaction between
the hole and the lattice creates a local distortion of the lattice, an
increase in the effective mass of the hole and lowering of the local
potential. In effect, the hole is “self-trapped”, and is called a “small
polaron” (see figure 3.3(a)). The small polaron is able to “hop”
through the lattice via thermally activated quantum tunnelling.
Thermal fluctuations in the lattice may lead to conditions where
the potentials of the hole trap and an adjacent empty trap coincide
such that the wave functions of the two traps overlap, and the hole

can tunnel into the adjacent trap (3.3(b)).

V(X 4

O hole tunnelling O

»
1

(@) (b) (©) X

Figure 3.3 Small polaron hopping model for hole transport through SiO,. (a)
polaron trapped in a potential well; (b) quantum tunnelling to an adjacent
well; (c) polaron trapped in the next well

The potential of that trap is then lowered, and the process is
continued (3.3(c)). Polaron hopping may continue for up to
several seconds following irradiation, at room temperature.

3.2.4 Oxide electron and hole trapping

The holes and electrons may be trapped either in the oxide or at
the interface with the Si. The exact nature of these oxide and
interface traps is not yet entirely understood, but much work has
been done on their chemical characterisation [33-38]. Certain
radiation-produced defects in the oxide structure or at the interface
with the Si have been identified as possible traps, including the E’

centre (of the form Si=03) believed to be inherent in the oxide,
15.



and the Py, centre at the interface. Figure 3.4 shows some of the

identified E’ and Py, centres in the oxide and at the interface.

(@)

(b)

Figure 3.4 Examples of chemical species believed to be involved
in the formation of oxide and interface traps. (a) oxide species;

(b) interface species in 3 types of Si. [33, pp230, 237]
(with permission from Institute of Physics Publishing)

3.2.4.1 Hole trapping in the oxide near the Si/SiO, interface

H* and oxygen have been suggested to be involved in
the formation of hole traps [33]. It is believed that these
species are produced as a result of lattice displacement
and are attracted towards the Si/SiO, interface in the
presence of an electric field. Most of the oxide traps
exist between 2 and 20 nm of the Si/SiO, interface, but
small numbers can be found in the bulk oxide. More

than 10 of these centres have been identified.
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3.24.2

Electron Traps in the oxide

Although the majority of electrons are drawn out of the
oxide through the gate, some are trapped in the oxide.
It is believed that the build-up of these electron traps
can form a conduction path across the oxide, which
eventually leads to saturation. However, the generation
mechanism is not clear. At least three models have
been proposed to describe the build-up of electron traps
in SiO, [39]:

— Anode hole injection model

Holes injected from the anode can recombine with
electrons, and the energy released by this

recombination generates electron traps.

— Hydrogen model
Hydrogenous species, released by holes, can travel
through the oxide and generate electron traps.

— Electric field energy model

The high oxide field itself can induce sufficient
energy directly into the oxide to create electron
traps.

3.2.5 Interface and border traps

3.25.1

Interface traps

As well as oxide traps, interface traps (P, centres) are
caused by ionising radiation. These are defects at
< 0.2 nm of the Si/SiO, interface which increase the
density of energy levels within the bandgap, close to the
valence or conduction band. These defects can
exchange charge, by capturing or emitting electrons or
holes from the conduction and valence bands
respectively [16]. Therefore, interface traps store and

release both positive and negative charge, depending
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3.2.5.2

on MOSFET type and bias conditions. The Py, centres
may be t riggered b y irradiation or ch arge i njection.
Most i nterface d efects have bee n found to co ntain
either d angling eSi= orbitals or hy drogenous species,

especially H* [33].

Border traps

Hybrid traps, having properties between the E’ and Py,
centres called “border traps”, have been found to exist
int he ox ide, b etween 0. 2 - 2nm fromthe S i/SiO,
interface. Border traps can also exchange charge with
the S i, an d t heir e ffective densi ty depen ds ont he
timescale a nd bi as co nditions of m easurements.
Border trap d ensities of ~ 10" — 10""/cm® have been
suggested [40]. They may be donor-like or amphoteric
as shownin figure 3.5. The do nor-like t raps have
electrons associatedw itht rapped hol es which

neutralise charge.

NOTE:
Thisfigureisincluded on page 18
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 3.5 Three types of border traps.
(1) & (2) donor-like; (3) amphoteric. [40]

(with permission from American Institute of Physics)

In the first type of donor-like trap, the electron may exist
in at ransitional r egion o f t he ox ide, ( SiOx indicates
unknown oxy gen sp ecies), w hereas int ype 2, t he

electron is believed to exist in the oxide bulk, perhaps at
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the same site as the trapped hole (E’ centre). From the

amphoteric trap, a hole or electron may be exchanged

with the Si, depending on bias conditions at the

interface.

In p-MOSFETs, the border traps may

exchange holes with the Si.

3.2.6 Recombination of electrons and holes

Following irradiation, some electron-hole pairs will recombine, and

free electrons may form covalent bonds with other atoms.

Recombination therefore reduces the density of electron-hole

pairs. It has been shown [41] that the densities of holes and

electrons decrease in an exponential fashion whilst the following

eguations show the densities taking into account the production of

electron-hole pairs:

for n-type Si,

and for p-type Si,

where Np(t)
Ne(t)
Ch
Ce

Gv

Th

Te

n(t) = C,+G,z,[l—e™) ... (3.2)
n() = C+Gr[l—e"™) .. (3.3)

hole density at time t after irradiation (cm™)
electron density at time t after irradiation (cm™)
concentration of holes in valence band (cm™)

concentration of electrons in conduction band
(cm)

no. of electron-hole pairs generated by
irradiation per sec (s™)

lifetime of holes (s)

lifetime of electrons (s).

In addition to recombination, electrons may tunnel or be injected from the

silicon (for example by a reader system). Figure 3.6 shows the sites of

hole traps and recombinations, and the resulting variation of oxide

electric field. The field strength increases close to the Si interface

(between d1 and d2) where holes are trapped, then is stabilised by

recombination of the holes with electrons injected from the Si.
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Figure 3.6 Sites of hole trapping and electron-hole recombination, and
electric field across SiO, [89, p139]

(with permission from Oxford University Press)
Dose determination by measurement of Threshold Shift

As previously mentioned, a positive gate-substrate bias during irradiation
attracts electrons towards the gate, whilst the holes migrate towards the
Si/SiO; interface where some are trapped, either in the oxide itself, or at
the interface. In p-channel MOSFETS, the interface states also trap
positive charge. These trapped holes repel the positively charged carriers
in the channel, hence a greater negative voltage must be applied
between the gate and source to maintain the specified source-drain
current. The reduced concentration of positive charge carriers in the
channel thus results in a “shift” of the threshold voltage to a greater

negative value.

Threshold shift is measured by taking readings of Vg, (mV) prior to, and
following, irradiation. However, due to various electronic effects such as
carrier drift, recombination of electrons with holes, build-up of interface
traps, thermal emission of holes from the traps and interface defects with
accumulated dose, readings of AVy, for the same given dose may vary
(drift) with time since irradiation. This thesis investigates some of these
drift effects, particularly their influence on the use of MOSFETSs for IVD.
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3.4

Calibration and use of MOSFETSs as Radiation Dosimeters
Sensitivity is a measure of the response of the dosimeter to radiation. It

is defined as:

where AVin is (Vin post-irradiation = Vih pre-irradiation) (MV) and D is absorbed dose
(cGy).

In order to be used as in vivo dosimeters, MOSFETs must first be
calibrated to determine their response to radiation. Once the response to
a specified radiation dose under “reference conditions” is known, an
unknown radiation dose can be determined using the AVy, a “calibration
factor” CF, and “correction factors” Fcor, Which are necessary when the
irradiation conditions differ from the reference conditions. For example,
reference conditions could be 100 cm source-to-surface distance (SSD)
and 10 cm x 10 cm field size at the isocentre, at depth at which
maximum dose is deposited, Dmax, With the sensitive side of the
MOSFET facing directly towards the beam. The CF is determined by:

A Vth ref

C F —_—
dose,, (3.5)

Then, following exposure to an unknown dose in other than reference
conditions, resulting in a threshold shift of AV, dose is given by [42]:

DNV e e [ [ O (3.6)

where F¢ori are obtained by cross-calibration with an ionisation chamber
having a calibration factor traceable to a National Standards Dosimetry
Laboratory (in Australia, Australian Radiation Protection and Nuclear
Safety Agency). The MOSFET and the calibrated ion chamber (IC) are
placed on the central axis of the radiation beam — the MOSFET on the
surface and the IC at Dnax Of @ water-equivalent phantom:

MOS, ref
where Mic and Mic s are the IC measurements, and Myos and Myos ret

are the readings of AVih.
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3.5

As will be discussed in section 3.5, the sensitivity to radiation of
MOSFETs decreases with accumulated dose, therefore dose is
determined using a CF to compensate for this effect As will be shown in
section 5.1, this CF is given by a quadratic equation called a “sensitivity
drift equation”, where the constant is the initial AVy, of the unirradiated

probe.

The characteristics which influence the use of MOSFETSs as dosimeters
are discussed in the following sections.

Sensitivity and measurement reproducibility

Sensitivity can be controlled by varying certain parameters, as described
hereunder, and several models of MOSFET have been developed
specifically to measure low doses (“high sensitivity”), or high doses (“low
sensitivity”), or both ranges on the one detector (“dual sensitivity”). The
high sensitivity detector purportedly is capable of measuring as low as
5 cGy doses (commonly called R-type), whilst the low sensitivity detector
can be used to measure doses of several 10* Gy (K-type). The dual
sensitivity probes, based on R- and K-type MOSFETs on the same chip,

allow measurement of a wide range of radiation doses.

In early 1995, T&N introduced the TN-RD-50 system, with reported
sensitivity of 1 mV/cGy and reproducibility of dose of about 1.5% [43]
using a standard TN-RD-20 bias box. Later that year, sensitivity of 2.7
mV/cGy was obtainable by the introduction of a high sensitivity bias
supply, the TN-RD-19 [44]. They have since developed dual sensitivity
dual bias MOSFETSs, on which a different bias is applied to two identical
detectors on one chip during irradiation to reduce temperature effects, in
addition to an isotropic model, MT-TN-502RDI, to minimise angular

response (see section 3.9).

The Wollongong reader system used for the current work supports up to
5 MOSFETSs (up to 10 detectors), simultaneously (REM Oxford Ltd (UK)).
The claimed sensitivity at Dnyax is about 5 mV/cGy [6]. CMRP has also
developed other models of probe, including a quadruple chip containing 2
each of high and low sensitivity detectors, biased at different voltages
during irradiation, which it claims improves linearity of AV, with dose [27].
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MOSFET sensitivity can vary depending on:
applied bias during and following irradiation
oxide production method and thickness
radiation energy
accumulated dose
angle of incidence of radiation, and
ambient temperature,

as will be discussed hereunder.

3.5.1 Applied bias during and following irradiation
As mentioned in section 3.2, following the production of electron-
hole pairs by radiation, a positive applied gate bias will attract the
electrons rapidly to the gate where they leave the system, while
the holes will drift slowly towards the Si/SiO, interface. The

velocity of holes and electrons in SiO; is given by [45]:

X
Vo= o= % .................................................. (3.8)
where x = distance travelled (cm)
U = coefficient of mobility (cm?/ V.s)
& = electric field strength of the oxide (V/cm)
t = time of travel across oxide (s).

For a typical electric field strength of 10° VV/cm, the time of travel of
electrons across a 10 nm thick oxide is of the order of
picoseconds, while for holes, it can last up to several seconds, and
is a function of the oxide thickness, temperature and oxide electric
field strength. The time of travel for holes, t,, across SiO; in the

direction of the electric field is [16]:

&
£ ) A - qxhz
th oC (th exp T ............................. (39)
where x, = average hopping distance travelled by holes (cm)
A = constant.

Sensitivity decreases with accumulated dose, due to the
diminishing number of available traps, as well as the reduction of
the electric field across the charge collection regions, and
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3.5.2

increases with applied gate bias [22, 28, 46-48]. A positive bias
applied to the gate during irradiation inhibits electron-hole
recombination, so that a greater proportion of holes reach the
interface to become trapped. Sensitivity has been found to vary

with positive gate bias as V42°

[49], and to be approximately 5V/Gy
for a +100V bias, and to vary logarithmically with bias potential

from 1.5 -9V [11].

The sensitivity of T&N single bias MOSFETs has been found to
decrease by 23% after 46 Gy accumulated dose when biased at
+5V, and only by 16% when biased at +10V and +15V [46].

As well as bias during irradiation, the post-irradiation bias
conditions can also substantially influence response (section 3.8).

Oxide production method and thickness
The oxides used for semiconductors can be produced, or “grown”,
by different methods, including thermal and deposited oxides.
Thermal oxides are produced by heating (850-1100°C) in an
oxidising atmosphere by “dry” or “wet” oxidation, given by [50]:
Dry: Si+0;, 2> SiO;
Wet: Si+2H,0 > SiO, +2H,

Alternatively, deposited oxides are produced with chemical
reactions which create free product species which condense to
form a thin deposit film on a substrate.

Sensitivity of a MOSFET is oxide growth method-dependent, with
greater reproducibility being obtained for wet oxides rather than
dry-grown oxides [20].

Thicker oxides have greater sensitivity than thin oxides [12, 51]
since they have a greater number of atoms with which radiation
can interact, hence the greater the probability of electron-hole
pairs being created and subsequently holes being trapped. Ensell
et al [52] showed variations in response of p-MOSFET dosimeters

of varying thicknesses of oxide between 0.69 and 2.3 microns, to
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3.5.3

different types of radiation (Cobalt-60 and x-rays from medical
linear accelerators) exposed with either no bias, or an applied bias
of 20 V/um during irradiation. Variations in response were found
due to different oxide processing methods which influenced the
balance between oxide trapped and interface trapped charge. For
unbiased dosimeters, AVy, was found to be due to trapped oxide
charge only, while for biased dosimeters (20 V/um during
irradiation), it was dependent on the method of oxide growth. For
deposited oxides, shift was due to trapped oxide charge
predominantly, but for thermal oxides, both oxide traps and
interface states contributed. They found the threshold shift due to
oxide traps, AVin ox, depended on the square of oxide thickness (up

to 1.45 um) for both biased and unbiased dosimeters:

AVinox [1 D to® for biased dosimeters.................... (3.10)
AVinox (1 D%9t.,2 for unbiased dosimeters............. (3.11).

Others have found the time of interface trap formation to increase
as to>° for a negative Vq during irradiation, followed by a positive

Vg immediately afterwards [53].

Energy of radiation

As previously mentioned, MOSFETSs over-respond at low energies
(<100 keV) due to the predominance of the photoelectric effect in
this energy range [54-56]. The greater photoelectric cross-section
for Si than for SiO, means that secondary electrons produced in
the Si will cross into the SiO,, and contribute to the absorbed
dose. Variations in the microscopic structure of each individual
MOSFET could also vary each detector’s response. The result is
that, with decreasing energy of radiation, response increases by
up to 440% compared with 6MV x-rays [56], necessitating
calibration of each individual MOSFET detector at the relevant
clinical energy to be used at these low energies. However, good
reproducibility of 3.6% (2 standard deviations (SD) of the mean)
has been found for 50 consecutive measurements of 100 cGy
doses with superficial and orthovoltage beams [56], so this
increase in response can be accounted for in dose determination.
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T&N have reported no energy dependence for their MOSFETSs for
high energy radiation, claiming response within 5% for 1-20 MeV
photons and 6-20 MeV electrons [57]. Edwards et al [58], using
two T&N MOSFETs (TN-502RD), found their maximum relative
sensitivities with 33 keV X-rays, compared to response to 6MV X-
rays, to be 4.19 £ 0.25 mV/cGy and 4.44 + 0.26 mV/cGy.

Kron et al [47] developed a model to evaluate MOSFET response
to monoenergetic synchrotron radiation with photon energies
between 10 and 99.5 keV. They assumed response at low
energies to reduce exponentially, and to vary at medium energies
with the energy dependence of the photoelectric effect. They used
a similar MOSFET system to that used for the current work. Their
response model was given as:

l+a,

R(E)={l-exp[-a,(E-E)]} (E-E)

.............................. 3.12)

where a;, a, are fitting parameters relating to the exponential fall-
off towards low energies and inverse cubic fall-off towards higher
energies, and E; and E, allow for an energy shift for the two
components. They found over-response to low energy X-rays by
up to a factor of 7.

3.5.4 Accumulated dose

A comparison of the responses of the Wollongong and T&N
systems has been reported by Kron et al [47]. Gate biases of
+5V and +7V were applied to the Wollongong and T&N MOSFETs
respectively during irradiation from a 4MV linac. Dose response
was found to be a decreasing linear function of total accumulated
dose in the range ~ 8 Gy to 42 Gy. The Wollongong detector
response reduced by approximately 3% for a gate voltage change
of 1V, compared with less than 1% for T&N. This was due to the
different bias conditions for the two systems. Dose response of

both systems diminished with accumulated dose.

3.5.5 Angle of incidence of radiation
The epoxy “bubble” which covers the active MOSFET chip filters

low-energy photons from the spectrum [47]. Also, since the
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sensitive region of MOSFETs is extremely small, many secondary
electrons are backscattered into the active volume from the
substrate. Therefore, the response of the MOSFET to radiation will
depend on the incident direction of the radiation beam, and
whether or not it passes through the substrate. This will be
discussed at some length in section 3.9.

3.5.6 Ambient temperature

MOSFETs are temperature-sensitive, since thermal fluctuations
will affect the rate of hole transport across the oxide, and electron-
hole recombinations. An increase in ambient temperature of 1°C
can result in a reduction of 7mV in AVy [11] or 0.3%/°C for
temperatures 22 — 40°C [59]. The T&N dual bias dual sensitivity
MOSFET alleviates this problem. Since both detectors are
exposed at the same temperature, any temperature influence is
minimised by using the difference between the threshold shifts
measured by each detector as the output signal. These dual bias
MOSFETs have achieved sensitivity reproducibility better than
+ 3% for doses 20 cGy — 100 Gy, with a temperature coefficient of
0 — 0.015 cGy/°C for temperatures between 0° and 80°C [46].

