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Abstract
Radiation cancer therapy is one of the most important methods of cancer treatment.
The goal of radiation therapy is to apply maximum amount of dose to the tumor region
while applying minimum amount of dose to the normal tissues. Being able to measure
radiation dose accurately is critical for radiation therapy because it will make sure the
radiation is properly delivered to the tumor region as planned. In this dissertation, the
development of a passive wireless radiation dosimeter for radiation cancer therapy based
on fully-depleted silicon-on-insulator (FDSOI) technology was presented through the
following steps.
In Chapter 1, the radiation cancer therapy and existing dosimetry technology was
introduced. Because of the high demand of modern radiation therapy and the deficiency of
existing dosimetry. An ultra-small, passive radiation dosimeter will greatly help the dose
verification in today’s radiation therapy. In Chapter 2, the building block of proposed
dosimeter technology, FDSOI technology, was introduced and cutting edge development
of FDSOI dosimeter was summarized. In Chapter 3, the radiation response of FDSOI
metal–oxide–semiconductor field-effect transistors (MOSFETs) over a wide range of
therapeutic X-ray beam energies, angles, dose ranges and applied substrate voltages were
characterized. The charge collection efficiency was calculated from both technology
computer aided design (TCAD) simulation and an analytical model to evaluate the
radiation effect quantitatively. Based upon the experimental results, the design of passive
wireless sensors using FDSOI varactors was proposed. In Chapter 4, the fabrication process
of FDSOI varactors was developed at University of Minnesota. Capacitance vs. voltage
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(CV), current vs. voltage (IV), and TCAD modeling were used to fully understand the
device characterization. The capacitance based sensing of Cobalt-60 (Co-60) gamma
radiation was demonstrated using FDSOI varactors. An analytical model was developed to
further understand the device response under irradiation. Based on the analytical model,
the optimal working condition at different frequencies was discussed and a guide line of
improving the device sensitivity was provided. TCAD simulation was also conducted to
optimize the design space of FDSOI varactors for wireless sensing. In Chapter 5. 120finger varactors with 0 V threshold voltage were fabricated using electron beam
lithography with small device variability. An impedance measurement setup was built in
clinical environment. Completely passive wireless radiation sensing was demonstrated
using FDSOI varactor and the device showed good linearity of resonant frequency change
under radiation. The possibilities to improve the performance of device were discussed.
Chapter 6 summarized the progress of FDSOI dosimeter. The future development towards
more reliable dosimeter with smaller sized was proposed. A novel device structure with
two-dimensional material that could expend the application of solid-state radiation
dosimeter was also proposed.
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Chapter 1: Introduction
1.1 Radiation therapy
Radiation therapy is one of the most common and successful methods used for the
treatment of cancer. It utilizes high-energy radiation (e.g. X rays, gamma rays or charged
particles), originating either from sources external to the body or from implanted
radioactive material to kill malignant cells [1]. According to the National Cancer Institute,
about half of all cancer patients receive radiation therapy during the course of their
treatment [2]. Annually, over one million people are treated with radiation therapy and the
number is increasing each year [3].

1.1.1 Brief history of radiation therapy
The history of radiation therapy can be tracked back to the days of the discovery of X
rays. In 1895, in the study of cathode rays (streams of electrons) in a gas discharge tube,
German physics professor Wilhelm Röntgen observed that another type of radiation was
produced and could be detected outside of the tube. This radiation could penetrate opaque
substance, produce fluorescence, blacken a photographic plate, and ionize a gas. He named
the new radiation X rays. Figure 1-1 shows the print of Wilhelm Röntgen's first "medical"
X-ray of his wife's hand [4].
The first therapeutic use of X rays in cancer quickly followed this initial discovery.
Only 7 months after Roentgen’s discovery, a 1896 issue of the Medical Record described
a patient with gastric carcinoma who had benefited from radiotherapy [5]. After the
1

discovery of natural radioactivity by Antoine-Henri Becquerel in 1896, by 1904, patients
were undergoing implantation of radium tubes directly into tumors, representing some of
the first interstitial brachytherapy treatments. Early radiotherapy consisted of a single
massive dose of radiation, typically lasting an hour. Side effects were severe. In the early
1920s French radiation oncologist Henri Coutard pioneered the use of fractionated
radiotherapy in a wide variety of tumors without disastrous side effects [6]. This approach,
known as fractionation, is one of the most important underlying principles in radiation
therapy.
Although promising as a therapeutic modality, an important limitation of the early X
ray machines was their inability to produce high-energy, deeply penetrating beams.

Figure 1-1. Print of Wilhelm Röntgen's first "medical" X-ray, of his wife's hand [4].
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Therefore, it was difficult to treat deep-seated tumors without excessive skin reactions. In
the 1960s, high-energy (megavoltage) treatment machines, known as linear accelerators or
linacs, were introduced. Linacs were capable of producing high-energy, deeply penetrating
beams, allowing for the very first time treatment of tumors deep inside the body without
excessive damage to the overlying skin and other normal tissues [7]. Another major
development at this time was the production of teletherapy units that used cobalt-60 as their
source, which produces 1.17 and 1. 33 MeV radiation. The relatively low cost and
availability of these units made them the favored source of high-energy beams, and this
popularity was a major stimulus for the subsequent growth of the field.
Advances in radiation physics and computer technology during the last quarter of the
20th century made it possible to aim radiation more precisely. For example, conformal
radiation therapy (CRT) uses computed tomography (CT) images and special computers to
precisely map the location of a cancer in 3 dimensions [8]. The radiation beams are matched
to the shape of the tumor and delivered to the tumor from several directions. Intensitymodulated radiation therapy (IMRT) is similar to CRT, but along with aiming photon
beams from several directions, the intensity (strength) of the beams can be adjusted [9].
This gives even more control in decreasing the radiation reaching normal tissue while
delivering a high dose to the tumor.

1.1.2 Classification of radiation therapy
Depending on the position of the radiation source, there are three main divisions of
radiation therapy: systemic radioisotope therapy, brachytherapy, and external beam
radiation therapy.
3

In systemic radiation therapy, a patient swallows or receives an injection of a
radioactive substance, such as radioactive iodine or a radioactive substance bound to a
monoclonal antibody. Radioactive iodine (I-131) is commonly used to help treat certain
types of thyroid cancer [10]. Thyroid cells naturally take up radioactive iodine. For some
other types of cancer, a monoclonal antibody helps deliver the radioactive substance to the
target [11]. The antibody joins to the radioactive substance and travels through the blood,
locating and killing tumor cells.
Brachytherapy uses sealed radioactive sources placed precisely in the area under
treatment. In brachytherapy, radioactive isotopes are sealed in tiny pellets or “seeds.” These
seeds are placed in patients using delivery devices, such as needles, catheters, or some other
type of carrier. As the isotopes decay naturally, they give off radiation that damages nearby
cancer cells [12].
External beam radiotherapy is the most common form of radiotherapy. During the
therapy, the patient sits or lies on a couch and an external source of radiation is pointed at
a particular part of the body. External beam radiation therapy is most often delivered in the
form of photon beams (either X rays or gamma rays) because of their high energy and large
penetration depth [13]. Electron beams are also used as radiation source to irradiate
superficial tumors, such as skin cancer [14]. Proton therapy is another external beam
radiotherapy under development. Compared to photons, protons deposit much of their
energy at the end of their path therefore reducing the exposure of normal tissue to radiation
[15].

4

For the interest of this thesis, the radiation source used here are high-energy photos,
either X rays generated from a linac or gamma rays generated from Co-60 [13].

1.1.3 Generation of high-energy photons
The high-energy X rays used for radiation therapy generated from a linac. A linac uses
microwaves to accelerate electrons and allows them to collide with a heavy metal target to
produce high-energy X rays. There are two different types of X rays produced:
bremsstrahlung X rays and characteristic X rays.
The bremsstrahlung process is the result of radiative interactions between a high speed
electron and a nucleus. As the electron passes in the vicinity of a nucleus, due to coulomb
forces of attraction, it suffers a sudden deflection and acceleration. As a result, part or all
of its energy is dissociated from the electron and propagates in space in the form of photons.
Since the bremsstrahlung interaction may result in partial or complete loss of electron

Figure 1-2. Spectral distribution of X rays calculated for a thick tungsten target.
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energy, the resulting bremsstrahlung photon may have any energy up to the initial energy
of the electron.
Characteristic X rays are produced when electrons interact with the atom and an
electron is ejected from an inner orbital. When a vacancy is created in an orbit, an outer
orbital electron will fall down to fill that vacancy. In doing so, the energy is radiated in the
form of characteristic X rays. Because of the discrete energy level of the orbitals, the
characteristic X rays are emitted at discrete energies. Figure 1-2 shows the spectral
distribution of X rays calculated for a thick tungsten target, along with the discrete energy
characteristic X rays [13].
The gamma rays used in radiation therapy are produced from the decay of, Co-60,
which has a half time of 5.27 years. Co-60 decays by beta minus decay to the stable isotope

Figure 1-3. Energy level diagram for the decay of Co-60 nucleus.
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Ni-60. The activated nickel nucleus emits two gamma rays with energies of 1.17 MeV and
1.33 MeV. Figure 1-3 shows the energy level diagram for the decay of a Co-60 nucleus.

1.2 Interactions between radiation and matter
When X rays or gamma-rays passes through a medium, energy will be transferred to
the medium due to the interactions between photons and matter. This energy transfer
process first causes the ejection of electrons from the atoms of the absorbing medium. Then
these high-speed electrons transfer their energy by ionizing or exciting the atoms along
their paths. Most of the absorbed energy is converted into heat. If the absorbing medium
consists of body tissues, sufficient energy may be deposited within the cells, destroying
their reproductive capacity [16].

1.2.1 Interaction of photons and matter
An X ray or gamma-ray beams usually consist of large number of photons. Once they
pass through matter, the numbers of the photons will decrease due to the interactions with
matter. If the intensity of photons is I and the thickness of absorber is dx, then:
dI  Idx ,

1-1

where µ is the constant of proportionality, called the attenuation coefficient. The minus
sign indicated that the number of photons decreases as the absorber thickness increases.
The differential equation can be solved to yield the following equation:

I ( x)  I 0 e ux ,

1-2

where I(x) is the intensity transmitted by a thickness x and I0 is the incident intensity on the
absorber. The attenuation produced by a thickness x depends on the number of electrons
7

presented in that thickness. Therefore, µ depends on the density of the material. Usually
the µ is divided by the density ρ, resulting int more fundamental coefficient (µ/ ρ), called
the mass attenuation coefficient.
The attenuation of photon beam by an absorbing material is caused by four major types
of interactions. The first interaction is called Rayleigh Scattering. This process can be
visualized as a photon scattered by an electron elastically. Photon’s energy is preserved
during the scattering. Only the incident angle of the photon is slightly changed. This
process is most-probable in high atomic number materials with low-energy photons.
The second effect is called the photoelectric effect. When a photon interacts with an
atom, the entire energy of the photon can be absorbed by the atom which then ejects an
orbital electron. After the electron has been ejected from the atom, a vacancy is created in
the shell, thus leaving the atom in an excited state. The vacancy can be filled by an outer
orbital electron with the emission of characteristic X rays or Auger electrons.
The third interaction is known as the Compton effect, where the photon interacts with
an atomic electron as though it were a free electron. In this interaction, the electron receives
some energy from the photon and is emitted from the atom. The photon, with reduced
energy is scattered to a different angle. The overall energy of the incident photon is shared
between the photon and emitted electron after the interaction.
Finally, the fourth interaction is production of an electron/positron pair. In this process,
the photon interacts strongly with the electromagnetic field of an atomic nucleus and
produces a electron and positron pair. Because the rest mass energy of the electron is

8

equivalent to 0.51 MeV, a minimum photon energy of 1.02 MeV is required to create the
pair production.
Figure 1-4 shows the mass attenuation coefficient for soft tissues as a function of
photon energy, for different interactive process [17]. For the energy range of radiation
therapy, the photoelectric effect and Compton scattering dominate the interaction between
photons and matter.