MOSFET saturation

MOSFETSs have a limited useful lifetime as dosimeters due to saturation.
Saturation occurs when all available traps have been filled, and the gate
charge density equals the trapped charge density — there will be no nett
voltage across the oxide to allow transport of holes through the oxide. In
addition to trap filling, recombination of trapped holes with radiation-
generated free electrons, and annealing through electron tunnelling from
Si contribute to saturation [18, 60]. Boesch et al [60] found the dominant
process for low oxide electric fields (< 2 MV/cm) to be recombination,
while for fields larger than this, trap filling predominates. Freeman and
Holmes-Siedle [22] created a simple model (figure 3.7) to explain
saturation dependency on gate bias, oxide thickness and hole trapping
probability. They assumed that holes occupy a thin layer in the oxide, a
variable distance x; from the Si and x, from the gate, where x; is the

variable “charge collection region” for a positive gate bias.
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Figure 3.7 Simple model of charge density in a SiO, MOSFET [22]
(IEEE © 1978, with permission from IEEE)

Using t he r ate of g eneration o f holes in SiO,, t hey det ermined t hat

threshold shift for a positive gate bias was given by:

AV, = _gqgg X, FUE)AD oo (3.13)

ox

where g = hole generation rate (= 7.9 x 10" cm®cGy (derived
from the density of the oxide (2.27 g/cm°) and t he
work function, W)

f(E) = charge yield (C)
& = permittivity of free space (F/cm)
A =  probability of hole trapping (0 — 1).

This indicates that AVy, is linear with dose for low charge build-up, but the
probability of hole trapping, A, will decrease with accumulated d ose as
traps fill up, as too will the electric field across the oxide, and saturation
will occur at large accumulated doses. The saturation value, AV, sat due
to the filling of all available traps is given by [22]:

AV = = (3.14)

where N7 = density of available traps in the trapping layer. Expressed in
terms of the reduction of the electric field across the charge collection

region, it is:

t
AV, . = —Vg£ —IJ ......................................................... (3.15).

The build-up of interface states does not saturate with accumulated dose
[51].

Responses for the T&N low sensitivity detector have been reported to be
about 0.5 - 1.0 mV/cGy [7, 58, 61, 62] and about 3.0 — 3.5 mV/cGy [55,

63] for the high sensitivity detectors.
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3.7

Reproducibility of +3% has been reported for T&N MOSFETSs for doses
>20 cGy [1, 9, 31, 46, 64] and using Wollongong MOSFETs, Cheung,
Butson and Yu [56] found reproducibility of response of 2.6% to 250 kV,,
radiation for 50 consecutive irradiations of 1 Gy.

Dose measurement with MOSFETs has been found to be comparable to
other dosimetry methods. Butson et al [65] reported agreement better
than 1% between a Wollongong n-MOSFET with a gate bias of +5V, an
Attix ion chamber and a TLD for measurements of depth dose for
electron and photon beams. Ramani et al reported a standard deviation
of 3.9% between planned and measured dose by MOSFET compared to
5.1% for TLDs [62]. Scalchi and Francescon found agreement within
2% of an ion chamber, and within 5% of TLDs [1].

Linearity

An important requisite for any direct-reading radiation dosimeter such as
the MOSFET system used for this work, is linearity with dose. As dose
increases, the dosimeter response should increase proportionally.

During the 1970s, Adams and Holmes-Siedle [23, 24] first used specially-
made MOS transistors as radiation dosimeters. By exposure to Co-60
under a constant applied bias, they found AV, as a function of dose to be
linear in the range 10° — 10* cGy, then sub-linear. This was because the
build-up of space charge is initially proportional to the number of
electron-hole pairs created, and hence to dose, but then proportionality is
gradually lost due to the space-charge produced electric field which
reduces the applied electric field. Similar results were found by Boesch
and McGarrity [18] who explained the non-linearity with greater
accumulated dose by:

charge recombination in low field regions in the oxide

electron injection at high interface fields

accelerated hole transport

collapse of applied field due to electron transport

dielectric breakdown.
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They also found that saturation of hole yield occurred for applied electric
fields above 10° V/cm, and showed that an applied positive bias during

irradiation extended the range over which linearity existed.

The response of a MOSFET operated in passive mode is similar to its
response when operated in bias mode. In this mode, it is initially linear,
but becomes non-linear with increasing accumulated dose [46, 66], due
to the decreasing electric field strength across the oxide with
accumulated positive trapped charge, and the finite number of oxide
traps. Response in passive mode is given by [47]:

AV, = AV, [L=Aexp(=BD)] ..cccorrorrrrrrrecrrrerrrrrneen (3.16)

where the AWy, for the first exposure of a new MOSFET, AV, is a

function of trap concentration, and A and B are parameters of oxide
thickness and location of the space-charge, and are complicated
functions of the local area density of the oxide trapping species and

mobility and lifetime of electrons in the oxide [23].

In active mode, the charge trapped as a result of the incident radiation up
to ~ 10° cGy is linearly proportional to the dose deposited [8], and has
been shown to be energy-independent, except for energies less than
100 kV where the photoelectric effect dominates [47, 58, 67]. The range
of linearity (and sensitivity) can be increased by increasing the gate bias
during irradiation [66].

Winokur, et al [48] linked response of D%

to the interface state density,
Nss, in the range 10° — 10’ cGy, prior to sublinearity and subsequent

saturation.

Users of the T&N MOSFETs have reported linearity within £ 2-3% over a
range of radiation doses and energies [61, 64, 67-69] from 60 kV to
20 MeV.

Chuang et al [31] also found good linearity for a range of 6 MV doses
from 5 cGy to 420 cGy with a linearity coefficient of 0.998. However a

greater standard deviation was found for doses lower than 30 cGy (about
30.
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20% for 5 cGy to 6% for 25 cGy), while standard deviation was 2-3% for
doses higher than 30 cGy.

CMRP has developed radiation detectors on which there are two pairs of
p-channel MOSFETs with different gate oxide thicknesses (0.13 and 1
micron). Two of the detectors are R-type (high sensitivity) and the other
two are K-type (low sensitivity) and are irradiated with +5 V and +12 V
gate bias respectively. They have reported that this combination of oxide
thickness and applied bias improves linearity of AVy, with dose [27].

These probes were unavailable for the current work.

For the single bias MOSFETS similar to those being investigated in the
current work, the system’s developers have claimed linearity to within 1%
up to accumulated doses of 50 Gy, with an applied bias of +6V, but this
was for a MOSFET from which the nickel casing was removed [65].

Therefore, the linearity of MOSFETs with accumulated dose is not
constant, but reduces with accumulated radiation exposure due to the
abovementioned effects, and must be taken into account for IVD

measurements.

Response drift

There are many complex processes simultaneously occurring during and
following irradiation of a MOSFET, as shown in figure 3.8. As a result,
measurements of AV, may “drift” with time following irradiation, that is, a
reading taken at some time after a radiation exposure will differ from that

taken immediately following irradiation.

As a result of these processes, although the dosimetric information is
“stored” in the MOSFET until the next exposure, that information may
drift with time since irradiation. This drift therefore has an impact on

dose determination, and requires characterisation.
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Figure 3.8 Processes set in motion by ionising radiation [89]
(with permission from Oxford University Press)

(Polarons are electronic charge which is stabilised by the relaxation of
the lattice around it, whilst excitons are electron-hole pairs which are
able to move together without instantly recombining)

Drift phenomena have been referred to in the literature as “creep-up”,
“fade”, “annealing” and “drift” effects of MOSFETs. The long-term drift
effects (from hours to years) following irradiation have been well
investigated [7, 8, 12, 13, 46, 61, 70-72], however, little has been
published on the short-term drift effects (seconds to hours), which period
is particularly relevant for the use of MOSFETSs for IVD, since real-time

measurement results are required.
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Many reasons have been suggested for post-irradiation drift. It is now
generally believed to be mainly caused by the build-up and relaxation of
charge traps in the oxide and the charge and discharge of interface
states at the junction of the Si/SiO,. At room temperature post-irradiation
anneal under positive bias, the interface trap charge usually continues to
build up whilst the (net) positive oxide trap charge density usually decays

exponentially with time [72].

Holmes-Siedle and Adams [73] reported that contributing factors to drift
included:

intrinsic density of interface states at manufacture

interface states caused by injection of electrons during reading
rearrangement of ions or dipoles under an applied electric field
deep oxide charge trap relaxation.

The bias conditions, and hence the electric field across the oxide, during
and following irradiation play an important role in the build-up of interface
states. Winokur and Boesch Jnr [48] reported an increased interface
build-up with applied positive bias, with the density of interface states
being given by:

They proposed that the build-up of interface states under a positive
applied bias was a two-stage process — the first stage (< 1 sec) involved
the holes moving towards the Si/SiO, interface, and this determined the
final (saturation) value. This stage was electric field dependent but
temperature independent. The second stage continued for several
thousands of seconds, and involved the generation of interface states,

and was dependent both on electric field and temperature.

Figure 3.9 shows the effects of applied bias on the build-up of interface
states. A logarithmic build-up of density of interface states, Ngs, with time
following irradiation is evident when a positive gate bias is applied both
during and after irradiation (Curve A). Curves B, C and D were irradiated

under a positive bias, with the bias changed to negative at 1s, then
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switched back to positive at 20, 200 and 2000s respectively. C urve E

was the result of a negative gate bias throughout the trial.

NOTE:
Thisfigureisincluded on page 34
of the print copy of the thesisheld in
the University of Adelaide Library.

Figure 3.9 Effect of gate bias on build-up of interface states [75], p1654

The saturation time of the build-up could be directly correlated with the
number of “hops” r equired for anionata further distance fromt he
interface to travel across the whole width of the oxide, compared to the
shorter times (less hops) for those ions formed close to the interface.

Pejovi¢, JaksSi¢ and Risti¢ (1997) [38] performed a detailed study of post-
irradiation effects, in which they investigated oxide-trapped and interface-
trapped charge effects separately. T hey found that during annealing,
oxide-trapped ch arge was typically neutralised, how ever the density of
interface traps could either increase, decrease or remain unchanged, and
that an initial i ncrease in interface t rap de nsity may be followed by a
decrease at subsequent times. They showed that a negative bias during
irradiation su ppressed t he f ormation o f oxide de fects, a nd a ne gative
post-irradiation bias suppressed the d ecrease in oxide trap d ensity as
well as the increase in interface trap density.

The build-up and annealing of interface states was also characterised by
Fischetti et al [74] who investigated the kinetics of the formation of “fast”
and “slow” states during electron avalanche injection®. (“Fast” states are

those which quickly respond to an applied field, by capture or relaxation,

* injection of high energy electrons into the SiO, by applying a high voltage (15-20V) between the source and drain
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whereas “slow” states take a longer time to change their occupancy,
through tunnelling or hopping transport.) They found that Nss increased
with injected charge until saturation was reached. Annealing was alleged
to follow first-order kinetics, was temperature-dependent, and controlled

by a time constant, 7, where:

A
T o exp (ﬁj .................................................................. (3.18)

where [1 = activation energy for the annealing process. They also found
an annealing rate dependence on the position of interface traps in the
bandgap, viz. a faster annealing rate existed for deeper traps.

McLean [75] modelled the build-up of interface states, and its
dependence on time, electric field, temperature and dose. He produced
an expression for the interface state density with time after irradiation,
ANss(t) as a product of expressions for two stages:

AN(t) = AD®? exp(BYE)  F(t/7) o (3.19)
N J\ )
Y Y
first stage second stage
where f(t/7) =bIn (1 +t/7) (Vg >0) (0 <t <tsar) eoreerrmeeeriennnn (3.20)
=0 (Vg<0)
and E; = applied electric field during stage 1
b = [In(+teal2]"
tsat = time of MOSFET saturation (s)

A and B are constants, depending on whether the oxide is wet or dry

grown, and the time-scale of build-up, 7, was defined as:

R

where 7, and « are constants and E; is the applied electric field during
stage 2.

The first stage not only involved the movement of holes through the
oxide, but also the release of ions via interactions with the holes. Whilst
the first stage solely determined the saturation value of interface states,
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the second stage involved electric field-assisted ion diffusion through the
oxide.

By electron avalanche into the oxide from the Si, Aslam [76] concluded
that there is a distribution of trapping centres of different energies in the
bandgap of SiO,. He showed that el ectrons can transfer from shallow

1% ¢m? to de eper traps

interface traps with c apture cross sectiors 10
(with cross-section = 107'° cm?), which lie about 10 nm from the interface.
Shallow t raps near t he i nterface ex hibited t he highest probability o f
charge transfer. A slam su ggested t hat t rapping ce ntres located in the
interfacial region w here bonds of molecules und ergo strain, may relax
after electron ca pture, ca using electronst o m ove i nto m ore st able,
deeper, energy levels. H e concluded t hat t he i nitial ca pture process
occurs only through s hallow ce ntres, and w hether or not the captured
electroni s transferredt o d eeper en ergy levels depends upont he

probability of lattice relaxation after the capture.

NOTE:
Thisfigureisincluded on page 36
of the print copy of the thesisheld in
the University of Adelaide Library.

Figure 3.10 Effects of electron injection at different temperatures on
flatband Threshold Shift, (a) 100 K, (b) 400 K [76]

(with permission from American Institute of Physics)
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Figure 3.10 (a) and (b) show the effects on AVi, gg With time after electron
injection at different temperatures, followed by annealing for 30 min at
725K (annealing not to scale on the time axis). Both graphs show that
some charge is not annealed out, but increases with the number of
injection-anneal cycles, as reflected by the increasing AVinrs (lower
dashed curve), due to electrons transferring to deeper traps which do not
anneal at 725K.

However, Savi¢, Radjenovi¢ and Pejovi¢ [77] excluded interface traps as
the sole cause of AV, drift because if this were so, the drift would be less
than the maximum contribution of interface traps to the conventionally
defined AV, of 10%, whereas they found drift voltages of 10-20% of
AViy. They concluded that only the oxide border traps were involved in
the drift process, which presumption was borne out by good agreement
between experimental results and their model based on that assumption.

Hence, due to the many complicated interactions and movements of
electrons, holes and ions in the MOSFET, together with temperature,
bias conditions during and following irradiation and associated changing
electric fields, AViy will drift with time. In view of the possible
repercussions on dose determination in vivo, four aspects of drift were

explored in some detail for this work, as described below:

(1) Drift following a single irradiation (i.e. repeated random readings
of Vi, taken up to 2% hours after one exposure), to characterise

the medium-term post-irradiation behaviour;

(2)  Creep-up (as defined by Ramani et al [62]), being drift between
two post-irradiation readings to determine a suitable time to allow

for system relaxation between consecutive readings;

(3) Reading interval effect (single irradiation followed by repeated
readings made at varying set intervals), in order to investigate the
short-term effect on AV4, of repeated enquiries of the system, and
how often readings should be taken, for example, during a total

body irradiation IVD measurement ; and
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(4)

3.8.1

Reading delay in taking a pre-, a post- or both pre- and post-
irradiation reading. This was to investigate effects on MOSFET

response due to possible reading delays in the clinical situation.

Drift following a single irradiation

Long-term response drift following irradiation is a well-known
effect in MOSFETs. It has been characterised during work on
predicting CMOS inverter charging and annealing behaviour in
nuclear (high dose-rate) or space (low dose-rate) environments.
“Transient annealing curves” were derived for different types of
inverters (n- and p-channel) for various dose-rate irradiations by
monitoring drift after irradiation for up to 20 years [8]. For all
devices, the “drift curve”, AVy, vs In(t) was found to be linear, so
linear system theory was applied to derive drift functions which
could be used to estimate AVy, at any time following irradiation,
taking drift with time into account. The slope of the drift function,
A, as shown in figure 3.11, was determined from different dose-
rate irradiations [13] to be:

— AV (tz) - AV (tl) llllllllllllllllllllllllllllllllllllllllllllllll (322)

In(t,/t)

This was then used to obtain the drift function per unit dose,
AVi (t) to estimate AVy, at any later time:

-Aln(t/t) + C

AV (1) = (3.23)
DO
where D, =  total dose used to obtain the drift function (Gy)
A = slope of the drift function
cC = interceptatt=t, (V)
to, =  time of termination of irradiation (s).
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Figure 3.11 Determination of slope of drift function, A, and intercept, C, at
t, = 1 min, used to determine drift function with time after irradiation [13]

A si milar method w as used by G ladstone & C hin [ 70] w ho
monitored si gnal dr iftup t ose venday s following C s-137
exposure whilst maintaining a gate bias of +5V (see figure 3.12).
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Figure 3.12 Drift in Vy, at long times after irradiation of 10 Gy under a +5V
gate bias [70] (with permission from AAPM)

Although these methods are useful for estimating AVy, for times
greatert han 8 h ours f ollowing an i rradiation, sh ort-term d rift
(during the first seconds, minutes and hours) following irradiation
has not been extensively characterised, and is of more importance
for the use of MOSFETSs for IVD, hence this time period was the

focus of the current work.
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3.8.2 Creep-up

3.8.3

The term “creep-up” has been loosely used in the literature to
describe any drift effect, however, in this thesis, it is used to
describe the phenomenon investigated by Ramani et al [62] as the
drift between two post-irradiation readings — one taken
immediately after irradiation, and a second after a time delay.
They described creep-up as:

“a sharp initial increase of 4 mV when a second reading
was taken 5 seconds after an immediate reading
following exposure, followed by a gradual decline until
the second reading was similar to the initial reading if
the interval between the two readings was at least 1
minute” (see figure 3.13).

Signal mV

0 J --------- lasssssaaas lasasssasay Laos s s s s aaa3 Lasaasasssadas
0 10 20 30 40 50 60

Time seconds

Figure 3.13 Creep-up as found by Ramani et al [62]

(with nermission from Elsevier)

They reported this effect for MOSFETs having accumulated dose
> 20 Gy and it has been found to be important during low-dose-

rate, long-time-scale measurements [11].

Reading interval

Very little has been reported in the literature regarding reading
interval response, i.e. how often repeated ‘read’ cycles are
performed, and that reported has related to T&N MOSFETs only.
Bower and Hintenlang [78] found an increase in AVy, following an
irradiation of 7 MV X-rays when 27 readings were taken in 15
minutes, compared to 6 readings in 15 minutes. As will be

described in section 5.3.1, the data obtained for measurements of
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drift following a single irradiation during the current work indicated
the need for further investigation of drift effects due to taking

frequent readings.

3.8.4 Reading delay
In the clinical situation, there could be delays between taking a
pre-irradiation reading and the actual irradiations, due to, for
example, the radiation therapist needing to adjust the patient set-
up, or being interrupted in some other way. As is the case for
reading interval response, very few workers have reported
investigations of reading delay response of MOSFETSs, and none
using Wollongong MOSFETs. Peet and Pryor [7] found an
increase of 0.2 mV/cGy in sensitivity when a MOSFET was
exposed every 15 minutes, but the post-irradiation readings were
delayed for 2% hours, compared with another MOSFET which
was similarly exposed, but read-out immediately after each
irradiation. Dong et al [55] investigated drift up to 15 minutes after
irradiation exposure, with different read-out intervals between zero
and 15 minutes, and found a slight tendency for AV4, to increase

with time, but results were within 3% of initial A V.

Angular dependence

Since 1988, it has been known that MOSFETs were anisotropic, due to
the different beam attenuation properties of their components, such as
the metallic leads, substrate, gate and insulating covering [61]. Many
reports have been made of variations in response for different
orientations of MOSFETSs to the incident radiation beam [5, 25, 78-81].
Many of these relate to model T&N MOSFET (TN-RD-502 with the TN-
RD-50 dosimetry system), prior to 1999, when an isotropic version was
introduced. Variations in response with angle of radiation incidence of up
to 17% over 360° [82], 28% for 0-180° [61, 62] and 7% for 0-90° [1] have
been reported for the standard version MOSFET, but variations within
3% over the full 360° range have been reported for the isotropic version
[69, 83, 84]. Using Wollongong MOSFETSs, Quach et al [25] reported
angular response within 3% inside a 10 cm cylindrical phantom for 0° —
180° for 6MV linac irradiation.
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EQUIPMENT AND METHOD

4.1

MOSFET system description

The commercially-available “Clinical MOSFET Semiconductor Dosimetry
System” used for this work comprises a 5-socket reader unit, an Interface
Unit, an Active Bias Unit and associated auxiliary cabling, and is battery-
operated (figure 4.1).

Figure 4.1 MOSFET reader unit with associated hardware.
Readings can either be taken on-line via the cable and Interface
Unit, or the Active Bias Unit can be used off-line

The reading indicated by the unit is the source-gate voltage (-V) which
will allow a specified source-drain current to flow (see section 2.3). The
specific current is commercially-confidential to CMRP, and cannot be
disclosed herein.

The system is capable of providing “on-line” readings either manually or
automatically, as well as “off-line” readings. In automatic mode, readings
can be viewed in real-time and saved directly to computer via an RS232
connection, using MosPlot™ software also developed by the CMRP. In
“off-line” mode, the probes are connected to the Active Bias Unit during
irradiation and connected to the reader for readout at a later time. For
the current work, the readings were taken “on-line” with manual readings,
with the probes being connected via the Interface Unit located inside the
bunker to the reader in the console area via auxiliary cable. Future work
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is proposed to investigate any difference in response of the system using
the automatic and off-line modes.

The MOSFETSs used in this work have a sensitive volume of typically 1 x
200 x 200 microns, or 4 x 10° mm?®, with a thick gate oxide (about 1
micron). As mentioned in section 3.5, single high sensitivity (low dose)
and dual sensitivity (high or low dose) MOSFETs were used for the
current work. In this thesis, the dual sensitivity probes will be denoted
with the particular sensitivity option used, e.g. #D12 (low) or #D12 (high)
for high and low sensitivity types R and K respectively. The system is
operated with applied gate bias of +5V and +12V for the R- and K-type
MOSFETs respectively [85] and their respective operating voltage
ranges are 9 — 24V and 3 — 16V [86]. A +5V operating bias corresponds
to sensitivity of about 5 mV/cGy for measurements in a solid water®
phantom under a 6MV linear accelerator (linac) beam at Diax [6].

Preliminary readings during familiarisation of the system had shown quite
large variations in AVy, for the same delivered dose. Advice from CMRP
was that the reader could be subject to electrical interference from other
electrical equipment such as computers, console and Visual Display
Units, as well as slight temperature fluctuations. Henceforth, an earth
cable was attached to the reader, and all readings were taken with the
unit at least 1 metre away from other electrical equipment.

Measurement setup
The reader unit was given warm-up time of at least 30 minutes (min)
before measurements began, and the linear accelerators were warmed
up by beaming-on to deliver at least a 10 Gy dose. All measurements
were taken at ambient temperature of 22 — 23°C. Prior to each set of
measurements, repeated readings were taken until the system had
stabilised, to ensure thermal equilibrium of the probe-reader-system had
been reached. Unless otherwise stated, readings were taken
immediately prior to, and following, irradiation, and at least one minute
was allowed between reading sets, as recommended by CMRP.
Throughout this thesis, reference to “immediate” readings means
readings of Vi were made within 1 second (s) of beam on (pre-
irradiation) or beam off (post-irradiation).
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Twenty-three single and 15 dual sensitivity probes were used for this
work. Measurements were taken for exposures to 4MV and 6MV X-ray
beams from radiotherapy linear accelerators (Varian Clinac® 4/100 and
6/100) with doses per fraction between 5 and 140 cGy for the high
sensitivity probes, and between 50 and 500 cGy for the low sensitivity
probes. The system’s developers recommend calibration doses of 10
and 20-30 cGy for the high and low sensitivity probes respectively. The
initial Vi, varies for each individual probe due to processing variations, so

each probe was calibrated individually to determine its initial sensitivity.

For measurements other than for investigation of response variation with
angle of incidence of the beam with respect to the sensitive volume
(“angular dependence”), the probes were placed between sheets of solid
water® (Gamma RMI). To minimise air gaps, the probes were laid in
dental wax channels conforming to their shape, either singly or side by
side if two probes were irradiated together, with the sensitive volume
(commonly called “bubble side” or “epoxy bubble”) facing towards the
beam, at the isocentre. Solid water® “build-up sheets” were placed on
top of the dental wax to provide electronic equilibrium, so that the
effective point of measurement of the probe was at Dnax. (For IVD use,
electronic equilibrium could be achieved by using appropriate bolus or
build-up caps.) In all cases (except for angular dependence
investigations), the set-up was as follows:

Source to phantom surface distance X 100 cm

Field Size : 10 cm x 10 cm
Phantom thickness for backscatter ; = 5cm

Phantom thickness for buildup : 1.0 cm for 4MV and

1.5 cm for 6MV beam

The standard equipment set-up is shown in figure 4.2, with the build-up
sheets removed.
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Figure 4.2 Probe in dental wax channel on solid
water®, connected via the Interface Unit to the reader
in the console area. (Build-up sheets removed to

show the probe placement)

For angular dependence measurements, each probe was placed in a
channel inside a custom-built cylindrical perspex phantom measuring 10
cm long with a diameter of 9 cm (figure 4.3). This phantom was placed
vertically inside a custom-built circular stand, so that the cylinder could
be easily rotated about its axis by hand (a non-slip mat was placed on
the couch top under the holder, to alleviate slipping during phantom
rotation). The stand was marked at intervals of 15 degrees. The cable
between the probe and the Interface Unit exited the top of the phantom.

Figure 4.3 Custom-build perspex phantom and stand used for angular dependence
measurements

The channel in the phantom was made such that the probe’s sensitive
volume could be easily seen. Its location was marked externally with a
line around the phantom’s circumference, to assist with placement.
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Each probe was positioned with its sensitive volume at the isocentre,
initially with the epoxy bubble facing towards the beam with the gantry
set at 270°. While the gantry was fixed at 270° throughout the
experiment, the phantom was rotated manually in its stand in 30°
increments. The 0°360° position was defined as the epoxy bubble
facing towards the gantry. A field size of 12 cm x 12 cm was used so
that the entire phantom was within the radiation field. Threshold Shift
was determined for each position from readings immediately prior to and
following irradiation at each position.

4.3  Error analysis

The factors contributing to errors in this work are the precision of the
reader system, temperature fluctuations and setup errors. The precision
of the system for each reading of Vi is given by CMRP as + 1 mV,
therefore, throughout this work, each stated value of Vy, should be
understood as being £ 1 mV, and of AV, as being £ 2 mV. This
uncertainty becomes important for low delivered doses for statistical
reasons, for example, uncertainty for AVy, of 100 mV will be 4%. The
epoxy covering acts as an insulator to the sensitive area of the
MOSFETs and ambient temperature, T, fluctuated during short
measurement sets by< 0.5 °C, corresponding to variations in Vy, of +1
mV [59]. Uncertainty in AV, due to temperature variations during
extended measurement sets (several hours) is estimated at £+ 2 mV.
Setup errors for the angular dependence, £, are estimated at + 2°. Total

uncertainty in measurements of dose, D, is therefore:

2 2 2 2 2
oD = b o?AV,, + b 0°AV,, o + b o’D,, +(@j o’T +(@j o’/
OAV,, OAV, e ' oD oT 0L

4.4 Measurement Methods

The MOSFETSs were characterised in terms of their sensitivity (defined as
AVilcGy), useful lifetime, linearity with delivered dose, drift effects and
angular dependence. Although it was intended to investigate other
influences on MOSFET response, such as energy, temperature and field
size dependence and any impact of beam modifiers such as photon
wedges or shielding blocks, variations in response with different reading
methodologies prompted the greatest emphasis to be on drift response.
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4.4.1 AVy, sensitivity and saturation

4.4.2

Characterisation of the Wollongong MOSFETs with regard to
sensitivity reduction with accumulated dose was carried out by
using six single and four dual (low) sensitivity probes. These were

characterised for AVy, vs Vi, and sensitivity over their lifetime.

Each probe was repeatedly exposed to the same dose of 20 cGy
or 50 cGy of 4MV or 6MV X-rays. Between 1 and 1% min were
allowed between a post-irradiation reading and the next pre-
irradiation reading. Readings were taken immediately prior to, and
following, irradiation.  Appendix Al describes the methods of
correction for sensitivity reduction with accumulated dose. To
determine the useful lifetime of the MOSFETs, ten single
sensitivity and 5 dual sensitivity (low) probes were used during
these and other tests until they saturated.

Linearity

Dose response linearity testing was carried out for doses up to 5
Gy. This dose Ilimit was chosen because most external
radiotherapy treatments are prescribed at less than 5 Gy per

fraction.

Linearity was measured by comparison of AV, vs delivered dose
using four single and two dual sensitivity (low dose) probes.
Various doses were delivered of 4MV radiation ranging between
5 cGy and 140 cGy (single probes) or 50 cGy and 500 cGy (dual
probes). Very low doses (5 and 10 cGy) were included in order to
determine the “cut-off” dose below which measurements should
not be made due to large statistical uncertainties. Six trials were
performed, with 1 — 1% min allowed between post- and next pre-
irradiation readings, unless otherwise indicated below. Appendix
A2 describes the methods of correction for sensitivity reduction
with accumulated dose. Different reading methodologies were
trialled, as outlined below, to investigate any influence of:

- different waiting periods between readings (Trials 1 and 2) to
determine an appropriate time to allow between consecutive

exposures;
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- the order of taking readings in respect to the delivered dose, i.e.
any hysteresis effect depending on whether delivered doses

were increasing or decreasing during the trial;

and to compare the responses of the single and dual sensitivity
(low) probes (Trials 3-6).

(Note: During familiarisation with the MOSFETSs, when two probes had
been irradiated together, it was noticed that the order of taking pre- and
post-irradiation readings had influenced the AV, measured (see section
4.4.3.4). Therefore, for Trials 1 and 2, readings were taken in the same
order pre- and post-irradiation, to avoid this effect, i.e. probe 1 was read
before probe 2, both before and after irradiation.)

Trial 1

Two single sensitivity probes irradiated together, with 1 - 1% min
between a post- and the next pre-irradiation reading.
Measurements were made in one set, with consecutive

irradiations from 5 to 100 cGy.

Trial 2
The same two probes and method as in Trial 1, but with 2 - 2%

min between readings.

Trial 3
Using a single sensitivity probe, two reading sets were taken
consecutively (from 5 to 120 cGy, then vice versa), and the

equivalent readings of each set for each dose were averaged.

Trial 4
Using a single sensitivity probe, two reading sets were taken
consecutively (both from 5 to 140 cGy), and the equivalent

readings of each set for each dose were averaged.

Trials 5 and 6
Using two dual (low dose) probes, two reading sets were taken
consecutively (from 50 to 500 cGy, then vice versa), and the

equivalent readings of each set for each dose were averaged.
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4.4.3 Response drift

4.4.3.1 Dirift following an irradiation

As previously mentioned, MOSFETs “store” dosimetric
information, in the sense that the Vy, for the most recent
exposure is not erased through readout, and therefore
dose may be verified, if necessary, at some later time,
however, the inherent post-irradiation drift in Vi, must be
This drift can be
taking

accounted for in any later reading.
characterised by exposing a MOSFET and
subsequent periodic readings to obtain “drift curves” of Vi,
or sensitivity vs time after irradiation. However, the
usefulness of these drift curves is limited to estimating
AVy, for times greater than approximately 8 hours, when

the drift is linear with In (t/t,) (see section 3.8.1).

As well as long-term drift, the current work was aimed at
characterising short-term drift, particularly during the first
seconds-minutes of irradiation. Three probes were used
in eight trials. In each trial, a MOSFET was irradiated to a
known dose of 4MV X-rays, after which random
intermittent readings were taken for periods of up to 93
hours, without further irradiation. Post-irradiation readings
were taken at intervals between 1 s and 30 min, as shown

in table 1.

Set Date Probe | Accumulated Delivered Time after Reading
# # Dose Dose irradiation during intervals
(Gy) (cGy) which readings
were taken
1 3/5/02 1 13.3 50 1mto 74.5 hrs 1s-5m
2 3/5/02 1 13.8 50 30sto35.25 hrs 1-40s
3 3/5/02 1 14.1 30 30sto19m 1-30s
4 3/5/02 1 14.4 30 30sto10m 1-30s
5 26/6/02 1 24.9 20 5sto24.1 hrs 55-30m
6 15/7/02 5 37.7 100 0sto 93 hrs 55s-30m
7 20/10/03 D12 * 27.7 100 0 sto 49.25 hrs 10s—-15m
8 23/10/03 D12 * 28.7 100 0s-30hrs 15m
* low dose

Table 1 Readings taken to investigate drift following single exposures

The reading timeline is shown below.
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Unit on Irradiation Repeated readings at varying random intervals from seconds to hours
and warmup

| [ | | | | | | | | L » H H
| 1 1 1 1 T r—» Timeline

Pre-irradiation reading 93 hours

Various doses (20, 30, 50 and 100 cGy) were given to
investigate any delivered dose effects. Probes having
different accumulated doses at the commencement of the
trials were used to examine any accumulated dose effects
on drift.  Differing reading intervals were chosen to
investigate how reading frequency may affect post-
irradiation drift.

Table 2 shows the reading intervals for each of the 8 sets,
up to 20 min after irradiation, which period was investigated
in depth.

4.4.3.2 Creep-up
Creep-up is defined as:

AVo® =AY, )4 100 o
Avth (O) ................................... .

where AVi(0) is the shift measured immediately following
irradiation, and AVi(t) is the shift measured at some later
time, t, where t is between 2 and 500 s. Creep-up has
been reported to affect MOSFETs with >20 Gy
accumulated dose.

It was important to characterise creep-up for the
Wollongong MOSFETs in order to determine an
appropriate read-out methodology to use clinically, in
particular, the minimum time between repeated
irradiations to allow for “relaxation” of the system, that is,
for the Vg drift from the previous irradiation not to
influence subsequent exposures, in which case AVy, would
not only reflect the shift caused by the irradiation, but also

include drift, and lead to inaccurate dose determination.
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Minutes after irradiation

Set Probe and
# Dose 1 3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 #1, 50 cGy 1
4
5
6
7
8
9
10
2 |#1,50cGy |1
2
3
_5
6
7
8
9
10
11
12
3 #1, 30 cGy 1
3
5
6
7
8
10
12
20
30
4 |#1,3cGy |1
4
_8
10
12
20
30
5 #1, 20 cGy 5
10
15
30
6 #5,
100cGy (1) |5
10
15
#D12(low)
7| 100 cGy (2) 10 30
#D12(low)
8 100 cGy (3) 200

Table 2 Reading intervals (s) up to 20 min for investigation of short-term drift following a single

irradiation
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Unit on Pre-irradiation
and warmup reading

To investigate this effect, three single sensitivity
MOSFETs having accumulated dose greater than 20 Gy
(20.8, 24.8 and 26.3 Gy respectively) were studied. Each
detector was exposed to a dose of either 20, 50 or 100
cGy, to investigate whether creep-up was influenced by
delivered dose. The pre-irradiation readings were taken
immediately prior to exposure. Two post-irradiation
readings were taken following each exposure — the first
reading immediately, then a second reading after a time
interval, similar to the method of Ramani et al [62]. This
process was repeated, expanding the time intervals
between the two post-irradiation readings from 1 s up to 5
min. Three extra reading sets were taken in reverse time
order, (from 5 min down to 2 s), to investigate hysteresis
effects. The reading timeline is shown below.

Irradiation  Wait varying time between Wait at least Next pre-irradiation
2 sec and 5 min 1 min reading

| | >

4.43.3

N '

| | v

1 i

Immediate 2" reading
reading

Reading interval

The results from the investigation of drift following a single
irradiation (see section 5.3.1) indicated a “reading interval
effect”, that is, AV4, drift with time was greater when
readings were taken more often. It was important to further
investigate this effect, including whether it was related to
accumulated dose and/or delivered dose, since the
reading interval would be an important factor in
characterising and correcting for short-term drift. It was
also important in order to determine an optimum time
interval to allow between a series of consecutive readings,

for example to monitor dose during total body irradiations.