Figure 1-4. Mass attenuation coefficient for soft tissues as a function of photon energy,
for different effects. © 2011, Lippincott Williams
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1.2.2 Interaction of photons and SiO2
As will be shown in the next section, SiO2 is an important material to measure radiation
dose. The interaction of photons with SiO2 builds the foundation of this thesis. Therefore,

Figure 1-5. Major physical processes underlying radiation response of a Si-SiO2-Si
structure.

the interaction of photons with SiO2 will be briefly introduced in this section and more
details can be found in [18]. Figure 1-5 shows the schematic energy band diagram of a SiSiO2-Si system, where a positive voltage is applied to the Si on the left side. Upon
irradiation, a sequence fo four processes will contribute to the total ionizing effect.
Firstly, when radiation passes through SiO2, electron-hole pairs are created due to the
photoelectric effect and Compton scattering. It takes about 18 eV to create one electronhole pair in SiO2 [19]. Based on this value, one can calculate the charge pair volume density
per unit dose, g0 = 8.1 × 1014 pairs/cm3-Gy, where Gy is the unit of radiation dose, defined
10

as 1 J of radiation been absorbed by 1 kg of matter. Because the electrons in the SiO2 are
much more mobile than holes [20], the electrons will be swept out of the oxide rapidly,
usually on the order of picoseconds. However, some of the electrons will recombine with
the holes. The fractions of holes escaping recombination, fy(Eox), is determined mainly by
two factors: the magnitude of electrical field which separates the electron-hole pairs, and
the initial line density of charge pairs created by the incident radiation [21], [22]. This
process is labeled as A in Figure 1-5. The holes that did not recombine will “slowly” move
to the SiO2/Si interface through a hopping process [23], as labeled as B in Figure 1-5. The
time for this process can vary substantially but normally takes less than 1 second at room
temperature, where the precise time is determined by the applied field, temperature, oxide
thickness, and oxide processing history [24]–[26].
When the holes reach the SiO2/Si interface, some will fall into relatively deep longlived trap states, labeled as C in Figure 1-5. The deep hole traps near the interface originate
from the transition region where the oxidation is not complete. This region contains oxygen
vacancies: when there is one oxygen atom missing from the SiO2 lattice configuration, a
weak Si-Si bond will form. The incident holes can break this Si-Si bond, and leading to
trapping of the holes [27]. The trapped holes are relatively stable, but they do undergo a
long-term annealing process due to tunneling or thermal excitation [28], [29]. This process
can extend for hours or even years.
Radiation can also induce interface traps within the Si band gap, as labeled D in Figure
1-5. In the Si lattice, each Si atom is bonded with four other Si atoms. On the Si side of the
SiO2/Si interface, due to incomplete oxidation, some Si atoms are only bonded with three
11

other Si atoms, with a dangling bond extending into the oxide. In subsequent processing,
almost all these centers are passivated by reacting with hydrogen and forming Si-H bonds.
When holes transport through the oxide, they free hydrogen and form protons. When the
protons reach the interface, they react, breaking the Si-H bonds and form H2 and a trivalent
Si defect [30]–[32]. These defects are amphoteric, negatively charged above mid-gap,
neutral near mid-gap and positively charged below mid-gap.

1.3 Radiation dosimetry
The primary goal of radiation therapy is to maximize the dose to the tumor, while
minimizing the dose to the normal adjacent tissues. Therefore, it is important to be able to
measure the radiation dose accurately and make sure the proper amount of radiation is
delivered. The advancement of modern radiation therapy technology, such as intensity
modulated radiotherapy [33] and image-guided radiation therapy [34] make dose
verification a more and more complicated problem. The requirements of clinical radiation
dosimetry for modern technology are as follows: the accuracy of the dose measurement
has to be predictable up to 100 Gy, and the dose resolution should be as small as 1 cGy and
position resolution within 1 mm. In this section the existing radiation dosimetry technology
will be briefly summarized and their advantages and disadvantages will be discussed.

1.3.1 Optically stimulated luminescence dosimeter (OSLD)
Optically stimulated luminescence dosimeters (OSLDs) use the optically stimulated
luminescence technique to detect radiation. Figure 1-6 shows the schematic diagram of the
energy levels of a crystalline material that sustains optical luminescence. Pure crystalline
dielectric materials either contain or have added trace amounts of contaminations that form
12

Figure 1-6. Schematic diagram of the energy levels of a crystalline material that sustains
optical luminescence

crystal-lattice imperfections. These imperfections act as traps for electrons or holes and
also can act as luminescence centers, which emit light when electrons and holes recombine
near them. After radiation, free electrons and holes can be generated and trapped in the
forbidden band (1-5 in Figure 1-6). Figure 1-6 contains one hole trap (2) as recombination
center and three types of electron traps representing shallow traps (3), dosimetric traps (4)
and deep traps (5). Shallow traps are unstable at room temperature and can only hold charge
for very short periods of time. Deep traps can only release charge at very high temperature
or stimulated with ultraviolet light. Dosimetric traps are energetically deep enough to hold
charge at room temperature for long periods of time, but are not so deep that the charge
can be released by illumination with visible light. Once the trapped charges escape,
electron–hole recombination is possible with resulting in luminescence. The total
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luminescence associated with a particular trapping level is proportional to the trapped
charge concentration and, ideally, to the absorbed dose of radiation [35]–[37].
Therefore, in OSLDs, the trapped charge concentration provides a record of the total
dose absorbed by the crystal. This record can be “read” by stimulating the trapped charges
using a light source to cause recombination of electron and hole and measuring the
luminescence using a photomultiplier tube [38]. The advantage of OSLD is that it provides
an accurate measurement for low radiation dose < 20 Gy with small or no dependence on
beam quality, temperature, and angle of irradiation [39]. It also has a low radiation
detectable threshold of 0.1 mGy [40] and is re-usable.
However, since OSLDs requires a photomultiplier tube to read the radiation dose, it
cannot be used for real time measurements. They are also sensitive to light and therefore
require extra packaging. Even though some groups have demonstrated a prototype OSLD
dosimeter system for in vivo measurements [38][41], an optical fiber was needed to deliver
the dosimeter into the body, making the measurement inconvenient and complicated.

1.3.2 Radiation-Sensing Field-Effect-Transistor (RADFET)
Radiation-Sensing Field-Effect-Transistors (RADFETs) are another technology that
has been used in radiation detection. Figure 1-7(a) shows the structure of a typical
RADFET which is simply a p-MOSFET with a thick gate oxide. The oxide thickness varies
from a few hundred nano-meters to a few micro-meters [42]. The absorption of radiation
(Figure 1-7(b)) will create electron-hole pairs in the thick SiO2 oxide due to. Under a
positive gate bias, the electrons will be swept out of gate oxide while the holes will transfer
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towards the channel and be trapped at the SiO2 and Si channel interface. The trapped holes
will induce electrons in the channel and turn the device toward the “off” state.
Figure 1-8 shows the typical Id vs. Vg characteristic curve on a semi-log scale. Radiation
will cause the curve to shift leftward. Therefore, if the device can be biased using a constant

Figure 1-7. (a) The structure of a typical RADFET. (b) After irradiation, the trapped holes in
SiO2 and Si interface will turn the device towards “off” state.

current source, the radiation dose can be characterized as a shift of gate bias (threshold
voltage) [43]. The RADFET has been used in space [44]–[46] as well as clinical
applications [47]–[49]. The thick gate oxide in RADFET makes it very sensitive to
radiation and since the threshold voltage is anti-proportional to oxide thickness [50], it is
able to detect small radiation doses. Also since the fabrication process is compatible with
standard complementary metal–oxide–semiconductor (CMOS) technology, new structure
and functionality could be added to the RADFET device, as shown later.
One disadvantage of RADFETs is that the gate oxide is used for both radiation charge
collection and read out. During the radiation, a constant gate bias needs to be applied to
separate the electron-hole pairs while in the reading period, a different gate bias need to be
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Figure 1-8. Typical Id vs. Vg characteristic of a RADFET before and after
radiation.

applied to measure the threshold voltage. As a result, the device needs to switch between
“write” and “read” mode during and after radiation. This makes the measurement
complicated. Some groups adopted flash memory technology into radiation sensing and
used a floating gate structure at the gate. Before radiation, some charges are pre-stored in
the floating gate to create a built-in electric field to help separate the radiation generated
electron-hole pairs [51]–[55]. Therefore, no external bias is needed during radiation and
the measurement is simplified.
However, this voltage measurement technique all requires a “wired” configuration,
which makes the radiation measurement inconvenient especially for in vivo dosimetry.
Some groups have combined RADFETs with a RF transmitter and were able to make
wireless measurement [56], [57]. Particularly, Sicel Technology developed an implantable
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wireless radiation dosimeter that has good dose reproducibility and accuracy [58], [59].
However, due to the active electronic component in their device, the size of device was
still too large for convenient implantation.

1.3.3 MOS capacitor
As an alternative to building the dosimeter using active electronic components, it is
also possible to sense radiation passively. One approach is to use MOS capacitors as a
radiation sensitive variable capacitor (varactor). Figure 1-9 shows the structure and
working mechanism of a MOS varactor. The varactor consists of a gate metal electrode, a
thick SiO2 layer for absorption of radiation and a lightly-doped n-type Si substrate. The
total capacitance, Ctot measured from the gate and substrate is equal to the series
combination of oxide capacitance, Cox and silicon layer capacitance, Csi,

Ctot 

Cox  C si
,
Cox  C si

1-3

where Cox, is a fixed value which depends on the oxide thickness, while Csi depends on the
depletion layer thickness and can be modulated by gate bias or radiation. Just like RADFET,
radiation generated holes could be trapped at the SiO2/Si interface and decrease the
depletion layer thickness in silicon. As a result, Ctot will change as a function of radiation.
If connected with an inductor to form a resonant circuit, the resonant frequency will change
as a function of radiation and can be potentially measured wirelessly. The varactor and
wireless sensing concept is similar to the FDSOI approach in my dissertation and will be
discussed in more details in next chapter.
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Figure 1-9. Structure of a MOS varactor and its working mechanism for radiation
sensing.

Even though the MOS varactor enables the possibility of passive wireless sensing [60],
[61], no wireless sensing has been demonstrated in the literature using a MOS varactor to
date. One disadvantage of this structure is that it requires a thick SiO2 layer to be able to
detect low doses of radiation. Since the capacitance is anti-proportional to SiO2 layer
thickness, the capacitance per unit area of a MOS varactor is too low and this makes the
device less scalable. Also since the capacitance is modulated by the depletion capacitance,
the tuning range of the total capacitance is small. This could limit the detection range of
radiation.

1.3.4 MEMS technology
Another way to realize a passive varactor is to use MEMS technology. C. Son et al.
demonstrated a microdosimeter composed of a radiation sensitive parallel plate capacitor
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Figure 1-10. Structure of the MEMS microdosimeter.

and an inductor as shown in Figure 1-10 [62]. In that work, the bottom plate of a capacitor
is designed to be deflectable and an electret layer with pre-stored charge is placed under
the top metal electrode. Radiation induced electron-hole pairs in the air gap will be
collected from the electrode and reduce the surface charge density. As a result, the force
between two parallel plates will decrease and the air gap will increase. In this way, the
capacitance of the parallel plate capacitor will decrease as a function of radiation dose and
the radiation can be detected as a changing of resonant frequency.
The dosimeter can be measured wirelessly and implanted with a hypodermic needle.
Figure 1-11 shows the image of the dosimeter in a hypodermic needle (a) and a typical
wireless measurement result with different capacitor sizes (b) [62]. The overall size of the
dosimeter was 2.5 mm in diameter and 2.8 cm in length. Thus, is still too large to be
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implanted easily and since the air gap between two plates is usually in micro-meters, the
low capacitance per unit area makes further scaling difficult.

Figure 1-11. (a) Image of the MEMS dosimeter in a hypodermic needle. (b) typical wireless
sensing results of the MEMS dosimeter with different capacitor size. © 2008 IEEE

1.4 Dissertation goal
Overall, for each of the existing technologies, some drawbacks exist. OSLDs have high
accuracy and detectability but they are difficult for in vivo measurement. RADFETs are
based on CMOS technology and have high reliability but their active electronic component
is not preferred for in vivo radiation sensing; MOS capacitors and MEMS capacitors enable
passive wireless sensing and greatly simplify the measurement but their sizes are too large
for easy implantation. Table 1-1 summarizes the main advantage and disadvantage for
existing dosimeter technologies.
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The goal of this dissertation is to combine the reliability of CMOS and convenience of
passive wireless sensing to realize a passive wireless radiation dosimeter for in vivo
radiation therapy measurements. This will be accomplished using fully-depleted siliconon-insulator (FDSOI) technology, which will be described in the next chapter.

Table 1-1. Summary of existing radiation dosimeter technologies.
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Chapter 2: FDSOI approach
2.1 SOI technology overview
Silicon-on-insulator (SOI) wafers consist of a bulk silicon substrate, on top of which is
a SiO2 layer and then a top silicon thin film which is used to build active devices and
circuits. If the SOI wafer is used in a MOSFET process, and the thickness of the top silicon
layer is larger than its depletion depth, it is called partially-depleted SOI (PDSOI). If the
thickness of the top silicon layer is smaller than its depletion depth, is the wafer is known
as fully-depleted SOI (FDSOI).
One of the early motivations in the development of SOI technology is from the
radiation hard properties of the SOI devices. When bulk MOSFETs are exposed to a
radiation environment, in the silicon region where radiation passes, electron-hole pairs are
generated. If small electric field exists, either from external bias or internal built-in
potential difference, to separate the electrons and holes, a large amount of current will be
produced. The current may flow to the active silicon region and seriously affect the device
operation and reliability [63]. For SOI devices, the existence of the insulating SiO2 layer
isolates the active thin-film region therefore, radiation induced current in the substrate has
little influence on device performance. For this reason, undesired radiation effects, such as
single event effects, can be greatly reduced [64], [65].
Initially sapphire was used as the insulating layer [66], [67]. Since the 1980s, SiO2
replaced sapphire as the buried oxide layer due to the success of SIMOX (separation by
implantation of oxygen) technology [68], [69]. Many other technologies have also been
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developed to produce the single-crystal silicon film on top of the buried oxide insulator.
Some of them are based on the epitaxial growth of silicon on a crystalline insulator
(heteroepitaxial techniques) [70], [71]. Some techniques are based on the crystallization of
a thin silicon layer from the melt (laser recrystallization [72], e-beam recrystallization [73]
and zone-melting recrystallization [74]). The silicon thin film could also be produced from
a bulk silicon wafer by isolating a thin silicon layer from the substrate through the
formation and oxidation of porous silicon (FIPOS) [75] or through the ion beam synthesis
of a buried insulator layer [76]. Finally, the top silicon layer can be obtained by bonding
the silicon wafer to an insulator or a mechanical substrate followed by thinning the top
silicon layer (wafer bonding [77], BESOI [78]).
State of the art technology to produce the SOI layer combines ion implantation (SmartCut® process [79], [80]) and wafer bonding technique to transfer a thin surface layer from
a wafer onto another wafer. The basic steps of this technique are shown in Figure 2-1. The
first step is ion implantation of hydrogen ions into an oxidized silicon wafer. The implanted
dose is on the order of 5 × 1016 cm-2. After implantation, micro-cavities and micro-bubbles
are formed at the depth of implantation. The top oxide layer will become the buried oxide
of SOI structure at the end of the process (Figure 2-1 a). Next, bonding of wafer A to a
handle wafer (B) is performed (Figure 2-1 b). Wafer B can be either bare or oxidized
depending on the desired thickness of the buried oxide layer. Then a two phase annealing
of the bonded wafer is performed. The first annealing step takes place at low temperature,
about 500 °C, during which, the implanted wafer A splits into two parts: a thin layer of
monocrystalline silicon which remains bonded onto wafer B and the remainder of wafer A
that can be recycled for later use (Figure 2-1 c). The second annealing take place at higher
23

temperature, about 1100 °C to strengthen the bond between the handle wafer and the SOI
film. Finally, chemo-mechanical polishing is performed on the SOI film to reduce the
surface roughness (Figure 2-1 d). The Smart-Cut® process produces good quality SOI

Figure 2-1. The Smart-Cut ® process (a) Hydrogen implantation. (b) Wafer bonding. (c)
Annealing and splitting of wafer A. (d) Polishing of both wafers.

wafers and is also economical. It requires only N+1 wafers to produces N SOI wafers,
while the BESOI process require 2N wafers to produce N SOI wafers.
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2.2 Advantage of FDSOI for CMOS
Besides radiation hardening for single event effects, FDSOI technology has other
advantages over conventional bulk Si technology, making it attractive for CMOS
applications.
As the scaling of device continues, short channel effects (SCEs) become more and more
significant and detrimental for device performance. SCEs occur as the channel length
shrinks, and the controllability of the gate over the channel depletion region reduces due to
the increased charge sharing from source/drain. This causes a lack of pinch off and a
threshold voltage roll-off as well as drain-induced barrier lowing (DIBL). Moreover, SCEs
will also degrade the subthreshold slope and increase the subthreshold current. In bulk
silicon MOSFETs, SCEs are controlled by a number of techniques, including forming
shallow junctions and increasing the body doping. However excessively large doping
degrades the carrier mobility and junction capacitance and gives rise to band to band
tunneling leakage current. In FDSOI structure, the silicon film is completely depleted
compared to PDSOI and the gate voltage has excellent control of silicon channel potential.
Therefore the SOI film thickness can entirely govern device scaling and SCEs can be
improved by scaling the film thickness together with the channel length [81]–[83].
The inverse subthreshold slope of long channel FDSOI MOSFETs can be near the ideal
60 mV/decade at 300 K [84]. The steeper subthreshold slope permits a lower threshold
voltage for the same off-current, which in turn allows the device to be used at a lower
supply voltage, a great advantage for low power operation.
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For SOI MOSFETs, the source and drain regions extend down to the buried oxide,
yielding reduction of junction capacitance. This offers the opportunity to fabricate CMOS
circuits with lower power dissipation and improved speed. Since each single-transistor
islands is dielectrically isolated from each other, this isolation protects the thin active
silicon layer from a lot of parasitic effects induced from bulk silicon substrate, such as
leakage current and latch up. One the other hand, the lateral isolation makes interdevice
separation much easier. The overall technology and circuit design are highly simplified
[85], [86].

2.3 Total ionizing dose effects on FDSOI devices
The total ionizing dose (TID) effects on FDSOI MOSFETs have been studied
extensively in past decades. The main mechanism attributes the TID effects is the positive

Figure 2-2. Id vs. Vg characteristic of a typical of FDSOI N-MOSFET under different
levels of radiation dose.

26

charge buildup in the buried oxide layer causing the band diagram in the silicon body to
change [87]. Figure 2-2 shows the Id vs. Vg characteristic of a typical of FDSOI NMOSFET under different levels of radiation dose [88].
At low radiation dose, the front gate threshold voltage of the device shifted leftward
due to the trapped holes in the buried oxide and the coupling effect between front and back
gate [89]. The subthreshold slope degraded due to the build-up of radiation induced
interface traps [90]. At moderate radiation and negative gate bias, the leakage current
increased. This is because when the gate-to-source voltage becomes increasingly negative,
a high electric field is created at the surface of gate-to-drain overlap region. This results in
a band-to-band tunneling process that increases the gate induced grain leakage (GIDL)
current [91], [92]. At large dose, the leakage is high and the device cannot be turned off by
front gate voltage. This leakage current is a combination of two effects. One is the inversion
of the back channel interface due to the trapped holes. The other is the “total dose latch”
effect. This is caused by the charge trapping in buried oxide modulating the body potential.
As the body to source barrier height is lowered, excess electrons can be injected into the
body region and be collected at the drain. If the electric field near the drain is high enough
to cause impact ionization, this can lead to significant increase of leakage current [93], [94].

2.4 FDSOI radiation dosimeter
Even through the initial motivation of SOI technology was for radiation hardness, the
buried oxide layer in SOI structure could be utilized as a good medium for absorbing
radiation, just like RADFETs. Moreover, the special structure of FDSOI devices provides
unique advantages to overcome some of the limitations of existing dosimeter technologies.
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The basic mechanism of FDSOI radiation dosimeter is shown in Figure 2-3. The
FDSOI device could be utilized as a radiation sensitive variable capacitor (varactor). The
device must be designed to initially be in the “OFF” state. That is, before radiation, no
inversion layer is present, and the capacitance measured between the top gate and the
source/drain electrodes is dominated by the fringing and overlap capacitances (Figure 2-3
(a)). As shown in Figure 2-3(b), when radiation is applied and holes are trapped in the
BOX layer, the trapped positive charge induces electrons in the SOI and turn the device
from “OFF” to “ON” state, allowing the gate to couple the entire channel. Therefore, at a
fixed gate bias, the measured gate to source/drain capacitance will change as a function of

Figure 2-3. (a) Before irradiation, the capacitance measured between the top gate and the
source/drain electrodes is dominated by the fringing and overlap capacitances. (b) When
radiation is applied and holes are trapped in the BOX layer, the trapped positive charge induces
electrons in the SOI and turn device from “OFF” to “ON” state. (c) At a fixed gate bias, the
measured gate to source/drain capacitance will change as a function of radiation. (d) and (f) If
this varactor is then integrated with an inductor, the frequency will change with dose and can
be measured wirelessly.