With this aim, two probes were used - one probe having

no accumulated dose, and the other with accumulated
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dose >28 Gy, termed “new” and *“old” MOSFET
respectively. To investigate any delivered dose effect,
each probe was exposed to separate doses of 20, 30, 50
and 100 cGy. Each probe was irradiated in five
measurement sets A to E, as shown in table 3.

Minutes after irradiation
1 2 3 4
Set
5s
AT 10s ___
_________ s _____.
____30s___
B 10s
5s
S 10s ...
1s
D | __2s _
___3s__.
4s
_6s__
o8 ____
__20s_ .
1<
E T 2s
"""" 3s
___________ 4s
5s

Table 3 Reading interval measurement sets

Each irradiation was followed by repeated readings at
different set intervals up to 5 min after the exposure. For
example, for set A, readings were taken every 5 s during
the first minute, then every 10 s for the next minute, then
every 15 s for the next 2 min, ending with every 30 s
during the 5™ minute after irradiation. This method was
repeated for each delivered dose for each probe. The
reading timeline is shown below for set A.
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20 cGy

Measurement set A

Readings repeated at varying intervals, as shown in table 3

Pre-irr. rdg

4.43.4

After waiting at least 1 minute, measurement set B was
performed, followed by sets C, D and E for 20 cGy doses.
This procedure was repeated for doses of 30, 50 and 100
cGy. The 5 measurement sets for each of the 4 doses
were performed for both the “new” and “old” probe. The
data were corrected for sensitivity reduction with
accumulated dose during the measurement period as
described in Appendix Al.

In analysing the results of these data sets, a comparison
was made of the percentage drift in AV, between readings
taken immediately, and those taken at 5 min following
each irradiation, for each reading interval set and
delivered dose, for the new and old probe. The reading
interval data sets were analysed using equation 4.2:

Avth(smin ) — Avth (0) %100 (4 2)
Avth (O) -------------------- .

Reading delay

The results of measurements taken to investigate reading
interval effect (section 5.3.3) also indicated a “reading
delay effect” (increased AVy, when there was a delay
between irradiation and readings). Also, during
familiarisation with the system, two “new” (unexposed, Vi
~10V) probes had been exposed simultaneously with 11
irradiations between 5 and 100 cGy dose. Pre- and post-
irradiation readings were taken immediately. When one

probe was read out first pre-, but second post-irradiation,

—H——-‘—'—> timeline
1

1 2 irradiation 2 1

i.e.
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it was observed that probe 1 consistently measured
greater AVy, than for probe 2, by up to a maximum of
13mV (2.6%) for the 100 cGy dose. The average
difference between the two probes was 6 mV (1.9%). This
was although the time difference between reading the
probes was only of the order of a second. To confirm this
apparent effect, measurements were repeated with the
probes read in the same order pre- and post-irradiation,
with the result that the average difference in AVy, between

the two probes was reduced to 0.3%.

These results suggested that the drift during even a delay
of a few seconds could be significant, and required further
investigation of the reading delay response. This
response could be significant in practical situations where
there was a delay between reading and irradiation.
Similarly, if the system was used off-line via the Active
Bias Unit, there would be a delay between irradiation and
post-irradiation reading, due to the disconnection of the
probe from the Bias Unit and its placement into the reader.
In this situation the accuracy of AVy, measurements, and
consequently dose determination, will be less due to drift
during the delay period, as compared to calibration
measurements taken with no delay between irradiation
and readings. There could be delays between readings
before or after irradiation, or both.

The reading delay response was investigated by making
repeated exposures, and delaying the time between
irradiation and pre- or post-irradiation reading by a
variable time interval between immediate (< 1 s) and
120 s, and comparing the AV, to that obtained for the
immediate reading. Measurements were obtained for
delays between (i) pre-irradiation reading and irradiation;
(ii) irradiation and post-irradiation reading; and (iii) the
same time delay both pre- and post-irradiation (see
hereunder for reading timelines).
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(i) Varying time Irradiation Wait at least 1 min Varying time Irradiation  etc.

0-120 sec l 0-120 sec l

¢ 1 T

[
»

Pre-irradiation reading Post-irradiation reading Next pre-irradiation reading
(ii) Irradiation Varying time Wait at least 1 min Irradiation etc.
¢ 0-120 sec l
l L1 | L1 >
I L | L] i
Pre-irradiation reading Post-irradiation reading Next pre-irradiation reading
(iii) Varying time Irradiation Varying time Wait at least 1 min etc.
0-120 sec 0-120 sec
l | 1 | | >
I I 1 I I v
Pre-irradiation reading Post-irradiation reading Next pre-irradiation reading

In trial (i), the post-irradiation reading was taken
immediately after irradiation, whilst in trial (ii), the pre-
irradiation reading was taken immediately prior to
irradiation. For one of the MOSFETs (#9), delays of the
same period both pre- and post-exposure were allowed

(trial (iii)).

Read-out delay response was defined as:

[Avth,delay — AV (O)J

AV, (0)

Six single sensitivity probes and two dual (low) sensitivity
probes were used, with delivered doses of 20 or 50 cGy,
in thirteen trials using 4MV x-rays. A dependence of the
drift on the accumulated dose to the probes was also
explored by exposures of two probes (#9 and #10) at
different stages of their lifetime. Appendix Al describes
the correction method for accumulated dose sensitivity

reduction during the measurement period.
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4.4.4 Angular dependence
For measurements of angular dependence, two single and one
dual (low) sensitivity probes were used. For each set of
measurements, repeated irradiations were made with different
angles of beam incidence to the probe, by manual rotation of the
phantom (section 4.2) in its holder. A set-up error of + 2° is

estimated.

Two probes were exposed to 4 MV x-rays and one probe to 6MV
x-rays with 50 cGy doses. In each trial, two consecutive sets of
readings were taken, and an average of the two sets was
obtained. In two of the trials, rotations were made clockwise, and

in the third, rotations were anti-clockwise for comparison.

The data were corrected for sensitivity reduction with accumulated
dose as described in Appendix A3. Variation in AV, due to angle

of incidence of radiation is defined as:

AV, ., —AV
( Lk o J F 00 e, (4.4)
h,0

where AVi o is the shift for incident beam angle of 0°/360°, and

AV, is the shift measured at other angles.
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RESULTS AND DISCUSSION

5.1

AVy, and sensitivity

The results of the measurements of AVy, and sensitivity with accumulated
dose for e ach probe ov eri ts lifetime w ere g raphed t o obtain “ drift
equations”. Figure 5.1 shows the changes in (a) AV and (b) sensitivity
for four probes exposed to repeated irradiations of 50 cGy (#7 and #8) or
20 cGy (#13 and #14).

Figure 5.2 shows characteristic AVy, drift for delivered doses of 20 and
50 cGy. T his response driftis comparable with t hat r eported in t he
literature for MOSFETSs with similar bias [46, 47], and is due to increasing
positive ch arge trapping in the SiO, with i ncreasing i rradiation, which
leads to areduction of the electrical field in the gate oxide. Also, the
density o f ( positive) i nterface st ates increases with accu mulated do se
[87]. The relative drift was independent of x-ray energy (4 MV or 6 MV).
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Figure 5.1 (a) AVy, and (b) sensitivity over lifetime of four probes for
repeated exposures of 50 cGy (#7, #8) or 20 cGy (#13, #14)
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Figure 5.2 Average AVy, drift equations for 20 and 50 cGy doses

All t he pr obes tested ex hibited al most t he sa me se nsitivity dr ift with
accumulated dose, regardless of energy of the radiation, or whether the
probe was single or dual sensitivity. This may not be the case for kV
energies where t he photoelectric effect has a g reaterr ole i n x -ray
interactions with matter. The sensitivity over the lifetimes of the probes
decreased by an average of 22.37% with a standard deviation of 0.63%,
or 1.3% per change of 1V in V4. |twas found that quadratic equations
provided the best fit over the lifetime of the probes, however, over a 4-5
V r ange, the se nsitivity decr ease ca n be appr oximated by a linear
reduction in response within the uncertainty of measurements made, as
shown in figure 5.3. The se nsitivity drift eq uations for the probes are
tabulated at Appendix C. An average se nsitivity drift equation for the

probes tested can be given by:

Y=3XT10X2=0.0002 X + C .oovoeeeeeeeeeeeeeeeeeeeeeeeeeee e (5.1)
where y = se nsitivity (mV/cGy)and x = Vi (mV) and C is the initial
threshold v oltage prior to any exposure of a probe (figure 5.3). T his

sensitivity can be used to determine dose (CF in equation 3.5).

These results indicate a r eproducible reduction in AVy, and se nsitivity
over the lifetime of the probes, provided measurements are takenin a
way which is consistent with the calibration procedure from which the drift

equation was obtained.
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Avge sensitivity eqn: y = 3x10° x? - 0.0002x + 6.6208

%

Linear over an approximate range of 4V

/

Sensitivity (mV/cGy)

/
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8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000

Vin (mV)

Figure 5.3 Average sensitivity drift equation for ten probes tested

5.1.1 Saturation
As described in section 3.6, saturation will occur when all available
traps have been filled, and the oxide electric field vanishes when
the c harge d ensity o n t he g ate eq uals the t rapped ox ide a nd
interface c harge de nsity, so that transport of hol es through t he
oxide ceases. T he saturation electric field has been determined
as 10° V/cm [22]. In the current work, saturation was observed as
a sudden decrease in AVy, for a given dose, compared to previous
shifts for that dose (see figure 5.4). This figure is representative of

the effect for all probes tested.
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Figure 5.4 MOSFET saturation
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Saturation occurred for the probes tested as shown in Table 4:

Single sensitivity probes Dual sensitivity probes (low)
Probe Reading | Accum. Dose Probe | Reading | Accum. Dose
No. (* 2mV) Gy No. (* 2mV) Gy
1 26830 41.9 D3 26613 40.5
2 26596 39.5 D4 26604 49.0
4 26571 37.7 D7 26535 35.0
5 26630 47.0 D8 26332 35.8
6 26618 37.7 D9 26550 36.6
7 26608 36.5 D11 26499 37.0
8 26683 36.5
20 26500 40.5
22 26599 37.5
Avge: 26626 39.4 26522 39.0
Std. Dev: 90 3.38 100 5.26

Table 4 Probe saturation Vy,

These results indicate that the useful lifetime of single sensitivity
MOSFET probes or dual MOSFETs used only in high se nsitivity
mode is approximately 39 Gy or Vi, of approximately 26.5 V. The
accumulated dose to reach saturation varies since each individual
probe has a different initial Vi, None of the low sensitivity probes
were used to saturation during this work, and an investigation of

their lifetime is proposed in future.

Linearity

The raw data were corrected for se nsitivity reduction with accu mulated
dose as outlined i n A ppendix A 2, an d a co nstant t emperature w as
maintained throughoutt heset ests. A su mmaryt ableo fresultsi s
included a t A ppendix D . T he deviations from pr oportionality were
normalised to the results for doses of 50 or 250 cGy for the single and
dual ( high) pr obes respectively. F igure 5.5 sh ows the m easured

deviations from proportionality.

The range of deviations from proportionality for all probes over all doses
was + 7.6%, although these figures included the lowest doses (5, 10 and
20 cGy for the single probes, and 50 ¢ Gy for the dual ( high) probes),
where a change of 1 or 2 mV statistically leads to a greater percentage
variation due to the small shifts. Disregarding these lowest doses, the

overall linearity for all probes was within 1.2%.
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The single sensitivity probes were linear within 1.6% for doses between 5
and 140 cGy, and of the dual (high) probes, for doses between 50 and
500 cGy, was within 3. 8%. D isregardingt hel owestdose s as

abovementioned, the respective linearities are within 1.4% and 1.5%.
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Figure 5.5 Percentage deviations from proportionality for
(a) single sensitivity and (b) dual (low dose) probes

Results for Trials 1 and 2 (probes #4 and #6) i ndicate slightly g reater
average variations when 2 — 272 min were allowed bet ween r eadings,
than when the waiting period was 1 — 172 min. The respective readings
were 0.0% cf -0.1% for #4, and —-0.1% cf —1.0% for #6. This indicates
that no benefit is achieved in waiting longer than 1 — 1%2 min between
consecutive r eadings. T rials 3-6 i ndicated t here w as no si gnificant
reading or der effect (as regards increasing or decr easing d elivered
doses), nor difference in response between the single and dual sensitivity
probes. | n summary, the MOSFETs showed good linearity with dose,

except for very low doses as mentioned above, for doses of up to 140
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5.3

cGy for the low dose probes, and 500 cGy for the high dose probes. ltis

therefore co ncluded t hat the m inimum doses to be m easured by the

single and dual ( high) pr obes shouldb e 30cG yand 100 cG vy

respectively.

Drift response

5.3.1 Drift following an irradiation

Figure 5. 6 sh ows the t ypical post -irradiation dr ift c urves of t he

MOSFETs used for this work. A n initial rapid increase in AVy, is

apparent, followed by a plateau, then a gradual decrease. These

curves are characteristic of all MOSFETs and are the result of the

continued bui ld-up t hen di scharge o f i nterface st ates and ot her

contributing factors mentioned in se ction 3.8. T he difference in

AVy, between sets 6, 7 and 8 is due to the greater accumulated

dose (and hence less sensitivity) of the probe used for set 6.
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Figure 5.6 Drift up to 1 hour following single 4MV irradiations

The drift curves were analysed in terms of:

time taken for the plateau to be reached;
reproducibility within the plateau period; and

maximum drift from the initial reading of AVy,
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and a nydepen denceo ft hese factorsondel iveredand
accumulated dose, or readout interval. Table 5 shows the results
for each MOSFET.

Rdg Accum Dose Time after Reproducibility Maximum drift

Set Dose (cGy) exposure within plateau in AVy, as
(Gy) when plateau period percentage of
reached % initial Vy,
(s) %
1 13.3 50 192 1.3 5.9
2 13.8 50 284 1.2 5.4
3 14.1 30 108 1.4 5.5
4* 14.4 30 125 2.8 7.0
5 24.9 20 55 7.0 18.6
6 37.7 100 570 1.3 8.0
7 27.7 100 690 0.6 6.4
8 28.7 100 1800 (3" rdg) 0.9 3.9

* readings taken for only 10 minutes following irradiation

Table 5 Characteristics of drift up to 1 hour
following single 4 MV irradiations

Thetimet akent or eacha plateauw as dose-dependent, a s
expected, with the MOSFETs exposed to | arger dose s taking a
longer time to reach a plateau, due to dose-dependence of the
build-up of interface states. However, a comparison of the sets for
which the same dos e had been given shows a readout i nterval
influence, in that the plateau was reached sooner for the sets with
more frequent r eadings. T his is probably ar esulto fch arge
injected by t he r eader [ 74]. R eproducibility within t he plateau
period generally improved with increasing delivered dose, but this
also dep ended onr eadouti nterval. T he g reater st atistical
uncertainty due to smaller shifts for lesser doses is reflected in the
results forset 5. D isregardingt his set for st atistical r easons,
reproducibility w ithin t he pl ateau p eriods for t he o ther sets was
within 2.8%.

No relationship b etween d elivered dose and maximum drift was
apparent ( again di sregardingse t5) , bu tt here w as ar eading
interval dependence, as indicated by comparison of the reading
sets fort he sa me delivered dose s, w here t he g reatest dr ifts
occurred for the more frequently-read sets. (See Table 1, page 49

for reading intervals for the sets.)
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To co mpare t he drift curves for di fferent d elivered dose s, d ata
from reading sets 2, 3, 5, 6 and 7, for the period up to 20 minutes
following irradiation, were graphed as a percentage drift from the

initial reading of AVy, (figure 5.7).
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Figure 5.7 Drift up to 20 minutes following single 4MV irradiations

This graph co nfirms an app arent i ncreased dr ift w ith i ncreased
frequency of taking readings, particularly for sets 6 and 7. Probe 6
had accumulated 10 Gy more than probe 7 at the time of the tests.
A greater drift is apparent for set 6 than for set 7 during the first
minute, and al so after 15 m inutes, dur ing which periods the
readings were taken more frequently for set 6. Between 1 and 15
minutes, when both probes were read at 10 s intervals, the drift

trends were similar.

To understand these drift characteristics in more detail, in order to
determine the most stable periods for dose determination, the data
fort he 8 se ts w ere anal ysed for v arious time i ntervals since
irradiation (e.g. 0 — 1 min, 1 — 5 min, 5 — 10 min etc.) to ascertain
the periods of least and most drift,. The average drift for each time

interval considered was defined as:

AI/th,interval *
S B 11, (5.2)
AV

th, immediate
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and the results are graphed in figure 5.8.
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Figure 5.8 Average drift per time interval following single 4MV
irradiation

The uncertainties are: 1.0%, 1.1%, 1.2%, 5.3%, 3.1%, 3.0%, 1.8%

and 1.8% for sets 1-8 respectively.

From this figure, it can be seen that:

all probes exhibited an initial rapid increase in response during
the first5 minutes after irradiation, of between 1.3% (set 7)
and 7.2% (set5) (excluding set 8, for w hich r eadings were
taken every 15 min);

forthe 20 cGy dose, the greatest drift occurred at 15 — 20

minutes (14.8%), and the least when readings were taken at 15

minute i ntervals (<4 % t hroughout t he entire m easurement
period);
the r eadings for most o ft he probes bec ame st able by 10

minutes after irradiation;

except for the 20 cGy dose, a relatively stable period existed

up until about 1 hour after irradiation, when the drift decreased;

overall, the least drift occurred when readings were taken at 15

minute intervals (set 8) until 1.5 hours after irradiation.
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These results, particularly the rapid drift during the first 5 min after
irradiation prompted further investigation of this clinically relevant
period. | n orderto c haracterise a ny del ivered or accu mulated
dose dep endence of drift during this period, the data from four
probes which had been exposed to a single 4MV irradiations of 20,
30, 50 or 100 cGy at various times during their lifetimes, and read
out with varying intervals, were analysed. The data were divided
into sets for “new” (< 20 Gy accumulated dose) and “old” probes
(> 20 G y accu mulated dose ), and w ere co nsidered in terms of
average drift (mV) for periods of 0 — 30s, 30 — 60s, 60 — 90s, 90 —
120s,2 — 3 min, 3 —4 minand 4 — 5 min (see Appendix E). The
results, shown as percentage drift from initial AVy, for each time
interval, are graphed in figures 5.9 (i) and (ii) where (a)is the
combined drift from all sets, and (b) and (c) show the low and high

accumulated dose probe data respectively.