28

radiation (Figure 2-3(c)). If this varactor is then integrated with an inductor (Figure 2-3(d)),
the frequency will change with dose (Figure 2-3(e)) and can be measured wirelessly [95].
Compared to OSLDs, FDSOI wireless radiation dosimeter is more suitable for in situ
measurement. Compared to RADFETs, FDSOI devices collect radiation-induced charge in
the thick buried oxide layer, but read out the dose using the top-gated capacitor. By
separating the charge collection and read out components of the sensor, real-time
measurement can be easily realized without switching between “write” and “read” mode.
Since it operates at higher frequency, it has potential to overcome the 1/f noise limit, which
limits the sensitivity of RADFET dosimeters [96]. Moreover, few-nanometer gate oxide
thickness in the FDSOI varactors provides high capacitance per unit area as well as
capacitance tuning range [97], [98]. Therefore, the devices are much more scalable than
the MOS capacitors and MEMS based dosimeters. The separation of charge collection and
read out also make it possible to achieve high sensitivity and scalability simultaneously,
which does not exist in other technologies.

2.5 Existing literatures about SOI radiation dosimeter
A pioneering study using SOI devices as radiation dosimeters has been performed by
M. R. Shaneyfelt et al. [99]. In their work, the feasibility of developing an embeddable SOI
buried oxide MOS dosimeter has been demonstrated and fully-functional read-out circuitry
has been fabricated. Discrete SOI dosimeters have been irradiated under various dose rates
and bias conditions. The output sensitivity is ~ 125 µV/cGy. Data show only a small dose
rate dependence. However, instead of separating the charge collection and readout using
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the BOX and top gate oxide respectively, the BOX layer was used for both purposes, which
is similar to conventional RADFETs.
In [100] the response of FDSOI MOSFETs to 8 keV X rays as well as to proton and to
-particle radiation was reported. In that work, it was shown that the threshold voltage of
an FDSOI MOSFET could be shifted by ~ 0.3 mV/Gy using 1 MeV protons and ~ 1 mV/Gy
using 8 keV X rays. The devices had a good charge retention time up to 90 days. The results
shown are promising to utilize a FDSOI device as a radiation dosimeter but the response
in clinically-related radiation conditions was not demonstrated and only a wired
configuration was used to characterize the radiation response.
The possibility of realizing FDSOI varactors with high quality factor (Q-factor) has
been studied using TCAD simulation [101]. A multi-finger design was used and results
show Q > 100 at f = 1 GHz can be achieved for Lg = 300 nm and tSOI = 20 nm. However,
the varactor character and radiation was not correlated and the frequency output under
radiation was not estimated.
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Chapter 3: Radiation response of FDSOI MOSFETs
3.1 Device structure and characterization
FDSOI MOSFETs with nominally the same dimensions and layer thickness as those
reported in [100] were first studied. Simple MOSFETs were utilized for this experimental
study first in order to study the basic response of FDSOI structures to medically-relevant
radiation conditions.
The MOSFETs were fabricated at the IBM T. J. Watson research center using standard
Si process.

Figure 3-1 Optical image of IBM FDSOI MOSFETs

Figure 3-1 shows an optical image of an IBM FDSOI n-MOSFET. The device has a
40-nm-thick intrinsic SOI body, a 145-nm-thick BOX layer, a 3-nm-thick SiO2 gate oxide,
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and an n-type polysilicon gate electrode. The devices were fabricated in a ring-shape
geometry and had channel lengths from100 to 200 μm.
Similar to bulk MOSFETs, FDSOI MOSFETs can operate as a 4-terminal device.
Figure 3-2 shows the output characteristic of a FDSOI MOSFET at different gate to source
voltage, Vgs from -0.25 V to 1 V and substrate voltage Vsub = 0 V. Drain to source voltage,
Vds was swept from 0 V to 1 V. The device has a threshold voltage Vth about 0.25 V and
displays typical long-channel device performance.

Figure 3-2 Output characteristic of a FDSOI MOSFET at Vgs from -0.25 V to 1 V and Vsub
= 0 V.
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Figure 3-3 Typical transfer characteristic of the device at Vds = 0.5 V and Vsub from -4 to 2
V.

Figure 3-3 shows a typical transfer characteristic of the device at Vds = 0.5 V and
different substrate voltage, Vsub from -4 V to 2 V. Vsub will determine the substrate potential
of the device, and because of the coupling between front gate and substrate, the Id vs. Vgs
characteristic was shifted at different Vsub. As a result, the threshold voltage of the device
was changed because of the changing of the substrate potential. This also mimics the
radiation response. Since the accumulated holes in the BOX layer will also change the
substrate potential of the device, the threshold voltage will change due to radiation.

3.2 Experimental setup
The radiation response of the device was tested at the University of Minnesota,
Fariview Clinic. The testing was conducted using a setup as shown in Figure 3-4. The
device was exposed to an X-ray beam, with 10 × 10 cm2 cross-sectional area, generated
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using a Varian 2300 CD linear accelerator. Polystyrene, a tissue equivalent material, was
placed above the device to a total thickness of 1.5 cm. High-energy beams have a dose
build-up region due to the forward momentum of the scattered electrons. This build-up
material is necessary so that the measurement device is placed at the maximum dose region
and not in a high-dose-gradient region [102]. The source-to-surface distance measured to
the top of these slabs was 100 cm. While the X-ray beam was on, the linac provided a
constant radiation dose rate of 4 Gy/min, which is within the typical range (3-6 Gy/min)
for cancer therapy. The device characterization was performed using an HP4145B
semiconductor parameter analyzer located in a control room, roughly 12 m from the
treatment room. The drain current, Id, was measured vs. gate-to-source voltage, Vgs, at a
fixed drain-to-source voltage, Vds of + 0.5 V. The measurement sequence was as follows.
Before irradiation, the Id vs. Vgs characteristic was measured repeatedly to quantify any
drift in the device characteristic. Next, a positive substrate voltage, Vsub, between +1 V and
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Figure 3-4 Experimental setup for radiation dosimetry experiments.
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+ 5 V was applied and this voltage remained on continuously throughout the entire
measurement sequence. The substrate voltage helps to minimize recombination of the
generated electron-hole pairs, as well as to drive the holes to the top surface of the BOX.
The Id vs. Vgs characteristic was measured with the substrate bias applied. Next, the device
was irradiated for a fixed dose, and then Id vs. Vgs measured again immediately afterward.
A fixed time was then allowed to elapse before the device was measured again, but before
the next dose of radiation. This sequence allowed us to plot the device response as a
function of time as well as dose.

Figure 3-5. Typical Id vs. Vgs curve for an FDSOI MOSFET after different dose fractions
of radiation from a linac with 6-MV accelerating voltage. The applied substrate bias,
Vsub is + 5 V.
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3.3 Experimental results
Figure 3-5 shows a typical response of one device to a series of exposures, consisting
of 4 Gy per fraction, up to a total dose of 40 Gy. For each fraction, the irradiation time was
1 min and a 3-min delay was utilized between fractions. Therefore, for each 4-Gy fraction,
the Id vs. Vgs sweeps were separated by 4 min, and were taken immediately after the beam
was turned off. The results show a clear, consistent leftward shift in the Id vs. Vgs
characteristic, consistent with the trapping of positive charge in the BOX layer.
Figure 3-6 shows the threshold voltage shift, ∆Vth, plotted vs. time for radiation dose
up to 40 Gy using the same experimental setup as for the data depicted in Figure 3-5. Here
the threshold voltage, Vth, is defined as the voltage at Id = 2 μA. The plot in Figure 3-6

Figure 3-6. Threshold voltage shift under step irradiation with substrate voltage Vsub =
0, +1 V, +3 V and +5 V. A clear response to each irradiation is observed that closely
tracks the accumulated dose.
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shows the evolution of the ∆Vth vs. time plot for Vsub = 0, +1 V, +3 V and +5 V, while the
shaded area shows the accumulated dose vs. time. The threshold voltage shows a clear step
response to each interval of radiation, and tracks the applied dose extremely closely. By
applying a substrate bias, the sensitivity is improved by a factor of 20 for a Vsub = +5 V
compared to Vsub = 0 V. The increased sensitivity with increasing Vsub is primary due to the
increased fractional yield of charge collected in the BOX layer [18].
For therapeutic radiation treatments, it is important that the device response can be
predicted under a wide range of conditions, and therefore, the response was measured over
a wide dynamic range, as well as for different energies and incident angles. Figure 3-7
shows the sensitivity of an FDSOI MOSFET for radiation doses up to 8 Gy, 40 Gy and 160
Gy. (In the 8-Gy experiment, the dose delivery rate was reduced to 1 Gy/min.) As shown
in the figure, linear response was observed for the lower dose ranges, while for very heavy
accumulated doses, the response became sublinear. In addition, we also observed slightly
different sensitivities for the three dose ranges shown in Figure 3-7, and this effect is related

Figure 3-7. Measured threshold shift for FDSOI MOSFETs at Vsub = +5 V for experiments with
maximum dose of (a) 8 Gy, (b) 40 Gy and (c) 160 Gy.
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to the radiation history of the device as will be discussed later in this thesis. Though the
saturation and history effects are not entirely understood at this time, a possible explanation
could be the accumulation of interface traps which degrade the subthreshold slope. Such
degradation was observed in these samples, but a quantitative extraction of the interface vs.
bulk charge trapping could not be performed on our current samples due to the relatively
high off current in our large ring-shaped MOSFETs. Additional experiments on MOSFETs
with more regular geometries will help in separating out bulk vs. interface charge trapping
effects.
The dependence of radiation response with different X-ray beam energies and incident
angles was also determined experimentally. Figure 3-8 shows ∆Vth plotted vs. time for
irradiation using different X-ray beam energies. These experiments were performed in the

Figure 3-8. Threshold voltage shift under step irradiation with different energy X rays.
Blue triangles: energy vs. time increasing. Red squares: energy vs. time, decreasing.
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following way. In experiment 1 (blue triangles), the device was first irradiated using X rays
generated from a linac beam created using a 6 MV accelerating voltage in 4-Gy fractions
up to accumulated dose of 40 Gy. Then, on the same device, the dose sequence was applied
using X rays generated using a 10 MV and an 18 MV accelerating voltage. An additional
delay of a few minutes occurred between energies to monitor the stability of device. This
test was followed by experiment 2 (red squares in Figure 3-8), once again using the same
device, where the sequence of applied radiation beam energies was reversed. The “zero
point” threshold voltage was reset between experiments 1 and 2. The plot shows that the
threshold voltage tracks the dose closely with only a small change in the slope at higher
doses, consistent with the trend observed in Figure 3-7(c). The fact that this sublinear
behavior occurs at high doses, independent of the accelerating energy, provides strong
evidence that the device response is independent of X-ray beam energy.