The g reatest dr ift oc curred w ithin t he f irst 60 se conds after
irradiation for all probes tested. After that period, drift stabilised to
<1% except forthe 100 cGy irradiations, for w hich drift fell to
below 1% during the 90-120 s interval. For the “new” probes, the
drift was dose-dependent, with greater drift for greater delivered
dose, however, this delivered dose dependence lessened for the
“older” probes after the first 30 s. The drift for the “older” probes

was greater than that for the “newer” probes.
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(a) Combined accumulated dose probes
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Figure 5.9 (i) Average drift (mV) during each time interval up to 5 minutes
following single irradiations. (a) combined, (b) “new” and (c) “old” probes
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5.3.2 Creep-up

Figure 5.10 shows the results of creep-up effect measurements.

The figure i ndicates creep-up c ontinuing for at least 5 minutes

after irradiation, with none of the second readings being similar to

the immediate p ost-irradiation reading, as has been reported for
the T&N MOSFETs.
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Figure 5.10 Creep-up up to 5 minutes following irradiation

The p ercentage di fferencei n AVy, between firsta nd s econd

readings for all detectors generally increased as the time interval

between the two readings increased. The minimum and maximum

differences are shown in table 6, together with the reading interval

at which these occurred.

Difference in AV, between
immediate and 2nd readings
Accum. | Dose Reading Reading
Probe Dose Min. interval | Max. | interval %
# (Gy) (cGy) % between % between | Uncertainty

2 rdgs 2 rdgs +

(s) (s)
1 20.8 100 1.07 10 5.96 300 0.6
1rev 21.8 100 0.91 2 6.55 300 0.6
2 24.8 50 1.32 2 6.31 300 1.2
2rev 30.8 50 0.47 2 8.80 300 1.2
3 26.3 20 1.09 4 6.74 180 3.1
3rev 29.5 20 2.25 6 6.90 30 3.1

Table 6 Creep-up effect. Minimum and maximum drift in AV, between two
post-irradiation readings, showing the time intervals of their occurrence
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5.3.3

The two readings for the 100 cGy dose were the most consistent
with each other, differing by less than 2% until the reading interval
reached 30 s, thenrisingtoam aximum difference w hent he

interval between the readings was 5 minutes.

The average drift for probe 2 was less than 3% for intervals of less
than 10 seconds between readings. A nalysis of these results in
terms of d ose d ependence i s inconclusive, due t ot he differing
accumulated doses of the probes at the time of the experiment,
and the large uncertainty for the 20 cGy doses. |t was apparent
that sy stem n oise be came a do minant factor at t his low dose ,
despite t he manufacturer’s claim t hat doses as lowas 10cGy
could b e m easured confidently. A Ithough t he dr ift g enerally
appears to i ncrease with decr easing del ivered dos e, t his effect
may al so b et he r esult o fi ncreasing acc umulated d ose. To
confirm dose -dependence, it would be necessary to use probes
having similar accumulated doses, however this was not possible
due to the limited number of MOSFETs made av ailable for t his
work. H owever, there is an increasing trend over the 5 minute
interval for probes 1 and 2. This creep-up effect differs from that
reported for T&N M OSFETs [62] w here the se cond reading was
similar to the initial reading when the interval between the readings
was 1 minute (see figure 3.13, section 3.8.2).

Reading interval

To investigate this apparent effect found from the results shown in
section 5.3.1, the data for the three 100 cGy sets (6, 7 and 8) were
analysed up to 1 hour following irradiation. Figure 5.11 shows the
variations in dr ift occ asioned by di fferent r eading i ntervals. A

greater drift can be seen for set 6 compared to set 7 when it was
read out m ore f requently ( first m inute a nd a fter 15 m inutes).
Between 1 and 15 minutes, when both detectors were read out at
10 s intervals, the drifts for these two probes were similar. Much
less drift is apparent for set 8 for which readings were taken every

15 minutes.
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Figure 5.11 Drift up to 1 hour since 100 cGy irradiations of probe #5
(set 6) and #D12 (low) (sets 7 and 8),
showing intervals of taking repeated readings

To ascertain the longer-term effect, these data were analysed up

to 2.5 hours (7 & 8) or 1.5 hrs (set 6) following irradiation (figure

5.12).
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Figure 5.12 Drift up to 2.5 hours following 100 cGy irradiations

The drift curves for the sets show dissimilarities. Readings taken

at5s - 10 minintervals resulted in up t o 4% greater AVy, than

when 15 minute r eadings were t aken.

Set8r esultedin a

maximum drift from initial AV}, of 3.9%, whereas that for set 7 was
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6.4%, and it was 7.9% for set 6. The drift abatement behaviour for
sets 7 and 8 is also q uite di fferent. The drift for set7 had
decreased to 1.61% after 2.5 hours, however the drift for set 8
was stillat apl ateauat 2 .5 hours followingi rradiation. A

continuation of readings the next day (between 18 and 27 hours
after the irradiations) revealedAV , for set 7 had fallen to 3.9%
less than in itiasAV , whereas forse t 8, readings were 1. 1%

greater than initial AVi.

A similar trend was observed for the 50 cGy data, but seemingly
not for the 30 c Gy data (see figure 5.13 (a) and ( b)). F or these
graphs, the data from different sets were normalised to the same

initial AVy, for comparison.

The graphs indicate a possible reading delay effect. Sets 1 and 2
readings were beg un at differing times after t he i rradiation h ad
ceased. A s seeninfigure5. 13(a),se t1r eadings were
commenced at 1 m inute after irradiation and, although readings
were t aken o nly sl ightly m ore frequently dur ingt he first five
minutes than set 2 (for which readings began after 30 seconds), a
larger drift resulted. ( The reductions in Vy, after short breaks is

due to thermal annealing.)

However, the opposite trend seemed to occur for the 30 cGy sets.
Forthesesets (3and4), al though set4 readings were less
frequent than for set 3, a greater drift occurred, in contrast to the
results for 50 an d 100 cGy sets. On closer examination of the
data for the first minute following irradiation, it was observed that
the initial drifts of sets 3 and 4 w ere similar during the first 41
seconds, when readings for both sets were taken at 1 s intervals.
However, there was then a pause in readings for8 s forset 3.
Duringt hat p ause, set4r eadings increased by 1. 4%, and
continued thereafter to produce an overall greater drift for set 4
(figure 5.14).
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Figure 5.13 Drift following single irradiations of 4MV, normalised to
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This indicated that how often readings are taken during the first

few seconds following an irradiation may have a strong influence

on post -irradiation d rift,

and pr ompted further i nvestigation,

particularly i nto w hether t he e ffect w as influenced by del ivered

and/or accumulated dose.

The results of the reading interval trials are shown in table 7. This

table shows the drift (mV) from initial AVy, at 5 min after irradiation,

for each measurement se t.

The results are graphed in figures

515and 516 (a)and(b) fort he “new” (less than2 0G y

accumulated dose) and

“old”

probe ( greatert han 20G vy

accumulated d ose) r espectively, sh owing drift at5 minas a

percentage of the initial AVy,.

Reading =2
Interval Set A B ¢ b E
Del. Dose Drift from initial Threshold Shift (mV)
(cGy) (initial Threshold Shift in brackets)
“New” probe
20 5 8 8 9 8
(113) (103) (103) (105) (102)
30 10 12 11 12 13
(171) (169) (169) (157) (169)
50 15 21 not msrd 17 19
(257) (256) (263) (274)
100 24 33 31 33 32
(565) (513) (539) (527) (539)
“Old” probe
20 9 13 19 15 21
(86) (92) (92) (92) (92)
30 7 16 17 16 22
(145) (129) (136) (136) (133)
50 15 20 18 22 23
(228) (224) (225) (228) (220)
100 23 20 28 29 36
(448) (435) (450) (449) (445)

Table 7 Reading interval results.
Drift (mV) in AV, at 5 min following irradiation

Figure 5.16 (a) and (b) shows percentage drift from initial AVy, with

delivered dose, for reading sets A-D.
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Drift vs Reading Set

These results show:

an accumulated dos e e ffect — the range of drift for the new
probe was 4.2% — 8.6%, whilst for the old probe, it was 4.6% -

22.8%.

delivered dose -dependence for the old probe but not forthe

new probe; and

a small reading interval effect for the new probe and a m ore

pronounced drift with reading frequency for the old probe.
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5.3.4

The drift is a greater percentage of the initial shift for the old probe,
due to the decreasing sensitivity with accumulated dose.

Reading Delay

In or dert odi fferentiate bet weent he i nherentr eductioni n
sensitivity with accumulated dose, and the effects due to delays in
taking r eadings, t he m easured da ta w ere first co rrected for
sensitivity reduction as described in Appendix A1. The data were
then analysed to determine the drift due to delay in taking pre- or
post-irradiation r eadings, and any del ivered dose a nd/or
accumulated dose dependence. Figure 5.17 is a graph of the data
for several of the probes. Similar trends were found for the other

probes.
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Fiqure 5.17 Reading delay response —data for several probes

The “ negative times” on t he x -axis indicate time b etween pr e-
irradiation reading and irradiation, and t he positive times indicate
time between irradiation and post-irradiation reading. It shows the
percentage dr ifti n AVy fromt hat measuredi mmediately
before/since irradiation (i.e. within 1 s of beam-on or beam-off).
The left-hand data were obtained by read-out methodology (i), and
the right-hand data by methods (ii) and (iii) on page 56.
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A generally increasing drift in AVy, with delay of reading is evident.
This drift is time-dependent, and is less for pre-irradiation delays
than f or post-irradiation del ays, par ticularly f or del ays ©f30

seconds. The pre-irradiation drift range for all probes is -2.9% to
+3.9%, as compared to +0.6% to +8.4% for post-irradiation drift.
By fitting linear equations to the data, the overall average drift per
second d elay (all probes) was 0.02% for pre-irradiation del ays,

and 0.06% for post-irradiation delays.

Table 8 sh ows the drift ranges with delivered and accu mulated
dose for delays up to 1 min pre- or post-irradiation.

Probe Threshold Delivered | Accumulated | Drift range Pre-
# Voltage Dose Dose (Gy) (min-max) or
(Trial) (mV) (cGy) % Post-
16 8886 50 New probe 1.5-46 Post
9 (1) 8937 20 New probe 3.7-75 Post
15 9179 20 New probe 1.9-57 Post
10 (1) 9253 20 New probe -0.5-24 Pre
12 9275 50 New probe 09-42 Post
11* 9319 20 New probe 1.0-4.5 Post
10 (2) 13340 20 7.4 -1.56-2.1 Pre
9(2) 13367 20 8.2 -2.0-3.5 Pre
9 (3) 17266 20 16.0 -0.9-3.9 Pre
10 (3) 17734 20 14.2 3.1-84 Post
9(4) 19310** 20 21.2 25-73 Post
D9 23133 20 29.0 06-2.6 Post
D8 23217 20 29.0 -29-17 Pre

* Measurements taken only up to 40 s delay

Table 8 Range of drift with delivered and accomulated dose

The drift indicated there may be some delivered dose dependence
(although only two doses were trialled), being generally less for 50
cGy dose s than for 20 cG y doses forthe “new” probes tested.
However, t he | arge u ncertainties fort he 20 cG y dos e r esults
preclude a conclusion on this point, and this effect requires further
investigation. The results for probe #9, ex posedto 20 cGy at

different stages of its lifetime, are graphed in Figure 5.18.
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5.3.5

10

% drift from initial Threshold Shift

o o o o
- -

Time before/since irradiation (s)

—=—#9(1) —#9(2) #9(3) pre —+—#9(3) post —=— #9(4)

Figure 5.18 Reading delay response at various stages of probe #9’s
lifetime

Reduced drift is observed for reading method (iii) (page 56), which
had a delay both pre- and post-irradiation (#9(3) in the figure), and
readings appeared to be more consistent compared to the drift
when t his probe was new. S imilar r esults ov er t he | ifetime of

probe #10 were found.

Discussion of drift response results

The characteristic drift of AV, with time after an irradiation is due
to many complex processes, as previously described, and there is
still some debate as to whether interface states or border traps are
responsible for drift. However, itis generally believed thatthe
initial r apid i ncrease in AVjy, is duetoholeandH * transport
towards the i nterface, and t he su bsequent bui ld-up o f i nterface
states and/or border traps, which continues for several thousands
of seconds. At later times, AVy, is reduced by electrons generated
in the oxide or the Si recombining with some of the trapped holes,
and t he other pr ocesses mentionedi ns ection 3.8. These
processes are influenced by bias conditions during and f ollowing
irradiation, t he local el ectric field and temperature. T he local
electric field it self is modulated by t he sp ace ch arge ( trapped

holes). W.ith i ncreasing accu mulated dos e, t he sp ace ch arge
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enhances the electric field near the Si interface and reduces it with
respect to its initial value near the gate, as shown in figure 3.6.

The driftin AVy, with time has been shown in the current work to
bea function ofd elivered and accu mulated dose , r eading
frequency and r eading delay. T he average mV drift during each
time interval since irradiation was dose-dependent for the “new”
probes, b ut the dos e-dependency w as less for the “old” pr obes
(see figure 5.9 (i)). Most drift occurred for all probes during the
first 90 s after irradiation, after which drift stabilised to <1% per
measurement interval. The average drift during each interval up to
90 s was greater for the “old” probes than for the “new” probes, for
all delivered doses. Also, there was a slight reading frequency
effect for the “new” probes, but a more pronounced effect for the
“old” probes. T his drift may be ex plained as follows, in terms of

interface state build-up and/or border trap discharging.

It is suggested that drift for “new” probes may be mainly due to the
build-up and filling of positive oxide traps. However, with the filling
of these traps with accu mulated dos e, t he build-up o f i nterface
states and border traps and the discharge of electrons from the
latter i nto t he S i, may pr edominate.  This would ex plain t he
greater dr ift ( compared w ith dr ift w hen “ new”) and al sot he
diminishing o f d ose-dependence w ith i ncreasing accu mulated

dose, as explained hereunder.

For “new” probes, many oxide hole traps are available, so oxide
hole trapping may predominate, and drift will be d ose-dependent.
However, as accumulated dose increases, the probability of oxide
trapping reduces due to the diminishing number of available traps,
and to the increasing positive space charge in the oxide close to
the interface. This means that more holes may escape the oxide
traps and reach the interface, where they are trapped in border or
interface t raps. T he build-up o f i nterface a nd b order traps may
therefore predominate for the “older” probes and, because in p-

MOSFETSs the interface states trap positive charge, which adds to
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AVy, produced by ox ide t rapped h oles, the drift will be g reater

during a specified time compared to the “new” probes.

In addition, as suggested by Savi¢ , Radjenovi¢ and Pejovi¢ [77],
the electrons associated with positive charge in border traps may
tunnel acr oss the i nterfacet ot he S i, | eaving unco mpensated
positive charges as shown in figure 3.5, which will increase AVy,.
With t he greater den sity of filled bor der t raps with increasing
accumulated d ose, the drift will al so increase. A Iso, due to the
decreasing sensitivity over the lifetime of MOSFETSs, the drift will
be a g reater p ercentage o ft he i nitial sh ift w hich r educes as

accumulated dose increases.

The tunnelling of electrons from border traps can also explain the
reading frequency e ffect. T he Wollongong r eader sy stem
maintains a constant positive gate bias (+5 V, R-type or +12 V, K-
type) at all times except when readings are being taken, at which
time the applied bias momentarily becomes negative. D uring this
time, t he i nterface p otential b arrier i s lowered, i ncreasing t he
probability of electront unnelling,an dcr eatingm ore
uncompensated p ositive ch arges. T his may e xplain t he g reater
drift for more frequent readings. The reading frequency effect will
be less pronounced for “new” probes, for which o xide trapping,

rather than border traps, may predominate.

The drift during pre- and post-irradiation delays can also be related
to the build-up of interface states and/or discharge of border traps
as explained above. Figure 5.19 (a) shows that when thereis a
pre-irradiation d elay, t he co ntinuing dr iftf romt he previous
irradiation contributes to the measured AVy,. This contribution will
depend o n the elapsed time since t he previous irradiation, t he
accumulated d ose and t he d ose d elivered dur ing t hat pr evious
irradiation, as shown in table 4. When the delay is post-irradiation
(figure 5. 19 (b)), t he drifti s due pr edominantly t o t he cu rrent
irradiation. A ppendix F sh ows thatt he r ate o f dr ift following

irradiation is a maximum during the first 60 s, then stabilises at
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less than 1% of AV, by 120 s. T herefore, even allowinga 2 min
break between successive irradiations, the drift from the previous
irradiation will contribute to measurements of AVy, by up to 1% per
minute if there is a pre-irradiation delay. Post-irradiation delay drift
will be greater than the pre-irradiation delay drift, as shown by the

results in this work.

10.0 — drift during delay
| ‘///,,/,,,
8.0 — ]
|
£ 6.0 — |
IS
e |
4.0 |
|
2.0 I
|
» | »
T T T T T L T T T T T T T - >
0 30 60 90 120 0 30 60 90 120 150 1me(s)

Reading timeline (s)

L L | >

delay pre-irradiation delay post-irradiation

(@) (b)

Figure 5.19 Drift in AVy, during pre- or post-irradiation delays.
(a) The drift from the previous irradiation contributes to the AV,
measurement. (b) The measured drift is due mainly to the current
irradiation, during the most rapid interface build-up/border trap period

Tobe us ed forl VD pur poses,itis necessaryt hatr eadings
obtained ar e r eliable and co nsistent, a nd t he abovementioned
problems with drift must be minimised. This may be achieved by
consistency bet ween ca libration andt reatmentr eading
procedures, and byensu ringt hat pre- and p ost-irradiation
readings are made by the same method in both instances. See
section 7.1 for further recommendations for readout methods.