Figure 3-9. Threshold voltage shift under step irradiation versus different angles of
beam incidence.
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The plot in Figure 3-9 shows the dependence of the device threshold shift under
different incident beam angles. The figure shows ∆Vth plotted vs. time for 6 MV X rays for
incident beam angles of 75˚, 60˚, 45˚, 30˚, and 0˚ relative to normal incidence. Similar to
the energy-dependence experiment, no systematic angular dependence was observed.
These results are consistent with [59].
In both of the experiments described in Figure 3-8 and Figure 3-9, a small reduction of
the slope was observed with increasing accumulated radiation dose, similar to the trend
observed in Figure 3-7(c). Figure 3-10 shows the sensitivity (defined as the change in
threshold voltage per unit dose) vs. the absolute threshold voltage for all data sets at Vsub =
+5 V. Since the same device was “recycled” for multiple experiments, for any given dataset,

Figure 3-10. Plot of sensitivity vs. absolute threshold voltage for all data for Vsub = +5
V.
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the device already had some degree of trapped charge. This plot indicates that when
adjusted for the actual threshold voltage, the sensitivity characteristics collapse onto a
single curve determined by the prior dose history. This result explains the slight differences
in sensitivity observed in previous data and suggest that a high degree of accuracy in the
dosimeter readout can be obtained when this nonlinearity is taken into account. However,
additional statistical analysis is needed to determine the limits to the stability and accuracy
of this sensing mechanism. While the origin of this trend is still under investigation, this
behavior could be related to accumulation of interface traps as well as “saturation” of the
hole traps due to the high quality of the buried oxide in the commercial SOI wafers.

3.4 Charge trapping efficiency
As mentioned in Chapter 1, after electron-hole pairs are generated because of
irradiation, some of them will recombine immediately and eventually only a small portion
of holes will be trapped at the SiO2 and Si interface. The percentage of holes trapped at the
oxide compared to the total generated electron-hole pairs, or, the charge trapping efficiency
is an important parameter for dosimetry application. The higher the charge trapping
efficiency, the more holes are trapped in the oxide, therefore the higher sensitivity the
device will have.
The charge trapping efficiency, f, is determined by two factors. First, the percentage of
holes survived from the initial recombination process, which is called the fractional yield
of holes. The fractional yield is a factor of radiation source, electrical field. Second, the
percentage of hole eventually trapped in the oxide compared to the total holes reach to the
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SiO2 and Si interface. It can be influenced by factors such as oxide quality, temperature
[103].
In order to extract f, based on the radiation response results in Figure 3-6, it is first
important to consider the fact that the conducting channel in the SOI can form either at the
top or bottom Si/SiO2 interface. In either case the threshold voltage shift can be expressed
as:

Vth  Qsi / Ctop ,

3-1

where Ctop is the capacitance of the top gate oxide to the silicon channel and ∆Qsi is the
charge per unit area in the SOI layer that results from the radiation-induced trapped charge
in the BOX, QBOX. If the inversion channel is located at the bottom interface, then the
threshold shift is determined as:
Vth bot   QBOX  tSi  Si  tox  ox  ,

3-2

where ox and Si are the dielectric constant of SiO2 and Si. tox and tSi are the thickness of
top gate oxide and thickness of SOI layer. This equation comes about in the back-channel
conduction, since in this case, QSi is essentially equal to QBOX, but the top gate capacitance
must also consider the thickness of the SOI layer. In the opposite extreme, if the inversion
layer is at the top interface, then the top gate capacitance only needs to consider tox, but a
portion of QBOX will be mirrored at the back (substrate) interface of the BOX layer, and
therefore the expression for Vth becomes

 Si tSi
Vth top  QBOX  

t
 Si Si   BOX tBOX
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  tox 
    ,
   ox 

3-3

where tBOX is the BOX thickness as shown in Figure 2-3 (a). Since in reality, the channel
could be distributed between top and bottom interfaces, the actual threshold voltage shift
is somewhere between the values in 3-2 and 3-3:
Vth top  Vth  Vth bot  .

3-4

From 3-2 and 3-3, it is clear that if the channel location is known, then the measured
∆Vth value can be used to determine QBOX. Then, to determine the charge trapping
efficiency the following relation can be used:

QBOX  q  g0  tBOX  f  D ,

3-5

where D is the dose, g0 = 8.1×1014 cm-3/Gy is the density of electron-hole pairs created per
unit dose in SiO2, and q is the electronic charge.

Figure 3-11. Points: simulated Id – Vgs curve with different amount of positive charge
at the Si/BOX interface. Line: experimental data.
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In our current devices, the relations in 3-2 and 3-3 give a broad range of possible
fractional yields due to the fact that the Si layer thickness (tSi = 40 nm) is large compared
to the gate oxide (tox = 3 nm). Therefore, we have fit the experimental data to TCAD
simulations using Synopsys Sentaurus DeviceTM to obtain an accurate estimate of the
channel location in our devices. The device in simulation has the same dimensions as the
experimental device except a 2 µm channel length and 1 µm width. Figure 3-11 shows the
simulated Id-Vgs characteristic normalized to experimental device dimensions for different
values of positive charge at the SOI / BOX interface along with an experimental curve from
a device before irradiation. As expected, the Id – Vgs shifts toward more negative values as
more oxide charge is added.
The Vth vs. QBOX characteristics obtained from TCAD were then compared to the
analytical models in 3-2 and 3-3 Vth bot   QBOX  tSi  Si  tox  ox  , 3-2 and the fractional
yield calculated in all three situations. These results are summarized in . The table clearly
shows very close agreement between the TCAD results and the analytical back-channel
model. The possibility of back-channel formation, even at relatively low doses, was
neglected in [100] but is consistent with [104] and [92], showing results with very large
doses. The small discrepancy between the TCAD and analytical models is likely due to
uncertainty in the precise thicknesses of the layers used in the experimental devices. This
result is important for the design of optimized dosimeters, particularly the wireless sensors
to be described later, since the location of the channel formation can affect the device
tuning range and sensitivity. Additional details of the optimization for wireless sensing are
provided in the following sections.
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Table 3-1 Extracted charge trapping efficiency for different substrate bias voltages and
simulation conditions
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Chapter 4: Radiation response of FDSOI varactors
4.1 Device fabrication
4.1.1 Overview
The experiments based on IBM MOSFETs demonstrated the radiation response of such
devices under clinically relevant irradiation conditions. The final objective of this project
is to realize a wireless radiation dosimeter, which requires the use of variable capacitors
instead of MOSFETs. However, the IBM devices are not suitable for further studies for the
following reasons. First, since the devices require wire bonding to be tested in a clinical
environment, and due to their ring-shaped design, the wire for the gate electrode must be
bonded directly onto gate, which may induce extra leakage for the device. Second, the wire
directly on top of the gate region causes extra scattering of radiation which can generate
secondary electrons which could cause errors in dose measurement. Finally, the Q-factor
of the IBM devices is small due to the long gate length, which results in high resistance.
Due to these reasons, it is necessary to design and fabricate our own FDSOI varactors
that are suitable for radiation detection. Therefore, a custom fabrication process for FDSOI
varactors was developed at the University of Minnesota and a brief description of the
process flow is as follows:
As shown in Figure 4-1, the process starts with commercial 4-inch SOI wafers
purchased from SOITEC with about 100-nm SOI layer and 200-nm BOX layer. The SOI
and silicon substrate were lightly P-type doped. It is followed by thermal oxidation to
partially oxidize the SOI layer and then etch the top SiO2 away so the remaining SOI is
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about 30 nm thick. Next a layer of 7-nm thermal screening oxide is grown on top of SOI.
It is followed by patterning mesa and etching away excessive silicon. Then source/drain
(S/D) region is then doped by ion implantation and activation. After that, the screening
oxide is etched away and a 7-nm thermal gate oxide is grown. Finally gate and S/D are
patterned and metal layers are deposited. A more detailed process flow can be found in
appendix A.
Compared with a standard CMOS process in industry, our custom process is greatly
simplified. For example, it utilizes a non-self-aligned process with significant overlap
between gate and S/D electrodes. This creates extra parasitic capacitance in the device.

Figure 4-1. (a) Structure of commercial SOI wafer. (b) Thin the SOI layer to ~ 30 nm.
(c) Grow screen oxide and pattern mesa. (d) Ion implantation, activation and growth of
gate oxid. (e) Pattern and deposit gate electrode. (f) Pattern and deposit S/D electrode.
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Also, there is no raised S/D, and as a result, the device has relatively high resistance due to
the very thin silicon layer at S/D region. The lack of a raised source/drain also limits how
thin the SOI layer can be made, since sufficient thickness must be allowed for the
source/drain implants. Nevertheless, the varactor is good enough to demonstrate radiation
sensing and those issues will be address later for wireless sensing applications.
In the next a few subsections, more details about a few critical steps in fabrication will
be discussed. They are thinning of the SOI layer, ion implantation, and gate oxide growth.

4.1.2 Thinning of SOI layer
The as-purchased commercial SOI wafers usually have a thick SOI layer. In order to
ensure the SOI is fully-depleted, the thickness of the SOI layer must be made smaller than
its maximum depletion width. As will be discussed in the following chapter, the thinner
the SOI layer at the channel region, the higher sensitivity the dosimeter will have. For these
reasons, the final SOI layer needs to be less than 30 nm.
One approach to thinning the SOI layer is to directly etch the silicon. One approach is
to use wet etching, such as KOH solution [105], while another way is to use dry plasma
etch, such as XeF2 plasma [106]. However, such techniques suffer from poor controllability.
Therefore, the preferred way to etch the SOI layer with high precision is to use a two-step
process, i.e. oxidation and etching. This process starts with thermally oxidizing a part of
the SOI layer to form a layer of SiO2 on top, then using buffered oxide etch (BOE) to etch
away the top SiO2 layer. Because the thermal oxidation is a very well understood process,
the thickness of SiO2 can be controlled precisely, on the scale of nanometers. Also, since
the BOE solution has high selectivity to etch SiO2 from Si, the remaining SOI layer can be
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well preserved. Moreover, this two-step etching process can be repeated a few times until
the desired SOI thickness is achieved.
The equipment used to characterize the thickness of silicon or SiO2 layers is called an
ellipsometer. An ellipsometer utilizes the interaction between an incident laser and the
material of interest. After reflection, the changing of polarization of the incident laser will
depend on the thickness of material and its dielectric constant [107]. Since the dielectric

Figure 4-2 Thicknesses of SOI wafers measured from spectroscopic ellipsometry. By
fitting the signal with existing model, the thickness of each layer was determined.

constant of silicon and SiO2 are well known, the thickness can be found by fitting the signal
with an existing model. In a stacked structure where the thicknesses of more than one layer
needs to be measured, the laser sources with multiple wavelength can be used. Figure 4-2
shows an example of measuring a commercial SOI wafer (before thinning) using a
spectroscopic ellipsometer and comparison with the model. In this sample, the native oxide
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layer was 2.08 nm ± 0.21nm, the SOI layer was 101.02 nm ± 0.07 nm and the BOX layer
was 197.21 nm ± 0.27 nm, consistent with the thicknesses provided from the vendor.