5.4 Angular dependence
The results of angular dependence measurements are graphed in figure
5.20, which sh ows variation in AV;, as a percentage of AV, forincident
beam angle of 0°. A set-up error of + 2° is estimated and +5% error is
estimated for AV, variation. The direction of rotation of the phantom did

not impact on the results.
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Figure 5.20 Variation in AVy, as a function of angle of radiation
incidence as a percentage of AVy, with epoxy bubble facing the beam



Overall, for all probes, the range of variation was +1% at 30° angle, to
-10% at angles of 120° 150° 210° and 24 0°. F or all probes, greater
sensitivity was measured with the epoxy bubble facing towards the beam
(“top hemisphere”), rather than away from it (“lower hemisphere”), where
“top h emisphere” encompasses t he a ngles between 90 ° — 0° - 270°
respective to the beam. This is in partb ecause the top h emisphere
contains the oxide in w hich the dose is deposited. When the epoxy
bubble faces away from the beam (90° — 180° — 270°), the beam must
firstly pass through t he su bstrate b efore r eaching t he ox ide,andi s

attenuated and backscattered.

As can be seen from figure 5.21, silicon, with a density of 2.33 g/cm?®,
absorbs most of the keV photons from the beam. The other components
of the probe will also attenuate the beam to some extent, depending on

their mass energy absorption coefficient, e/p, where :

ter/p = W (Ea/f)  (CMZG) i (5.3)
and u = fraction of photons which interact in distance Ax
D = density of material, cm®/g
E.b = average energy absorbed per interaction, J
f = radiation frequency, s™
Z =14, SILICON
104
10°
<
T
2
& 10
=3
& ot
3
107"

1077 1077 a7’ 10° 10' 107
Photon Energqgy, MeV

Figure 5.21 Mass attenuation coefficient for silicon

(www.physics.nist.gov /PhysRefData/XrayMassCoef/cover.html)
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Attenuation will also be g reater when the beam travels a greater path-
length to reach the oxide (since Ax is greater), which occurs for oblique
angles of i ncidence, as canbe se enin figure 5. 22, andis clearly
reflected in Figure 5.20 for angles of incidence between 105° — 150° and
210° — 255°.

The epox y i nsulator f ilters low ener gy phot ons, and al though at t he
energies used in this work most scatter would be in the forward direction,
the TO-5 gold-plated Kovar substrate backscatters electrons [47], hence
Iti s possiblet hatt his scatter also contributes tot he r eductioni n

sensitivity at oblique angles.

Each individual probe’s substrate and epoxy dimensions are unique, so
angular de pendence will al so be uni que, however t he r esults indicate
reproducible v ariations, w hich co uld be acco unted for by the use of

correction factors.

Beam 0°

Epoxy bubble

Beam 120°

Figure 5.22 Beam attenuation depends on the angle of incidence
of the beam in relation to the sensitive area of the MOSFET

Alternatively, the probes could always be used with the substrate placed
onto the patient, with the epoxy bubble facing towards the beam, then
only the top h emisphere results need to be considered. F orthe top
hemisphere, t he greatestv ariatonw as -8%at 90 ° and 270 °.
Disregarding the readings for 270° and 90° (when the beam is side-on to
the probe), the greatest variation for the top hemisphere was -7% at an
angle of 75°. In terms of uncertainty in do se, this translates to 3.5%.
These results are comparable with those of Scalchi and F rancescon [1]
and Chuang et al [64].
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6. SUMMARY AND CONCLUSIONS

Using a reader system and associated hardware developed by the Centre for
Medical Radiation Physics, University of Wollongong, 37 MOSFET probes
(REM Oxford (UK)) were investigated for sensitivity to radiation (including
accumulated dose effect and saturation), linearity with dose, angular
dependence and drift effects. Single (high) sensitivity and dual (high and low)
sensitivity probes were used. Readings of Vi, were taken in the manual, on-line
mode, through an Interface Unit. Radiation doses of 20, 30, 50 or 100 cGy
(high sensitivity probes), and 50 — 500 cGy (low sensitivity probes) were
delivered using 4MV or 6MV beams from medical linear accelerators. Probes
were placed in solid water® at depth of maximum dose, except for angular

dependence measurements, when a custom-made phantom was used.

The average sensitivity reduction over the lifetime of the probes was found to be
22.37% with a standard deviation of 0.63%. The sensitivity of all probes
decreased with accumulated dose in a reproducible manner, represented by an

average sensitivity drift equation (equation 5.1):

Y =3X 100X = 0.0002X + C oo eesesesee e 6.1

where y is sensitivity (mV/cGy), x is Vi, pre-irradiation, and C is initial sensitivity.
Sensitivity is the Calibration Factor (CF) from which dose can be determined

from measurements of AVy, (equation 3.5):

For sets of repeated irradiations, the reduction in sensitivity with accumulated
dose can be corrected for by the use of drift equations over the measurement
period (Appendix A). Saturation occurred for the high sensitivity probes at an

approximate Vi, of 26.5 V, or 40 Gy accumulated dose.

The average deviation from linearity for 4 single sensitivity probes was within
1.6% for doses between 5 and 140 cGy, and within 3.8% for 2 dual probes (low

sensitivity), for doses between 50 and 500 cGy.
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Post-irradiation drift in AV, with time is a common characteristic of MOSFETS.
It was found to be influenced by reading frequency, reading delays, delivered
and accumulated dose. The most rapid drift occurred within the first 5 minutes
of irradiation (1.3 — 7.2%), and stabilised by 10 minutes between 3% and 7%.
During the first 5 minutes, post-irradiation drift increased with delivered dose,
and was greater for probes having accumulated dose of > 20 Gy (2.0 — 16.2%
compared with 1.2 — 7.4% for < 20 Gy probes).

Creep-up of the Wollongong MOSFETs was found to be different to that
reported for T&N MOSFETs. For two post-irradiation readings — one taken
immediately and a second at a later time - there were no signs of the second
reading becoming similar to the immediate reading within 5 minutes following
irradiation. The percentage drift in AVy, between the two readings generally
increased as the time interval between the two readings increased, by up to
8.8%.

The reading methodology was found to be a critical factor, with delays in pre- or
post-irradiation readings, or taking frequent repeated readings of Vi, during the
first few seconds and minutes following an irradiation, having a significant effect
on response drift. The increased drift with more frequent readings was greater
for probes with > 20 Gy. For these probes, up until 5 minutes after irradiation,
the percentage drift generally increased with frequency of readings. The range
of drift at 5 minutes compared to initial AVy, was 5.3 — 22.8% for these probes.
However, for probes with accumulated dose of < 20 Gy, the drift range was 4.7
— 9.5%. These results reflect the decreasing sensitivity with accumulated dose,
since then the drift occasioned by a particular dose is a greater percentage of
initial AV,

For delays of up to 2 minutes in taking the pre-irradiation reading, if the probe
has recently been exposed, the drift from previous exposures may contribute to
AV, Drifts of up to 5.7% compared to reading immediately before irradiation
were measured. The drift was greater for a post-irradiation delay, since the
most rapid drift occurs within the first 60 s. The maximum post-irradiation drift
was 9.3% (although this was measured for 20 cGy doses, for which the

uncertainty was + 3.9%).
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The abovementioned drift characteristics are believed to be linked to the
decreasing number of oxide traps with increasing radiation exposure, with a
preferential build-up of interface traps as accumulated dose increases, or the
tunnelling of electrons from border traps into the Si, leaving behind
uncompensated positive charges. It is believed that the frequency effect is
caused by the changed bias conditions during read-out which lower the
potential barrier at the interface, increasing the probability of electron tunnelling,
leaving unaccompanied positive charges in border and/or interface traps and

thus increasing V..

The orientation of the epoxy bubble in relation to the radiation beam affected
the response in a reproducible manner for the 3 probes tested. AVy, varied by
up to 10% for orientations other than the epoxy bubble facing directly towards
the beam. Greater sensitivity was measured with the bubble, rather than the
substrate side, facing the beam, due to attenuation by the Si. In this orientation,
the greatest variation was —7% at 75°, or 3.5% uncertainty in dose. This level
of uncertainty could be achieved by a use regime whereby the probes were
always used with the epoxy bubble always facing the beam wherever possible,
or an appropriate correction factor applied in cases where this is not feasible.

The MOSFETs showed acceptable linearity with dose for the dose ranges
investigated. = They exhibited reproducible reduction in sensitivity with
accumulated dose and angular dependence, which could be accounted for in
dose determination from readings of V. With consistent calibration and clinical
reading methodologies, and the application of correction factors, indications are

that they could be used successfully for IVD.
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RECOMMENDATIONS AND FUTURE WORK

7.1

Recommendations

The following recommendations are made regarding the use of
MOSFETSs:

(@)

(b)

(€)

(d)

(€)

(f)

There must be consistency between the taking of readings for
calibration purposes, and in the clinical situation. The raw readings
must be corrected for response variations when treatment

conditions are at variance with calibration conditions.

Readings of Vi should be taken immediately (< 1 s) before and
after irradiation, for both calibration and IVD, to avoid drift effects
due to delays.

Sensitivity drift equations can be used to determine in vivo dose
from readings of AV, following MOSFET calibration. Each
MOSFET is unique, and must be calibrated individually prior to
use, to determine its initial sensitivity, C. This can be used to
determine the sensitivity drift equation from which dose is
determined, as follows:

AV
CF

where CF = sensitivity.
Sensitivity is given by: 3 x 107 x* — 0.0002x + C where x is V.

There is no apparent optimum time to allow between consecutive
readings, but rapid repeated readings following a single exposure

should be avoided.

Further research should be performed to investigate appropriate
reading intervals for taking measurements during irradiation (e.g.

for TBI), and the use of the automatic reading mode.

The single and dual (high sensitivity) probes should not be used for
Vi, above 26 V, or 40 Gy accumulated dose, above which

saturation occurs.
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7.2

(@) The single sensitivity probes should not be used to measure doses
of less than 30 cGy, and the dual sensitivity probes used in the
high sensitivity mode, should not be used for less than 100 cGy

doses.

(h) The sensitivity drift equation over the measurement period should
be used to correct data obtained during protracted measurement
sets of repeated irradiations, for sensitivity reduction with
accumulated dose. For sets where Vi, changes by less than 5V,
linear equations can be fitted to the data, whereas quadratic

equations give the best fit for changes of > 5V.

Future Work
The following matters should be investigated before the MOSFETSs can

be used clinically:

— Surface response
For skin dose IVD, the MOSFETs would be placed onto the patient’s
surface without buildup, so their response under these conditions
should be examined. In addition, the use of buildup caps could be
investigated to provide appropriate buildup conditions for internal

dose determinations.

— Use of automatic mode for continuous readings during irradiation
Determine an optimum frequency for taking repeated readings, such
as for total body irradiations, taking into account the accumulated

dose of the probes.

— Energy dependence
Determine suitability of use of MOSFETs with superficial and

orthovoltage X-ray beams.

— Temperature dependence
Investigate variations in response with temperature, particularly in the
range of human body temperatures, and determine an appropriate

calibration and reading procedure to account for response variations.
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Greater range of linearity
Investigate linearity for doses higher than those used in this work,

particularly using the dual sensitivity (high dose) probes.

Lifetime of dual sensitivity (high dose) probes
Determine saturation Vy, for these probes.

Beam modifiers and field size dependence
Investigate any field size effects, and response variations with beam

modifiers such as photon wedges.

Annealing

It may be possible to anneal the saturated MOSFET probes for re-
use. This would involve investigating various temperature and
heating time combinations which would result in the release of
trapped electrons and holes, in an attempt to restore them to their
pre-irradiation state. It would then be necessary to re-investigate

their characteristics.

Angular dependence for orientations other than those investigated in

the current work, e.g. along cable axis

Calibration against secondary standard ion chambers, prior to use for

IVD, in accordance with ACPSEM recommendations [88]
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APPENDIX A

CORRECTION METHODS FOR SENSITIVITY
REDUCTION WITH ACCUMULATED DOSE

A1

Drift response

In characterising reading delay response (section 5.3), many repeated
exposures were made, with read-outs at random time intervals prior to or
following the exposures. Over the course of these measurement sets,
the inherent reduction of sensitivity with accumulated dose became
significant, in that the data reflected not only the effects of reading delay,
but also of reduced sensitivity. It was therefore necessary to account for

this sensitivity drift prior to analysing the data for reading delay response.

It was initially envisaged that the AVy, or sensitivity drift equations which
had previously been ascertained (section 5.1) could be used for this
purpose. It was first considered that, assuming the measured data
conformed to the drift equation, the data could be corrected using the

“distance from a point to a line” method, as follows.

For example, the average AVy, drift equation for 50 cGy doses had been
determined to be of the form Ax? - Bx + C:
AV = 1x107 %% - 0.0083x + 318.16..c.cccoveeeeann. (1)

where x = Vg, which increases (greater negative voltage) with
accumulated dose. The distance between each data point and the drift
line was firstly obtained, then each point was shifted to a position that
same distance from the line of constant AV4,, as shown in fig A1-1.

AV,
A
- - -— y=D
* (X,y corrected)
A
(X ,y measured ) . /
y=Ax’-Bx +C
Vin

Figure A1-1 Method of correction for change of sensitivity with
accumulated dose

Al, 1.



However, on applying the average AVy, drift equation to the measured
data, the required correction was not achieved. Nor was it achieved
using the average sensitivity drift equation, nor linear trendlines for AVy,
and sensitivity rather than quadratic equations, as can be seen in figure
Al-2.
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Figure A1-2 Threshold Shift measurements, real-time data. Readings
taken at random times after repeated irradiations of 50 cGy, 4MV.
(a) Data corrected for sensitivity drift using average drift equations
previously obtained for AVy, and sensitivity. (b) Data from (a) sorted
into ascending time order

The dark blue graph in figure A1-2 (a) shows the real-time data, obtained
from repeated irradiations of one probe from “new” until saturation, with
doses of 50 cGy from a 4MV linac beam. After each irradiation, read-out
was delayed for a random period between 0 and 90 seconds, as shown
on the x-axis of the figure, to investigate any read-out delay response. At
least 8 measurements for each time interval were made throughout the
probe’s lifetime. During the set of measurements, AV, changed from
276 mV to 211 mV, a reduction of 23.5%. The same data, sorted into
Al, 2.



ascending time order, as shown in figure A1-2 (b) indicates a possible
reading delay effect, however it can be seen that the application of the
average quadratic AVy, and sensitivity drift equations did not correct for

the sensitivity change, nor did the linear AVy, drift equation.

The reason for this became apparent on consideration of a plot of AVy, vs
Vi showing the data for various time intervals between irradiation and
read-out (figure A1-3). It was observed that there was a general upward
shift of the curve with increasing delay of read-out. This means that,
since the AVy and sensitivity drift equations had been obtained for
immediate read-outs, their use for delayed read-outs was not effective

nor appropriate.

This problem was overcome by the use the sensitivity drift equation for
the measurement period rather than the drift equations which had been
obtained previously with immediate read-outs. This “measurement
interval drift equation” then related to all of the measurement intervals,
not only those where the read-out was taken immediately following
irradiation. For measurement periods over the lifetime of the probes,

quadratic equations were found to give the best fit to the measured data.
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Figure A1-3 Various time intervals since irradiations, uncorrected for
sensitivity reduction

Figure Al-4 is an example of the correction method of sensitivity drift
correction using the AVy, and the measurement interval drift equations.

The calculations (using arbitrary data) for this method are tabled in Table

Al, 3.



9 which shows the results using the different drift equations.

The

measurement interval drift equation achieves the required correction of

the data.
325
. [M
- \ \'\-/'\
269 \ \'/.\-—-\l
E 2 \
£ 25 \./-\'i
0 %\ f
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[%2]
L 185 5 \
£ y = 2E-08x" - 0.0106x + 394.04 \
165 R?=0.9952
145
125 T T T T T T T
o o o o o o o o o
o o o o o o o o o
o o o o o o o o o
(2] — ™ Yol ~ (2] — ™ Yol
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Threshold Voltage (mV)
—— Msrd Vth —#— Corr using Vth drift eqn.
Corr using Mst. Interval drift eqn. — Poly. (Msrd Vth)

Figure A1-4 Example of correction to eliminate effect of sensitivity drift
due to accumulated dose (arbitrary data)
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AV, drift equation:

Threshold Shift =1 x 107 x* - 0.0081 x + 318.16

where A = 0.0000001

Measurement interval drift equation:
Threshold Shift = 2 x 10® x* — 0.0106 x + 394.04
A =0.00000002

B =0.0081 B =0.0106
(measured intercept) C = 318.16 C =394.04
(theoretical intercept) D = 253.36 D =300.26
Using AVy, drift equation:
MEASURED THEORETICAL CORRECTED
THRESHOLD | THRESHOLD THEORETICAL INTERCEPT MINUS | THRESHOLD
VOLTAGE SHIFT Y THEORETICAL Y SHIFT
V) (mV) AX Bx (on Constancy line | (D - [Ax2 -Bx +C)) +2mV
() v) AX®-Bx +C) (E) (E+y)
9000 300 8 73 253.36 0.00 300.00
10000 292 10 81 247.16 6.20 298.20
11000 279 12 89 241.16 12.20 291.20
12000 274 14 97 235.36 18.00 292.00
13000 263 17 105 229.76 23.60 286.60
14000 249 20 113 224.36 29.00 278.00
15000 237 23 122 219.16 34.20 271.20
16000 235 26 130 214.16 39.20 274.20
17000 215 29 138 209.36 44.00 259.00
18000 212 32 146 204.76 48.60 260.60
19000 201 36 154 200.36 53.00 254.00
20000 197 40 162 196.16 57.20 254.20
21000 188 44 170 192.16 61.20 249.20
22000 167 48 178 188.36 65.00 232.00
23000 165 53 186 184.76 68.60 233.60
24000 154 58 194 181.36 72.00 226.00
25000 144 63 203 178.16 75.20 219.20
Using Measurement interval drift equation:
MEASURED THEORETICAL CORRECTED
THRESHOLD | THRESHOLD THEORETICAL | INTERCEPT MINUS | THRESHOLD
VOLTAGE SHIFT Y THEORETICAL Y SHIFT
v) (mV) AX Bx |(on Constancy line| (D - [AX?-Bx + C]) +2mV
(x) v) AX®-Bx +C) (E) (E+Y)
9000 300 2 95 300.26 0.00 300.00
10000 292 2 106 290.04 10.22 302.22
11000 279 2 117 279.86 20.40 299.40
12000 274 3 127 269.72 30.54 304.54
13000 263 3 138 259.62 40.64 303.64
14000 249 4 148 249.56 50.70 299.70
15000 237 5 159 239.54 60.72 297.72
16000 235 5 170 229.56 70.70 305.70
17000 215 6 180 219.62 80.64 295.64
18000 212 6 191 209.72 90.54 302.54
19000 201 7 201 199.86 100.40 301.40
20000 197 8 212 190.04 110.22 307.22
21000 188 9 223 180.26 120.00 308.00
22000 167 10 233 170.52 129.74 296.74
23000 165 11 244 160.82 139.44 304.44
24000 154 12 254 151.16 149.10 303.10
25000 144 13 265 141.54 158.72 302.72

Table 9 Example of calculations used for sensitivity drift correction
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A2

Linearity

The correction method outlined in A1 above was not appropriate for

measurements taken to test for linearity, since different delivered doses

were being given in each measurement set.

uncorrected raw data.