4.1.3 Ion implantation of source/drain
In order to make the silicon in the S/D regions conductive and create a potential barrier
between channel and S/D, it is necessary to heavily dope the S/D region. This process is
done by ion implantation. Because the silicon layer is sandwiched between the screen oxide
and BOX, it is important to optimize the implantation parameters to make sure sufficient
dose is incorporated without fully amorphizing the SOI layer. The important parameters
include the energy of incident ions and number of ions per unit area. The energy of the
incident ions will determine the stopping range of implantation. If the energy is too low,
the ions will not be able to penetrate the screen oxide and reach the silicon layer. On the
other hand, if the energy is too high, most of the ions will stop at the BOX layer instead of
silicon. This will make implantation less efficient and more importantly, it could
completely amorphize the silicon layer and make it unable to recrystallize at the activation
step [108]. The number of ions per unit area, will determine the doping density. Ideally the
doping should be as high as possible without completely amorphizing the silicon layer.
In order to obtain the best implantation condition, simulation was conducted using The
Stopping and Range of Ions in Matter (SRIM) before implantation. Figure 4-3(a) shows
the simulation result of 9 keV As ions implanted into a SiO2-Si-SiO2 structure with a 7degree incident angle. This 7-degree incident angle is needed to prevent the channeling
effect of ion implantation in silicon [109]. The top SiO2 layer was 7 nm and middle silicon
layer 34 nm. Most of the ions stopped in the silicon layer. Figure 4-3(b) shows the
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calculated doping density as a function of depth for As with energy of 7 keV, 9 keV, 11
keV and 13 keV. The number of As was 2 × 1015/ cm2. Based on the simulation, 9 keV was

Figure 4-3. (a) Illustration of 9 KeV As stopping in SiO2-Si-SiO2 stacked layers with 7 nm top
SiO2 and 34 nm silicon. (b) Calculated doping density of 7 KeV, 9 KeV, 11 KeV and 13 KeV
As implanted in the structure same as (a). Number of implants: 2 × 1015 /cm2.

found to be the optimal energy because the peak of doping density resides near the surface
of the silicon layer while the bottom of the silicon layer still has sufficiently low dose to
prevent amorphization.

4.1.4 Activation
The implanted ions (As) will reside randomly within the silicon lattice after
implantation. In order to make them function properly as donors of electrons, they need to
take the place of silicon atoms within the crystal lattice [110]. This process is called
activation and it is done by high temperature annealing. After implantation, the SOI
samples were annealed at 850 °C for 2 mins to activate the dopants. Right after activation,
the screen oxide was etched away and the sheet resistance of SOI layer was measured using
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a four-point probe to check the effectiveness of implantation and activation (this step was
done using a control sample without a patterning mesa). For implantation conditions
mentioned in the previous section, the typical sheet resistance of SOI layer was about 560
Ω/□. This equals to 3 × 1019 cm-3 doping density in 30-nm silicon, which is consistent with
STRIM simulation.
The doping density was further calculated using a transfer length measurement (TLM)
after the device was successfully fabricated. Figure 4-4 shows the optical image of the
TLM structure fabricated together with the FDSOI varactors. The silicon width was 20 μm
and the distance of each contacts varies from 5 µm to 100 μm. Figure 4-5(a) shows the IV
measurement of one set of TLM structure and Figure 4-5(b) shows the extracted resistance
as a function of distance between two electrodes. The sheet resistance of SOI layer can be

Figure 4-4. Optical image of a TLM structure where the distance between each two
electrodes varies from 5 µm to 100 μm
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calculated from the slope of resistance vs. distance curve and a typical number is about
1500 Ω/□, which equals to a doping density of 1 × 1019 /cm3.
The slightly lower number of doping density calculated from TLM measurement
compared to four-point probe is expected. Because the TLM measurement was conducted
after gate oxide growth and etching away at S/D region, some dopants could be lost during
these steps.

Figure 4-5. (a) IV characteristic of a TLM structure. (b) Extracted resistance vs. electrode
distance for the same TLM structure.

4.1.5 Growth of gate oxide
After activation of the dopants, the screen oxide was etched away immediately and was
followed by the growth of the gate oxide. Ideally, the gate oxide would be as thin as
possible because the thinner the gate oxide, the higher density of capacitance per unit area,
and the sensitivity would be higher. However, the gate oxide cannot be too thin otherwise
there will be too much tunneling leakage. For this custom fabrication process, the thickness
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Figure 4-6. Profilometer measurement of silicon layer after gate oxidation.

of the gate oxide was limited by the facilities at University of Minnesota. The thinnest
oxide that can be grown is about 6 nm at an oxidation condition of 850 °C for 1 min. During
the growth step, the silicon at S/D region will also be oxidized. It is important to realize
that the oxidation rate of implanted silicon is higher than undoped silicon [111]. Figure 4-6
shows the profilometer measurement of the silicon layer after gate oxidation. Clearly, the
S/D region is higher than the channel region, indicating a faster oxidation rate in the S/D
region. As a result, this step will consume more silicon in the S/D region than the channel
region. It will also increase the series resistance and decrease the Q-factor for wireless
sensing. However this issue only matters for the the custom device fabrication process,
since the S/D could be raised by epitaxially growing more silicon which is a standard
technique in production processing [112].
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4.2 Device characterization
Figure 4-7 shows the optical image of an FDSOI varactor, which have 20 µm gate length
and 100 µm width. The device has 7 nm gate oxide and about 20 nm SOI layer with a
200 nm BOX.

Figure 4-7 Optical image of a typical FDSOI varactor. Lg = 20 µm, W = 100 µm.

Cg vs. Vg (Figure 4-8(a)) characteristics were measured to verify the operation of the
device under different substrate bias, Vsub from -30 V to + 50 V. Depending upon at which
SOI interface the inversion will occur first while sweeping Vg, the device can operate at
either front channel or back channel mode. As shown in Figure 4-8(a), when Vsub changes
from -30 V to +50 V, the Cg vs. Vg curve shifts leftward as expected. At large negative Vsub,
the band bending of the SOI layer keeps the back channel from formation, and only the
front channel can be turned on by increasing Vg, as shown in Figure 4-9(a). However, as
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Vsub is increased, the band bending of the SOI layer will gradually switch from frontchannel to back-channel mode (Figure 4-9(b)). In this mode, as Vg increases, the back
channel turns on first, and then after further increasing Vg, eventually the front channel will
also be turned on. For instance, the “hump” in Figure 4-8(a) at Vsub = 0 V and +5 V show
this transition of the front channel from the “off” to “on” state. In Figure 4-8(a), the
capacitance variations at Vg = +2 V for all values of Vsub are due to slight differencees in
the probe pad parasitic capacitance induced by the substrate bias. Similar variations are
observed for Vsub = -30 V and +5 V at at Vg = -3.5 V.

Figure 4-8. (a) Cg vs. Vg characteristics of FDSOI varactor at different Vsub from -30 V to +50
V. (b) Id vs. Vg characteristics of the same device at different Vsub from -30 V to +50 V.

These capacitance variations arise due to the substrate below the pads switching
between depletion and accumulation as Vsub is varied. At very large positive Vsub, the back
channel will be completely turned on at all values of Vg (Figure 4-9(c)), so that the
capacitance level will be high even at large negative Vg.
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This change of the location of the channel can be also seen in Id vs. Vg characteristics
at different Vsub as shown in Figure 4-8(b). At large negative Vsub, the back channel is kept
off and the front channel can be turned “off” and “on” by sweeping Vg. At large positive

Figure 4-9 (a) Band diagram simulation of FDSOI varactor at Vsub = -30 V, Vg = 0 V. (b) Band
diagram simulation of FDSOI varactor at Vsub = + 5 V, Vg = 0 V. Band diagram simulation of
FDSOI varactor at Vsub = +50 V V, Vg = 0 V.

Vsub, the back channel is always on therefore the current is always a large value regardless
of Vg. In both Figure 4-8(a) and Figure 4-8(b) the shift of characteristics when Vsub changed
from 0 V to +5 V is larger than the shift when Vsub changed from -30 V to -25 V. Again,
this is due to the different locations of the channel. At the front channel mode, the
equivalent oxide thickness from the top gate is just the gate oxide thickness, tox. At back
channel mode, the equivalent oxide thickness is the combination of gate oxide and silicon
channel, tox + 1/3 tsi. A thicker equivalent oxide thickness results smaller equivalent
capacitance and since Q = CV, it will require more voltage to induce same amount of charge
in the channel. As a result, the shift of characteristics in back channel mode is larger than
the shift in front channel mode.
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In all radiation experiments, the proper Vg and Vsub value were selected such that the
devices operated in the back channel mode, as shown in Figure 4-10.

Figure 4-10 Operational region for radiation experiments.

4.3 Experimental setup
The devices were then irradiated and tested simultaneously using a commercial
Gamma-Knife Co-60 clinical therapy unit (Figure 4-11), where a special mount was
fabricated to allow the varactors to reside at the center of the focused radiation beams. The
accuracy of the device positioning in the beam was confirmed using radiochromic film
(Gafchromic™ EBT2, Ashland, Inc.). The applied dose was verified using an optically
stimulated luminescent dosimeter (nonoDotTM, Landauer, Inc.). The device was wire
bonded to a header that was connected to the capacitance meter. When the device was
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irradiated, the device in the mounting assembly was moved into the focus of the 201 beams
by the movement of the patient couch. The capacitance was measured at 100 kHz with
amplitude of 50 mV for all radiation experiments.
During the experiment, Cg was measured with a constant positive Vsub. The substrate
voltage helps to minimize recombination of the generated electron-hole pairs, as well as to
drive the holes to the top surface of the BOX. The measurement sequence was as follows.
Before irradiation, the Cg vs. Vg characteristic at different Vsub values was measured. Based
on this characteristic, the proper Vg value was selected to make sure the device was operated
at the transition region between “off” and “on” states, where the capacitance change is most
sensitive to irradiation, as labeled in Figure 4-10. Next, Cg was monitored as a function of
time (without irradiation) at fixed Vg and Vsub to ensure that there was no drifting in the
device. Then the device was irradiated. After the accumulated dose was reached, the device
was moved out of the radiation beam for a fixed time before being irradiated again. For

Figure 4-11 Setup for capacitance based radiation experiment. A special mount was fabricated
to allow the varactors to reside at the center of the focused radiation beams. The device was
connected with a capacitance meter and capacitance was measured in real time during
irradiation.
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some measurements, one continuous dose sequence was utilized, and for others, a series of
step stress doses (i.e. several shorter dose sequences separated by short delay times where
no radiation was incident) was applied to allow observation of room temperature annealing
on the device response.
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4.4 Experimental results
Figure 4-12(a) shows a typical response of one device to a series of exposures,
consisting of 8 Gy per fraction, up to a total dose of 64 Gy, where a 5 minute delay was
allowed to elapse between each fraction. The capacitance was measured in real time with

Figure 4-12 Capacitance and dose vs. time for FDSOI varactors with stepped dose
profile of 8 Gy per fraction up to 64 Gy. (b) Cg vs. Vg before and after irradiation. The
points A and B on the capacitance vs. voltage curve correspond to the same points on
the capacitance vs. dose graph in (a). Device dimension: Lg = 7 m, Wg = 40 m.
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a constant substrate bias of Vsub = +5 V. The shaded area shows the accumulated dose vs.
time. The capacitance shows a clear step response to each interval which tracks the applied
dose extremely closely. The “spikes” in the capacitance between each fraction are due to
mechanical and electromagnetic interference produced when the patient couch is moved to
bring the device in and out of the radiation beams. Nearly all of these occur during the
transition period. After the device arrives at the radiation beam center, the capacitance
response was found to be very stable and linear under in-situ radiation conditions. I believe
this noise is not a fundamental limitation of the sensor technology but rather reflects nonidealities in our measurement setup. Figure 4-12(b) shows the C-V characteristics of the
device before and after irradiation. It is clear that the capacitance curve shifts leftward upon
irradiation, as expected for positive charge trapping in the BOX. Since the device was

Figure 4-13. Change in capacitance vs. dose for two different delay times. Device
dimension: Lg = 7 m, Wg = 40 m.
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biased at a constant gate voltage of -1.12 V during irradiation, the capacitance increases
from point A to point B on the graph. The parallel shift of the C-V curve also shows that
most of the holes were trapped in SiO2 instead of creating traps at the Si/SiO2 interface.
In radiation dosimetry, particularly in medical applications, it is desirable that the
device response is independent of the time delay between dose fractions. In our
experiments, we tested this behavior by comparing the device response to continuous
radiation, and radiation delivered in a step-wise fashion, with short (~5 minute) intervening
times where no dose was applied. In our setup, due to the natural decay of Co-60, the dose
rate was fixed at a value of 2.96 Gy/min. Figure 4-13 shows the capacitance vs. dose for
FDSOI varactors with 0 and 5 minute delay times between each fraction. The figure shows
excellent overlay of sensor response indicating that, for the short delay times utilized in

Figure 4-14. Measurement error as a function of dose for intra-device and inter-device
experiments.
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this experiment, no room temperature annealing effects were observed. Additional
experiments are needed, however, to investigate annealing effects over longer delay times.
Figure 4-14 shows the measurement error vs. dose at Vsub = +5 V, where the data was
generated from two sets of experiments. In the first intra-device experiment, a linear dose
calibration curve was established based upon an initial capacitance vs. dose measurement.
Then, on the same device, the gate voltage was changed to reset the capacitance to the
initial value before calibration. Then, the device was re-irradiated and the percent error
(defined as 100% × |measured dose – actual dose| / actual dose) in the measured dose
relative to the actual dose was determined. This experiment was performed for two separate
devices and the results are shown by the black squares in Figure 4-14.
In the inter-device experiment, a dose calibration curve was established on one device
and then a second (nominally identical) device was used as the dosimeter. In this
experiment, the gate bias was adjusted to match the initial capacitances of both devices
before irradiation. The percent error from these measurements was shown by red dots and
circles in Figure 4-14 and two pairs of devices were utilized. For all experiments,
measurements were performed under continuous radiation conditions up to 64 Gy. The
measurement error was found to be < 7% after 10 Gy and reduced to 1 % for accumulated
dose of 60 Gy. In the single device measurements, the residual error is likely due to
reduction of trapping efficiency with increasing dose. The slight change in gate voltage (<
0.1 V) between calibration and measurement is not expected to have a significant effect on
the measurement error [113]. In the device-pair experiments, geometric variations as well
as measurement noise could account for the observed sensitivity errors.
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Figure 4-15(a) shows the capacitance change vs. radiation dose up to 64 Gy with
substrate voltage Vsub = +1, +5 and +10 V. The increased sensitivity with increasing Vsub is
due to the higher charge fractional yield of holes in the BOX layer with increasing electric

Figure 4-15. (a) Capacitance change vs. dose under different substrate bias voltages.
(b). Capacitance vs. dose for Vsub = +10 V with low radiation dose. Device dimension:
Lg = 30 m, Wg = 40 m.
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field [18]. Assuming all electrons were swept out of the oxide, the percentages of holes
(relative to the number initially generated by the radiation) trapped in the BOX layer are
1.9%, 7.4%, 9.7% for Vsub = +1, +5, +10 V, respectively [114]. The low value could be due
to the high quality of BOX layer in the commercial SOI wafer, where only very limited
oxygen vacancies exist near the Si/SiO2 interface. However, this also indicates a large
space to improve the sensitivity by engineering the vacancy concentration in the BOX to
increase hole trapping efficiency [115]. Another possibility is that, in addition to trapping
holes, the BOX layer also traps a significant amount of electrons which compensates for
the positive trapped charge [116] [117]. More comprehensive experiments are needed to
distinguish between these two mechanisms. Figure 4-15 (b) shows a detailed portion of
device response at Vsub = +10 V for low dose levels from 0 to 8 Gy. The results show that

Figure 4-16. Comparison of capacitance vs. dose for one device when it was first
irradiated and when it was irradiated for 230 Gy. Device dimension: Lg = 30 m, Wg =
40 m.
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the current sensors have minimum detectable dose of ~ 0.1 Gy. However, this value is
limited by non-idealities in current measurement setup and we believe that significant
improvements in sensitivity are possible, as will be described in the next section.
The effect of dose history on the sensor response was also characterized. Figure 4-16
shows the capacitance vs. dose for a device irradiated under two conditions. The black
squares in Figure 4-16 show the capacitance vs. dose response of a device with no prior
radiation history. This device displays a sensitivity of 0.24 %/Gy, where we define
sensitivity as the percent capacitance change per unit dose. The red circles show the
response of the same device after it had accumulated a dose of 230 Gy. For this
measurement, the gate voltage was adjusted so that the starting capacitance was the same
for both measurements. In this case, the sensitivity was reduced to 0.20 %/Gy. This change
in sensitivity is likely due to saturation of hole traps in the BOX [118], which is consistent
with our previously published results [114].

4.5 Analytical model of FDSOI varactors
We have developed an analytical formalism to quantify the sensitivity limits of FDSOI
radiation dosimeters. Figure 4-17 shows the equivalent circuit model for FDSOI varactors,
along with a schematic diagram of the device structure showing the critical circuit elements.
In this model, Cov is the overlap capacitance between the gate and source/drain
electrodes, Rinv is the channel resistance, Cinv is the capacitance between the top gate and
the channel region between the source and drain and R0 is an additional extrinsic resistance.
If the total impedance of the circuit in Fig. 4-17 is Z, then for a given angular frequency,

,
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Since in a series model, Z  R  1/ jC , therefore C  1 /  ImZ , then we have:
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The value of Rinv is related to the charge density in the channel, Qinv, via

Rinv 

Leff
1 ,
4Wg Qinv

4-3

where Leff is the effective gate length, and  is the electron mobility. The factor 4 in
equation 4-3 comes from the length between gate and source/drain equals to 1/2 Leff, and

Figure 4-17. (a) Equivalent circuit model for FDSOI varactor. (b) Diagram showing
physical location of circuit elements.
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when source and drain electrodes are shorted together, the equivalent resistance reduced to
half of the gate to source/drain resistance.
The value of Cinv, by definition, can be expressed as
Cinv 

dQinv
Leff Wg ,
dVg

4-4

where Vg is the top gate voltage. Qinv is a function of both Vg and the radiation generated
charge, Qrad, and can be expressed as either
Qinv  qtinvni e





q V g V0  Qrad / C g' / kT

,

4-5

or
Qinv  Cg' Vg  Vth   Qrad ,

4-6

where, q is the electron charge, tinv is the thickness of the inversion layer, ni is the intrinsic
charge density of silicon, the V0 is the gate voltage at which the Fermi level in the channel
equals the intrinsic Fermi level. In addition, Cg’ = ox / (tox + tSi / 3) is the equivalent gate
capacitance per unit area in the back channel mode, and Cg = LeffWgCg’. The factor of 3
accounts for the approximate relative permittivity difference between Si and SiO2. When
Vg < Vth, the device is in the subthreshold regime, and then equation 4-5 applies. Conversely,
when Vg > Vth, the device is in inversion regime and the inversion charge is determined by
4-6. The different relations for Qinv come about due to the fact that, for Vg < Vth, the carrier
concentration in the channel is very low and the electric field lines from Qrad will terminate
on the top gate electrode. For Vg > Vth, the carrier concentration in the channel is high
enough to screen the electrical field lines from Qrad. Therefore, from equations 4-3 through
4-6 the total capacitance can be expressed as
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4-8

where, once again, equation 4-7 and 4-8 correspond to Vg < Vth and Vg > Vth, respectively.
The relations in equation 4-7 and 4-8 provide interesting insight into how the
capacitance change is occurring. In the subthreshold regime, the capacitance tuning occurs
entirely due to the change of Cinv, and in the limit of low frequencies defined by
(Leff2q/4kT)2 << 1, then C  Cov + Cinv. In the superthreshold regime, since Cg is a
constant, the total capacitance C is modulated by the change in the channel resistance Rinv.
Finally, we can relate Qrad to the dose [114] in an FDSOI device using
Qrad  8.1  1014 cm 3 / Gy  q  t BOX  f ,

4-9

where f is the percentages of holes, relative to the number initially generated by the
radiation, trapped in the BOX layer and tBOX is the BOX layer thickness. If we define
sensitivity as the percent capacitance change per unit dose, and we calculate the optimum
bias point for the maximum sensitivity. The optimum bias point was found at  2C / Cinv 2  0
and  2C / Rinv 2  0 at Vg < Vth and Vg > Vth, respectively. Since C  Cov + Cinv when Vg < Vth,
the optimum bias point is independent of capacitance. When Vg > Vth, the optimum bias
point occurs at
3
C  C ov  C g ,
4

and at the optimum bias point,
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When Vg < Vth, the maximum sensitivity is calculated by:
1 C
1 C Cinv Qinv Qrad ,

C Dose C Cinv Qinv Qrad Dose

4-12

C
1,
Cinv

4-13

Cinv q  Leff  Wg ,

Qinv
kT

4-14

Qinv q  Qinv ,

Qrad kT  C g

4-15

Qrad
 8.11014 cm 3  t Box  f ,
Dose

4-16

where

as a result:
1 C
Cinv
q 2 (tox  tsi / 3)
|max 
 tBox  f  8.1 1014 cm 3 / Gy .
C Dose
Cinv  Cov
 ox  kT

4-17

When Vg > Vth, the maximum sensitivity is calculated by
1 C
1 C Rinv Qinv Qrad ,

C Dose C Rinv Qinv Qrad Dose

4-18

where
2


Cg Cov
Cg Cov
C
1 
2
  Rinv  2

 2 Rinv 2


Rinv
Cg  Cov Cg 
Cg  Cov


,

4-19

4Wg Rinv ,
Rinv

Qinv
Leff

4-20

Qinv
 1,
Qrad

4-21

2
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finally, as a result:
1 C
|max 
C Dose