Fig A2-1 is typical of the
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Dose set (cGy)
\ —— Uncorrected --—-If proportional \

Figure A2-1 Uncorrected data to investigate linearity

Sub-proportionality is indicated, however, these data also reflect the

decreased sensitivity over the measurement period, which must be

eliminated before analysis for linearity.

To correct for the sensitivity reduction, four methods were trialled using 2

probes (1 each of high and low sensitivity) in an endeavour to determine

an optimum method. These involved taking 2 consecutive reading sets,

and averaging the results. Different orders of doses were investigated,

to determine whether this factor was significant. The methods of reading

were as follows:

2 sets from low to high doses;

A set from low to high doses, and then from high to low doses;

As for 1. above, corrected using the sensitivity drift equation over

the measurement interval;

4. As for 2. above, corrected using the sensitivity drift equation over

the measurement interval.
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The results were considered as a percentage difference from the AV

obtained for the 50 cGy or 250 cGy delivered doses (high or low

sensitivity probes respectively). Examples of these methods are shown

in figure A2-2. Methods 3 and 4 are similar to the method described in

Al however, since delivered dose was a variable, the readings of AVj,

were first converted to sensitivity as follows:

(@)

(b)

(©)

(d)

()

The raw “as read” AVy, data were divided by dose set, to obtain
sensitivity in mV/cGy.

The sensitivity data were graphed against dose set, and trendlines
were fitted to obtain the sensitivity drift equation over the
measurement interval. Quadratic equations were found to give
the best fit in most cases.

The distance between the trendline and the line “sensitivity =
constant” (the normalisation point, D) was ascertained and added
to each data point. The constant selected was 50 cGy for the low
sensitivity probes, or 250 cGy for the high sensitivity probes. (It
had previously been ascertained that the first data point proved
unreliable for normalisation purposes, due to the greater statistical
effect of the £ 2 mV uncertainty in readings, in view of the

relatively small shifts involved.)

The data were re-converted to AVy and the two sets were

averaged. The maximum difference between the sets was 4%.

Deviations from proportionality were then determined.

Average percentage Vvariations from proportionality, with standard

deviations, were as follows:

Method Average % Difference from Standard Deviation
Proportionality %
1 -1.0 2.3
2 14 2.0
3 -0.6 0.9
4 1.5 1.3

These results indicate similar average variations from proportionality, but

Methods 3 and 4 achieve less standard deviation.
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EXAMPLE OF CORRECTION FOR SENSITIVITY DRIFT
DURING CHECKS FOR LINEARITY
probe #18 (high sensitivity)

Example - Uncorrected Threshold Shift
2 consecutive reading sets:
low to high dose

Method 1
2 reading sets: from low to high doses
MEASURED
THRESHOLD %
DOSE SHIFT AVERAGE DIFF'CE
SET (mV) OF IF FROM
(cGy) 2 SETS PROP'L | PROPY
1st set | 2nd set
0
5 26 25 24 4.2
10 50 49 48 1.0
20 101 96 96 0.0
30 148 144 144 -0.3
40 199 192 192 0.0
50 247 240 240 0.0
60 299 288 288 -0.2
70 341 329 336 2.2
80 397 380 384 -1.2
90 434 420 432 -2.8
100 485 470 480 2.2
110
120 574 553 576 -4.0
130
140 659 640 672 -4.8
5 24 Avge: -1.0
10 47 St. Dev: 2.3
20 91
30 139
40 185
50 233
60 276
70 316
80 362
90 406
100 454
110
120 532
130
140 620

Threshold Shift (mV)
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2 w0 o =
% 300 / /
% 200
£ 100 o -
[= / /
0 — T T T — T T T
o o o o o o o [Te) o o o o o o o
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‘ —e— Ist set —=—2nd set ‘
Example - Average of 2 sets
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Figure A2-2 (a) Correction of linearity data for sensitivity drift with accumulated dose — Method 1
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EXAMPLE OF CORRECTION FOR SENSITIVITY DRIFT
DURING CHECKS FOR LINEARITY

probe #D13 (low sensitivity)

Method 2
2 reading sets: from low to high doses,

then from high to low doses

Example - Uncorrected Threshold Shift

2 consecutive reading sets:

low to high doses, then reverse order

MEASURED
THRESHOLD %
DOSE SHIFT AVERAGE DIFF'CE
SET (mV) OF IF FROM
(cGy) (y 2 SETS PROP'L PROP'Y
1st set 2nd set
0
50 21 20 19 6.4
100 40 38 38 1.1
150 59 57 56 1.1
200 80 78 75 3.1
250 97 94 94 0.0
300 116 113 113 0.2
350 136 133 132 1.1
400 152 149 150 -0.9
450 175 171 169 0.8
500 190 191 188 1.3
500 191 Avge: 1.4
450 166 St. Dev: 2.0
400 146
350 130
300 110
250 91
200 75
150 55
100 36
50 19
0

200
S 150 / \
E
£
o
= 100
2 / \\
<
(7]
2
s / \\-
0 T T T T T T T T T T
o o o o o o o o o o o
o o o o o n wn wn n n
— N ™ < n < o N -
Dose Set (mV)
—e—1st set —=—2nd set
Example - Average of 2 sets
200
F
=~ 150
3 y=0.3767x+ 0.6667
£ R?=0.9996
]
= 100
°
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Linear (Awe of 2 sets) ‘

Figure A2-2 (b) Correction of linearity data for sensitivity drift with accumulated dose — Method 2
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EXAMPLE OF CORRECTION FOR SENSITIVITY DRIFT DURING CHECKS FOR LINEARITY

Probe #18 (high sensitivity)

Corrected using sensitivity drift equation over measuring interval

A 0.0002
Method 3 B 0.0261
2 reading sets: low to high doses C 5.1132
Corrected using sensitivity drift equation D 5.06 (normalised to 10 cGy data point)
Dose | Measured Sensitivity E F=D-E |F + Sens'y| Converted | Average If %
Set ) ] ] back
(cGy)| Shift (mV) mV/icGy | "X" X? Ax* X B*X | AX*-BX+C to TS |of 2sets| prop'l | Diffce
5 26 5.20 1 1 0.00 0.03 5.09 -0.03 5.17 26 26 25 1.6
10 50 5.00 2 4 0.00 0.05 5.06 0.00 5.00 50 50 50 -0.9
20 101 5.05 3 9 0.00 0.08 5.04 0.02 5.07 101 99 101 -1.4
30 148 4.93 4 16 0.00 0.10 5.01 0.05 4.98 149 149 151 -1.3
40 199 4.98 5 25 0.01 0.13 4.99 0.07 5.05 202 200 202 -0.6
50 247 4.94 6 36 0.01 0.16 4.96 0.10 5.04 252 252 252 -0.1
60 299 — 4.98 7 49 0.01 0.18 4.94 0.12 5.10 306 303 302 0.1
70 341 s 4.87 8 64 0.01 0.21 4.92 0.14 5.01 351 348 353 -1.4
80 397 = 4.96 9 81 0.02 0.23 4.89 0.17 5.13 410 403 403 0.0
90 434 4.82 10 100 0.02 0.26 4.87 0.19 5.01 451 448 454 -1.2
100 485 4.85 11 121 0.02 0.29 4.85 0.21 5.06 506 503 504 -0.2
110
120 574 4.78 13 169 0.03 0.34 4.81 0.25 5.04 604 598 605 -1.2
130
140 659 4.71 15 225 0.05 0.39 4.77 0.29 5.00 700 696 706 -1.3
Avge: -0.6
5 24 4.80 14 196 0.04 0.37 4.79 0.27 5.07 25 St. Dev: 0.9
10 47 4.70 15 225 0.05 0.39 4.77 0.29 4.99 50
20 91 4.55 16 256 0.05 0.42 4.75 0.31 4.86 97
30 139 4.63 17 289 0.06 0.44 4.73 0.33 4.97 149
40 185 4.63 18 324 0.06 0.47 4.71 0.35 4.98 199
50 233 4.66 19 361 0.07 0.50 4.69 0.37 5.03 252
60 276 N 4.60 20 400 0.08 0.52 4.67 0.39 4.99 299
70 316 s 451 21 441 0.09 0.55 4.65 0.41 4.92 344
80 362 = 4.53 22 484 0.10 0.57 4.64 0.42 4.95 396
90 406 451 23 529 0.11 0.60 4.62 0.44 4.95 446
100 454 4.54 24 576 0.12 0.63 4.60 0.46 5.00 500
110
120 532 4.43 26 676 0.14 0.68 4.57 0.49 4.92 591
130
140 620 4.43 28 784 0.16 0.73 4.54 0.52 4.95 693

Figure A2-2 (c) Correction of linearity data for sensitivity drift with accumulated dose — Method 3

0
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Sensitivity drift during measurement interval for 2 trials
EXAMPLE OF CORRECTION FOR SENSITIVITY DRIFT DURING CHECKS FOR LINEARITY 0.45
Probe #D13 (low sensitivity)
0.43
Method 4 = )
2 reading sets: low to high doses, then high to low A 0.0002 3 \ a N M
Corrected using sensitivity drift equation B  0.0057 E 041 N2
C 0.4167 >
D 041 (normalised to 10 cGy data point) 2
Dose E F F+ |Converted If % 5 039 ©
set | Threshold Sensitivity ] ] ] Sens'y back | Average &
(cGy) | Shift (mV) mV/icGy | X X* | A*X® | B*X |AX*BX+C| =D-E to TS |of 2 sets| prop'l | Diffce /"
+- 4mV +- 4mV 037 ~— \/
50 21 0.42 1 1 0.00 0.01 0.41 0.00 0.42 21 21 20 3.3 = 0.0002x” - 0.6057x + 0.4167
100 40 0.40 2 4 0.00 0.01 0.41 0.00 0.40 40 40 40 0.0 R® = 0.836
150 59 0.39 3 9 0.00 | 0.02 | 0.40 0.01 | 0.40 60 60 60 0.0 O L L D 4 46 oo oL oo
200 80 — 0.40 4 16 0.00 0.02 0.40 0.01 0.41 83 82 80 2.5 PS8R JIASBILELEREBELLLIBLERIITT
250 97 g 0.39 5 25 0.01 0.03 0.39 0.02 0.40 101 100 100 0.3 Set dose (cGy)
300 116 |+ 0.39 6 36 0.01 | 0.03 0.39 0.02 0.41 122 121 120 0.9 — Uncorrected e Corrected — Poly. (Uncorrected)
350 136 0.39 7 49 0.01 0.04 0.39 0.02 0.41 144 143 140 2.2
400 152 0.38 8 64 0.01 0.05 0.38 0.03 0.41 162 161 160 0.6
450 175 0.39 9 | 81 | 002 | 005 | 038 0.03 | 0.42 188 184 | 180 | 2.4 Corrected using Sensitivity drift equation
500 190 0.38 10 100 0.02 0.06 0.38 0.03 0.41 205 206 200 3.0 220
500 191 0.38 11 121 0.02 0.06 0.38 0.03 0.41 207 Avge: 1.5
450 166 0.37 12 | 144 | 0.03 | 0.07 0.38 0.03 0.40 181 St 1.3 200
Dev: 180
400 146 0.37 13 169 0.03 0.07 0.38 0.03 0.40 159 160 /
350 130 ~N 0.37 14 196 0.04 0.08 0.38 0.03 0.41 142 s /
300 110 g 0.37 15 | 225 0.05 0.09 0.38 0.03 0.40 120 £ 140
250 91 — 0.36 16 | 256 0.05 0.09 0.38 0.03 0.40 99 E 120 y= 0-‘;108" -11813 /
200 75 0.38 17 | 289 0.06 0.10 0.38 0.03 0.41 81 g R"=0.9996 /
150 55 0.37 18 324 0.06 0.10 0.38 0.03 0.40 60 ° 100 /
100 36 0.36 19 361 0.07 0.11 0.38 0.03 0.39 39 2 s0
50 19 0.38 20 | 400 0.08 0.11 0.38 0.03 0.41 20 £ /
60 /
40 /
20 *
. . . . P . . 0 T T
Figure A2-2 (d) Correction of linearity data for sensitivity drift with accumulated dose — Method 4 ° 8 8 8 8 8 8 8 88 8 8
Set Dose (cGy)
— Average of 2 sets —=— If prop'l — Linear (Average of 2 sets)
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A3

Angular dependence

Figures. A3-1 and A3-2 show the steps involved in data correction for
sensitivity reduction with accumulated dose over the course of the
measurement interval. The raw data (figure A3-2(a)) are uncorrected
measurements of AVy, for two consecutive rotations. These data were
then plotted as a continuous graph of AVy, vs angle (figure A3-1), the drift
equation was obtained (as shown on the graph) and used to correct for
accumulated dose, as described in A1 above. The resulting data are
shown in A3-2(b). Then, the results were normalised to the result for 0°
angle (100% defined at 0° as the AVy, with the epoxy bubble facing
towards the beam) (A3-2(c)). Finally, the two sets were averaged to
achieve the final graph A3-2(d). The maximum difference between the

two sets was < 6%.
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Figure A3-1 Example of accumulated dose drift equation correction for
angular dependence measurements
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Angular Dependence, 6MV, TS3, 50 cGy, #D12 (low), 20/6/03 Angular Dependence, 6MV, TS3, 50 cGy, #D12 (low), 20/6/03
o .

Uncorrected Threshold Shift as % of shift with Probe = 0 degrees 2nd O Corrected Threshold Shift as % of shift with Probe =0 degrees
—e— 1st set uncorrected b)
a) —#—2nd set uncorrected
Angular Dependence, 6MV, TS3, 50 cGy, #D12, 20/6/03 Angular Dependence, 6MV, TS3, 50 cGy, #D12 (low), 20/6/03
2nd O Corrected Threshold Shift as % of shift with Probe =0 degrees 2nd O Corrected Threshold Shift as % of shift with Probe =0 degrees
2nd set normalised to 1st set Average of the 2sets
c) d)

Figure A3-2 Steps for correction for sensitivity reduction with accumulated dose.
(a) uncorrected data; (b) data corrected with drift equation over the measurement interval;
(b) (c) second set normalised to first set; (d) average of two sets.
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APPENDIX B

GLOSSARY OF TERMS

Absorbed dose, Gy

Accumulated dose

Angular dependence

Bandgap
Border traps
CMRP

Creep-up

Drift curve
Epoxy bubble

Fermi level

Flatband voltage

Gate voltage, V,

In vivo dosimetry
(IVD)

Interface traps

The amount of energy deposited in a medium. The
Sl unit for absorbed dose is the Gray (Gy) where 1
Gy = 1 joule/kg.

Total dose (Gy) delivered to a MOSFET.

Effect on AV, of different orientations of MOSFETS to
the incident radiation beam.

The difference in energies between the valence and
conduction bands in an atom.

Defects in SiO, between 0.2-2 nm from the interface
with Si in which charge may be trapped.

Centre for Medical Radiation Physics, The University
of Wollongong, New South Wales, Australia.

Response drift between two post-irradiation readings
of a MOSFET, i.e. different readings of AVy, for the
same radiation exposure, depending on the
difference in time between the radiation and the
readings being taken. Also known as “fade”, “drift”
and “annealing”.

Graph of AVy, vs In(time).
The protective coating covering the MOSFET.

Energy level in an atom for which there are equal
densities of filled shells above and below it.

Applied gate voltage which yields a flat energy band
in a semiconductor. It equals the difference between
the work-functions of the metal and the semi-
conductor minus terms expressing the voltage across
the SiO, due to charge at the interface with the Si
substrate and in the oxide.

The bias voltage between the substrate and the
aluminium gate in a MOSFET.

Real-time measurement of absorbed dose received
during a treatment.

Defects at < 0.2 nm of the Si/SiO, interface which
increase the density of energy levels within the
bandgap, close to the valence or conduction band.



Inversion layer

lonising radiation

MOSFET

“New” probe
“Old” probe

Reading delay

Reading interval effect

Saturation

Semiconductor

Sensitive region

Sensitivity, mV/cGy

Threshold shift, AV,

Threshold voltage, V,

Work function

In n-type Si, inversion occurs at the interface
between the substrate and the SiO, layer when a
negative gate bias is applied. This voltage repels
electrons from, and holes to, the interface, producing
a positively charged channel. This region of the
substrate, having been “inverted” from n-type to p-
type is called the “inversion layer”.

High energy radiation which, on interaction with an
atom, can remove electrons from their orbits. This
causes the atom to become charged or ionized.

Metal Oxide Semiconductor Field Effect Transistor
comprising silicon substrate with source and drain
terminals, SiO, sensitive region and aluminium gate.
They may be operated in different modes, depending
on the bias voltage between the substrate and the
gate, called “gate voltage”. Semiconductors doped
with extra electrons are called “donors” or “n-type”,
whilst those with extra holes are called “acceptors” or

“p-type”.
MOSFET having less than 20 Gy accumulated dose

MOSFET having greater than 20 Gy accumulated
dose

A delay between irradiation and either the pre-
irradiation reading or the post-irradiation reading.

Effect on AVy, of repeated post-irradiation readings
made at varying time intervals.

Occurs in a MOSFET when all available charge traps
have been filled and the gate charge density equals
the trapped charge density.

Materials in which, under certain conditions (e.g.
heating) electrons in the valence band are able to
surmount the bandgap and enter the conduction
band and carry negative charge throughout the lattice
structure. The vacancy left in the valence band can
similarly carry positive charge.

The sensitive (or “active”) region of a MOSFET is the
SiO; layer.

A measure of the response of a dosimeter to
radiation, defined as AVy/dose.

The difference in readings of Vi, (mV) prior to and
following irradiation of a MOSFET.

In relation to MOSFETS, V4, is the gate voltage at
which a specified constant current flows between
source and drain.

Voltage required to extract an electron from the Fermi
level to the vacuum level (outside the atom).
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APPENDIX C
SUMMARY OF RESULTS OF MEASUREMENTS OF AVth AND SENSITIVITY

SENSITIVITY is defined as (AVy, per dose) vs Vi, (o< accumulated dose)
% Reduction in Linear trendline equations 2" 0o polynomial nominal trendline equations
Probe Beam Dose SensiAti\\Cti:; over (“x" = Vi, mV) (“X" = Vi, mV) Comments
Ener PPy
# 9y G lifetime AV Sensitivity AV Sensitivity
MV y (+ 1%)
7 4 50 22.2 —3.6x10° x + 29520 | —7x10°x + 5.9045 | 1x107 x*-7.6x10° x + 327.89 | 2x10° x*—2x10™* x + 6.5599
8 4 50 22.1 —3.7x10° x + 29569 | —7x10°x + 5.9139 | 1x107 x*—8.4x10° x + 334.39 | 3x10° x*-2x10“ x + 6.6879
13 4 20 22.2 —1.6x10°% x + 118.94 | —8x10°x + 59472 | 7x10°x*—4.0x10° x + 137.88 | 4x10° x*—2x10* x + 6.8940 | used to ~
24V
14 4 20 23.6 —15x10° x + 11859 | —8x10°x + 5.9309 | 6x10°%x*—3.7x10° x + 135.07 | 3x10° x*—2x10“ x + 6.7584 | used to ~
24V
19 6 20 22.6 —1.4x10° x + 11481 | —7x10°x + 5.7362 | 6x10°x*—3.5x10° x + 132.27 | 3x10° x*—2x10“ x + 6.6208 | used to ~
26.5V
22 6 50 22.7 —3.5x10° x + 27832 | —7x10°x + 55664 | 1x107 x*-8.3x10° x + 318.16 | 3x10° x*—2x10™* x + 6.3632
D7(low) 4 50 21.7 —-3.8x10°% x + 301.93 | —8x10°x + 6.0386 | 2x10” x* - 10.4x10° x + 354.66 | 4x10° x*—2x10* x + 7.0932
D8(low) 4 50 21.8 —4.1x10% x + 305.21 | —8x10°x + 6.1041 | 1x107 x¥*—8.7x10° x + 340.76 | 3x10° x*- 2x10™ x + 6.8151
D9(low) 4 50 21.7 —4.1x10°% x + 30558 | —8x10°x + 6.1116 | 2x107 x*—9.1x10™ x + 343.99 | 3x10° x*—2x10* x + 6.8798
D11(low) 6 50 23.1 —35x10°% x + 281.77 | —7x10°x + 56354 | 1x107 x*—8.7x10° x + 324.18 | 3x10° x*—2x10* x + 6.4835
Avge: 22.37 Avge R? values: 0.954 Avge R? values: 0.980
St Dev: 0.63




LINEARITY / PROPORTIONALITY RESULTS

2nd O Sensitivity drift equation over measurement interval for Accumulated dose correction

amv

Normalised to Shift for 50 cGy (or 250 cGy for dual (low dose) probes)

APPENDIX D

Upper error | Lower error Max. Min. Avge.
As Read | Corrected Shift Deviation Deviation Deviation Deviati Deviati Deviati
Dose Shift Shift If directly from from from Average Max. Min. (excl. 5,10 & [ (excl. 5,10 & | (excl. 5,10 &
Set Probe # Date (mV) (mV) Upper error  Lower error | proportional | proportion'y | proportion'y | proportion'y | Deviation | Deviation | Deviation 20/50 cGy) 20/50 cGy) 20/50 cGy)
cGy +-2mV | +-2mV mV mv mV % % % % % % % % %
5 4 09/08/2002 28 27 29 25 26 55 133 -23
10 Trial 1, probe 1 48 48 50 46 51 -6.3 -2.3 -10.2
20 1to0 1-1/2 min 97 99 101 97 102 -3.3 -1.4 5.3
30 between readings 146 153 155 151 154 -0.4 0.9 -1.7
40 196 208 210 206 205 16 25 0.6
50 238 256 258 254 256 0.0 0.8 -0.8
60 290 314 316 312 307 22 29 16
70 335 364 366 362 358 16 21 1.0
80 380 412 414 410 410 0.6 11 0.1
90 429 462 464 460 461 0.3 0.7 -0.2
100 474 505 507 503 512 -1.4 -1.0 -1.8 0.0 55 -6.3 2.2 -1.4 0.6
5 6 09/08/2002 26 26 28 24 25 32 111 -4.8
10 Trial 1, probe 2 50 50 52 48 50 -0.8 32 -4.8
20 1to 1-1/2 min 97 98 100 96 101 -2.8 -0.8 -4.8
30 between readings 145 149 151 147 151 -1.5 -0.1 -2.8
40 198 206 208 204 202 22 32 12
50 240 252 254 250 252 0.0 0.8 -0.8
60 287 303 305 301 302 0.2 0.9 -0.5
70 332 352 354 350 353 -0.2 0.3 -0.8
80 376 400 402 398 403 -0.8 -0.3 -1.3
90 428 456 458 454 454 0.5 1.0 0.1
100 469 499 501 497 504 -1.0 -0.6 -1.4 -0.1 3.2 -2.8 2.2 -1.5 -0.1
5 4 09/08/2002 24 24 26 22 24 21 10.6 -6.4
10 Trial 2, probe 1 47 47 49 45 47 0.0 43 -4.3
20 21t02-1/2 min 92 93 95 91 94 -1.1 11 -3.2
30 between readings 136 139 141 137 141 -1.4 0.0 -2.8
40 182 187 189 185 188 -0.5 0.5 -1.6
50 227 235 237 233 235 0.0 0.9 -0.9
60 274 284 286 282 282 0.7 1.4 0.0
70 320 333 335 331 329 1.2 18 0.6
80 359 375 377 373 376 -0.3 0.3 -0.8
90 401 419 421 417 423 -0.9 -0.5 -1.4
100 448 467 469 465 470 -0.6 -0.2 -11 -0.1 21 -1.4 1.2 -1.4 -0.2
5 6 09/08/2002 24 24 26 22 24 0.8 9.2 -7.6
10 Trial 2, probe 2 47 47 49 45 48 -1.3 29 -55
20 2t02-1/2 min 91 92 94 90 95 -3.4 -1.3 -55
30 between readings 139 141 143 139 143 -1.3 0.1 -2.7
40 187 191 193 189 190 0.3 1.4 -0.7
50 232 238 240 236 238 0.0 0.8 -0.8
60 271 281 283 279 286 -1.6 -0.9 -2.3
70 320 333 335 331 333 -0.1 0.5 -0.7
80 355 372 374 370 381 -23 -1.8 -2.8
920 404 425 427 423 428 -0.8 -0.3 -1.3
100 445 471 473 469 476 -1.1 -0.6 -15 -1.0 0.8 -3.4 0.3 -2.3 -0.8
5 11 11/09/2003 24 25 27 23 24 4.2 125 -4.2
10 (avge of 2 sets) 48 49 51 47 48 21 6.3 -2.1
20 Trial 3 94 97 99 95 96 1.0 31 -1.0
30 139 143 145 141 144 -0.7 0.7 21
40 low --> high 186 192 194 190 192 0.0 1.0 -1.0
50 & reverse 233 240 242 238 240 0.0 0.8 -0.8
60 280 289 291 287 288 0.3 1.0 -0.3
70 329 340 342 338 336 12 1.8 0.6
80 375 388 390 386 384 1.0 16 0.5
90 421 436 438 434 432 0.9 1.4 0.5
100 470 487 489 485 480 15 1.9 1.0
110
120 564 584 586 582 576 14 17 1.0 1.1 4.2 -0.7 1.5 -0.7 0.6
5 18 05/09/2003 25 26 28 24 25 3.2 11.1 -4.8
10 (avge of 2 sets) 49 50 52 48 50 -0.8 3.2 -4.8
20 Trial 4 96 99 101 97 101 -1.8 0.2 -3.8
30 144 149 151 147 151 -15 -0.1 -2.8
40 low --> high 192 201 203 199 202 -0.3 0.7 -1.3
50 low --> high 240 252 254 250 252 0.0 0.8 -0.8
60 288 303 305 301 302 0.2 0.9 -0.5
70 329 348 350 346 353 -1.4 -0.8 -1.9
80 380 403 405 401 403 0.0 0.4 -0.5
90 420 449 451 447 454 -1.0 -0.6 -1.5
100 470 503 505 501 504 -0.2 0.2 -0.6
110
120 553 598 600 596 605 -11 -0.8 -1.5
130
140 640 697 699 695 706 -1.2 -0.9 -1.5 -0.5 3.2 -1.8 0.2 -1.5 -0.7
50 D13(high)  05/09/2003 20 21 23 19 20 5.0 15.0 5.0
100 (avge of 2 sets) 38 40 42 38 40 0.0 5.0 -5.0
150 Trial 5 57 60 62 58 60 0.0 33 -3.3
200 78 82 84 80 80 25 5.0 0.0
250 low --> high 94 100 102 98 100 0.0 2.0 -20
300 & reverse 113 121 123 119 120 0.8 25 -0.8
350 133 143 145 141 140 21 3.6 0.7
400 149 161 163 159 160 0.6 1.9 -0.6
450 171 184 186 182 180 22 33 11
500 191 206 208 204 200 3.0 4.0 2.0 1.6 5.0 0.0 3.0 0.0 1.3
50 D14(high) 05/09/2003 20 21 23 19 20 2.9 127 6.9
100 (avge of 2 sets) 38 40 42 38 41 -20 29 -6.9
150 Trial 6 58 61 63 59 61 -0.3 29 -3.6
200 78 83 85 81 82 17 4.2 -0.7
250 low --> high 96 102 104 100 102 0.0 2.0 -2.0
300 & reverse 116 123 125 121 122 0.5 21 -1.1
350 134 143 145 141 143 0.1 15 -1.3
400 155 165 167 163 163 11 23 -0.1
450 173 185 187 183 184 0.8 19 -0.3
500 193 205 207 203 204 0.5 15 -0.5 0.5 29 -2.0 1.7 -2.0 0.3
Overall  Avge max min max min Avge
Variation from Proportionality: 0.2 55 -6.3 3.0 -2.3 0.1
LOW DOSE PROBES| Dose set If St. Dev: 1.8 15 1.9 1.0 0.7 ikt
Dose Avge of | as fraction prop'l
Set Shifts of 50 cGy
cGy +/-2mV dose HIGH DOSE PROBES Dose set If
5 25 0.1 25 Avge of as fraction prop'l
10 49 0.2 49 Dose Set Shifts of 250 cGy
20 96 0.4 98 cGy +-2mV dose
30 146 0.6 148
40 198 0.8 197 50 21 0.2 21
50 246 1 246 100 40 0.4 40 Avge variation high dose probes: 1.1 +/- 0.8%
60 296 12 295 150 61 0.6 61
70 345 1.4 344 200 83 0.8 83 Avge variation low dose probes: -0.1 +/-0.7%
80 392 16 394 250 101 1.0 101
90 441 18 443 300 122 12 122 OVERALL AVERAGE VARIATION: 0.2%
100 489 2 492 350 143 14 143 Overall St. Dev: 1.8%
110 400 163 16 163
120 591 24 590 450 185 18 185
130 500 206 2.0 206




DRIFT RESULTS APPENDIX E

Drift up to 5 min following irradiation Probes 1, 5, D12 (low) and D15 (low)
Single 4 MV irradiations
Divided into Threshold Shift <20 Gy and >20 Gy

Time after irradiation:]| 0-30s [ 30-60s | 60-90s [90-120s| 2-3min | 3-4min [ 4-5min
Dose Accum. . .
Date Dose Probe # Increase during period (mV)
MY | (en

6/11/03 100 1.9 D15 (low) 4 7 3 2 3 3 3
6/11/03 100 2.9 D15 (low) 8 6 4 2 4 3 3
6/11/03 100 3.9 D15 (low) 8 7 3 3 3 4 3
6/11/03 100 4.9 D15 (low) 8 6 4 3 3 4 3
10/11/03 100 8.5 D15 (low) 9 6 3 4 3 4 4

Avge for low acc dose: 7.4 6.4 3.4 2.8 3.2 3.6 3.2
20-22/10/03| 100 27.7 D12 (low) 5 3 4 2 3 2 0
15/7/02 100 37.7 5 7 8 2 2 1 2 2
6/11/03 100 32.8 D12 (low) 11 6 2 2 2 2 2
10/11/03 100 35.0 D12 (low) 9 7 2 2 1 1 1
10/11/03 100 36.5 D12 (low) 14 8 4 1 2 2 2
10/11/03 100 37.5 D12 (low) 13 7 2 1 1 1 1

Avge for high acc dose 9.8 6.5 2.7 1.7 1.7 1.7 1.3

Max. 14.0 8.0 4.0 4.0 4.0 4.0 4.0

Min. 4.0 3.0 2.0 1.0 1.0 1.0 0.0

St Dev 3.0 1.4 0.9 0.9 1.0 1.1 1.2

AVGE : 8.7 6.5 3.0 2.2 24 2.5 2.2
6/11/03 50 1.4 D15 (low) 7 4 1 2 1 2 1
10/11/03 50 7.0 D15 (low) 8 3 2 1 1 1 1
10/11/03 50 7.5 D15 (low) 4 4 1 1 2 1 2
10/11/03 50 8.0 D15 (low) 6 3 2 2 2 2 2

Avge for low acc dose: 6.3 3.5 1.5 1.5 1.5 1.5 1.5
6/11/03 50 30.8 D12 (low) 9 3 1 1 1 1 1
6/11/03 50 31.3 D12 (low) 7 4 1 1 3 1 1
6/11/03 50 31.8 D12 (low) 4 4 2 2 0 0 2
6/11/03 50 32.3 D12 (low) 11 5 1 2 1 0 0
10/11/03 50 35.0 D12 (low) 13 4 3 1 0 0 0

Avge for high acc dose 8.8 4.0 1.6 1.4 1.0 0.4 0.8

Max. 13.0 5.0 3.0 2.0 3.0 2.0 2.0

Min. 4.0 3.0 1.0 1.0 0.0 0.0 0.0

St Dev 3.0 0.7 0.7 0.5 1.0 0.8 0.8

AVGE: 7.7 3.8 1.6 1.4 1.2 0.9 1.1
6/11/03 30 0.2 D15 (low) 5 2 2 0 1 0 1
6/11/03 30 0.5 D15 (low) 5 2 1 1 0 2 0
6/11/03 30 0.8 D15 (low) 5 2 1 1 2 0 1
6/11/03 30 1.1 D15 (low) 2 3 1 1 1 1 1
10/11/03 30 6.7 D15 (low) 6 2 2 0 1 0 0

Avge for low acc dose: 4.6 2.2 1.4 0.6 1.0 0.6 0.6
6/11/03 30 30.5 D12 (low) 12 3 1 1 0 0 0
10/11/03 30 33.8 D12 (low) 1 6 1 2 0 1 0
10/11/03 30 34.1 D12 (low) 6 5 0 2 0 0 3
10/11/03 30 34.4 D12 (low) 6 2 1 1 1 2 2
10/11/03 30 34.7 D12 (low) 12 5 1 0 1 2 0

Avge for high acc dose 7.4 4.2 0.8 1.2 0.4 1.0 1.0

Max. 12.0 6.0 2.0 2.0 2.0 2.0 3.0

Min. 1.0 2.0 0.0 0.0 0.0 0.0 0.0

St Dev 3.6 1.5 0.6 0.7 0.7 0.9 1.0

AVGE: 6.0 3.2 1.1 0.9 0.7 0.8 0.8
6/11/03 20 0.0 D15 (low) 2 2 0 0 1 0 0
10/11/03 20 5.9 D15 (low) 7 3 0 0 0 0 0
10/11/03 20 6.1 D15 (low) 5 2 0 1 0 0 0
10/11/03 20 6.3 D15 (low) 4 2 1 0 0 1 0
10/11/03 20 6.5 D15 (low) 4 1 0 0 1 1 0

Avge for low acc dose: 4.4 2.0 0.2 0.2 0.4 0.4 0.0
26/6/02 20 24.7 1 3 6 1 0 0 3 0
6/11/03 20 29.7 D12 (low) 10 5 0 1 1 1 1
6/11/03 20 29.9 D12 (low) 5 4 0 0 2 0 1
6/11/03 20 30.1 D12 (low) 11 4 2 1 0 0 1
6/11/03 20 30.3 D12 (low) 11 5 0 0 0 0 0

Avge for high acc dose 8.0 4.8 0.6 0.4 0.6 0.8 0.6

Max. 11.0 6.0 2.0 1.0 2.0 3.0 1.0

Min. 2.0 1.0 0.0 0.0 0.0 0.0 0.0

St Dev 3.4 1.6 0.7 0.5 0.7 1.0 0.5

AVGE: | 6.2 3.4 0.4 0.3 0.5 0.6 0.3
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