Cg
3
Cov  Cg
4

3q tox  t Si / 3
2 ox Leff

2

1

Leff
Lov

 t Box  f  8.1  1014 cm  3 / Gy ,

4-22

Figure 4-18. (a) Modeled and experimentally extracted inversion capacitance vs. gate
voltage at frequencies of 100 kHz and 100 MHz. (b) predicted Cinv vs dose at 100 kHz
compared to radiation experiment showing our model fit in the low capacitance regime.
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where Lov is the overlap distance between the gate or source/drain electrode, Cov = oxLovWg
/ (tox + tSi / 3).
Figure 4-18(a) shows a comparison of the modeled and experimentally extracted values
of Cinv vs. Vg at frequencies of 100 kHz and 100 MHz. At 100 kHz, the experimental data
is fit to the subthreshold model in 4-17. Excellent agreement is achieved at lower
capacitance values, though some deviation occurs at higher capacitance, due to the
transition between subthreshold and superthreshold operation where our simple analytical
formalism is less accurate. Figure 4-18(b) shows a detail of Cinv vs. dose on a semi-log
plot which show the initial exponential increase in capacitance vs. dose, which is in
agreement with the subthreshold model. At 100 MHz, we find that the model in 4-22 fits
the experimental data, indicating that at higher frequencies, the capacitance switching
occurs above threshold. This switching regime is likely to be useful for wireless sensors
due to the lower overall channel resistance. However, the sensitivity is lower compared to
the subthreshold operation.
The analytical formalism is particularly useful for evaluating the maximum sensitivity
of FDSOI varactor dosimeters. Figure 4-19 shows a plot of the maximum theoretical
sensitivity vs. frequency where the models in equation 4-17 and 4-22 have been used. For
these calculation the geometric parameters of the devices were the same as those shown in
Figure 4-12. At low frequencies, the maximum sensitivity occurs in the subthreshold mode
of operation and is independent of frequency as shown by the black dashed line. However,
as the frequency increases, at some frequency, the maximum sensitivity transitions to
occurring in the superthreshold regime. When this occurs, the maximum sensitivity
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decreases with further increase in frequency. The point at which this transition occurs,
depends upon many parameters, including the gate length, overlap capacitance, gate oxide
thickness and others.
The plot also shows the experimental sensitivity measured at 100 kHz. The
experimental sensitivity for this device (0.18 %/Gy) is much less than the theoretical
prediction. This difference can be attributed to two main effects. The first is the low f value

Figure 4-19. Maximum predicted sensitivity (in percent capacitance change per unit
dose) vs. frequency for an FDSOI varactor in the subthreshold (black) and strong
inversion (red) limits. The solid blue symbol shows the current device performance
and the open symbols show expected improvements with improved f value and parasitic
capacitance optimization. Further improvement is possible with increased BOX
thickness and decreased gate length.

in 4-9 and if this value could be increased to near 100%, the sensitivity could increase by
a factor of 10x. The second effect is the substantial overlap and parasitic capacitance in our
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devices. Once again, optimizing this value, for instance by utilizing a self-aligned process
and an insulating substrate, another factor of 10x in sensitivity could be achieved. This
sensitivity metric only applies to capacitance-based dosimeters. In order to compare with
other dosimeters, additional studies are needed to determine the minimum capacitance
change that can be measured. Assuming 1 fF capacitance resolution with 10 pF total
capacitance and f = 50%, the minimum detectable dose is 5 × 10-4 Gy, which is in the same
order of RADFET [119].
Finally, the plot also shows that the sensitivity can be increased by increasing tBOX,
provided that the substrate bias can be scaled sufficiently to maintain constant f. The ability
to increase sensitivity by increasing the radiation collection layer thickness is a unique
advantage of the FDSOI approach. For instance, increasing the oxide thickness does not
increase sensitivity in conventional MOS-based capacitor dosimeters, due to the trade-off
between overall capacitance and charge collection volume. Furthermore, for highfrequency operation, the sensitivity can be increased by decreasing the lateral dimensions
of the device. Such optimization would be important for wireless dosimeters where
maintaining high Q-factor as well as high sensitivity would be important.
The effect of substrate was ignored in our analytical model. The substrate will add
another parallel parasitic capacitance, and including this effect will provide a more
comprehensive analysis. Finally, the frequency dependent response of radiation generated
traps was not included in this study. The behavior of switching states near the Si/SiO2
interface [120], especially border traps, on different time scales and bias points may change
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the shape of the C-V characteristics, changing the optimum bias point and sensitivity of
the dosimeter. This effect should also be taken into account for practical designs.

4.6 Simulation and optimization of FDSOI varactors
4.6.1 Requirements of FDSOI varactor for wireless sensing
In order to utilize FDSOI varactor as part of the LC resonant circuit for wireless sensing,
a few requirements need to be achieved.
First, the threshold voltage of the device needs to be about 0 V. Since no top gate bias
will be applied in wireless operation and the device will work at the threshold region, where
the capacitance is sensitive to bias, 0 V threshold voltage will make sure the capacitance
changes immediately upon irradiation. In order to achieve this, a gate metal with proper
work function needs to be selected for a specific device design. Second, the device needs
to have relatively large overall capacitance. A large capacitance will increase the signal to
noise ratio and capacitance tuning range of the device. Both of them will increase the
sensitivity, which is critical for small dose detection. This could be achieved by fabricating
devices with a large gate area. Third, the device needs to have a high Q-factor. The Qfactor plays an important role for wireless sensing as the higher the Q-factor, the more
accurate the measurement [95]. The Q-factor can be calculated by

L / C / R . Since the

changing of inductance and capacitance in the circuit will change the resonant frequency,
which is usually tuned in a specific range, the best way to increase the Q-factor is to reduce
the resistance in the circuit. The intrinsic resistance is usually high at the threshold region,
which will dominate the total resistance in the circuit. In order to reduce the intrinsic
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resistance of the FDSOI varactors, a multi-finger design needs to be utilized, as shown in
Figure 4-20. The key point of this structure is that the dimension of each fingers is small
while the number of finger is large. Since the fingers are parallel to each other, the total
capacitance is preserved while the overall resistance is reduced.

Figure 4-20. Illustration of multi-finger design of FDSOI varactors.

4.6.2 Device optimization
In order to determine the design space for the FDSOI varactors, Synopsys Sentaurus
DeviceTM was utilized to calculate the total input impedance from the gate to the S/D
electrodes (which were shorted together) for a single finger device. The default device
parameters are listed in Table 4-1. The SOI thickness, tSi, was 6 nm and the equivalent
gate oxide thickness was 1.6 nm. These values are achievable using state-of-the-art thin
SOI technology [121]. Additional parameters are listed in Table 4-1, which includes
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estimations of the parasitic resistances associated with the narrow gate fingers and the
metal-semiconductor contact resistance. The gate electrode was assumed to be a metal
gate where the work function was used as an adjustable parameter.

Symbol

Quantity

Default Value

EOT

Equivalent oxide thickness

1.6 nm

NA

Channel p-doping

1015 cm-3

ND

Source/drain n-doping

1020 cm-3

tBOX
Rc

BOX thickness
S/D contact resistance

Rg

Sheet resistance at gate

200 nm
100 Ω-m
10 Ω/sq.

Wg

Gate finger length

N

Number of gate fingers

3 m
1000

f

Nominal frequency

109 Hz

Table 4-1. Nominal FDSOI varactor simulation parameters

The extrinsic resistances associated with the contacts, Rcontact, and the gate metal, Rgmetal,

were added afterward. For an intrinsic channel resistance from the TCAD, Rintr, then

the total resistance, Rtot, can be calculated as
Rtot  Rintr  Rcontact  Rg metal ,

4-23

where
Rcontact 

Rc
,
2 Wg  N

4-24

and,

Rg metal 

Rg Wg
Lg  N

.

4-25

Figure 4-21 shows the design trade-off of the finger length for a device with tsi = 20
nm. Figure 4-21(a) shows the Cg vs. Vg for a single finger device with finger length equals
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to 100 nm, 200 nm and 400 nm. Figure 4-21(b) shows the intrinsic resistance vs. Vg of such
devices. Figure 4-21(c) shows the calculated Q-factor for such devices with 1000 fingers.
Q-factor of a capacitor is calculated by 1/2πfRC, where R is the total resistance and C is
the total capacitance at a certain gate voltage respectively. Longer finger length results in

Figure 4-21. (a) Cg vs. Vg for a single finger device with finger length equals to 100 nm, 200 nm
and 400 nm. (b) The intrinsic resistance vs. Vg of such devices. (c) Calculated Q-factor for such
devices with 1000 fingers.

higher a capacitance tuning range while having higher resistance. As a result, the Q-factor
is smaller for longer finger length devices.
Figure 4-22 shows the percent capacitance change vs. Dose (Figure 4-22-a), resistance
vs. Dose (Figure 4-22-b) and Q-factor vs. Dose (Figure 4-22-c) for a 200-nm finger length

Figure 4-22. (a) Percent capacitance change vs. Dose. (b) Resistance vs. Dose. (c) Q-factor vs.
Dose for device with finger length = 200 nm and Tsi = 10 nm, 20 nm and 40 nm with 15%
charge collection efficiency and optimized threshold voltage.
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device with tsi equals to 10 nm, 20 nm and 40 nm, assuming 15% charge collection
efficiency with optimized threshold voltage. A thinner silicon layer provides a higher
capacitance tuning range due to the higher silicon layer capacitance. However, the
resistance is higher and the Q-factor is therefore smaller.
Figure 4-23 shows the optimization of gate metal work function of a device with a 200
nm finger length and 20 nm Tsi. Using a different work function metal will change the
threshold voltage of the device (a). As a result, the capacitance change under irradiation
will also be different (b). The change of capacitance will be measured as a frequency
change for wireless sensing (c).

Figure 4-23. (a) Percent capacitance change vs. Dose. (b) Resistance vs. Dose. (c) Q-factor vs.
Dose for device with finger length = 200 nm and Tsi = 10 nm, 20 nm and 40 nm with 15%
charge collection efficiency and optimized threshold voltage.

Based on optimized structure, the Q-factor of the varactor can be calculated as 1/2πfRC,
where R is the resistance, C is capacitance of the varactor and f is the working frequency.
Figure 4-23 shows the Q-factor as a function of radiation dose. Overall, a trade-off exists
for the optimization of finger length and SOI thickness. However, with proper design, a
large frequency tuning (0.46%/Gy) and a large Q-factor (>20 at 1 GHz) could be achieved,
making FDSOI device promising for wireless radiation sensing applications.
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Figure 4-24. Estimated Q-factor as a function of radiation dose at 1 GHz with optimized
design parameters.

It is worth mentioning that the calculated Q-factor is for the varactor only instead of
LC circuit. Since the inductor will also have its own Q-factor, the overall Q-factor will not
exceed the smaller value of those two Q-factors separately. The overall Q-factor for
wireless sensing needs to be estimated when the wireless radiation dosimeter is fabricated,
as discussed in later sections.
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Chapter 5: Passive wireless sensing using FDSOI devices
5.1 Theory of wireless sensing
As mentioned in the second chapter, once a passive LC resonant circuit is formed with
a FDSOI varactor and an inductor, the radiation will change the resonant frequency of this
circuit. In order to obtain the radiation information, a wireless reading technique needs to
be developed. The theory of wireless readout for a passive LC circuit was explained in
detail in [95]. For the integrity of this thesis, it is briefly described again here.

Figure 5-1. Equivalent network of the inductively couple sensor system.

Figure 5-1 shows the equivalent network of an inductively coupled sensor system. The
left part of the system is the reading circuit, which consists of a reading inductor with
inductance L1 and an extrinsic resistance R1. The right part is the sensing circuit which has
a varactor C2 and a sensing inductor L2 with extrinsic resistance R2. The sensing inductor
and reading inductor are inductively coupled with a mutual inductance M. If the voltage
and current in the reading circuit are V1 and I1, andthe voltage and current in the sensing
circuit are L2 and R2, and the AC signal in the circuit has a frequency f, then:
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V1  R1 I1  j 2fL1 I1  j 2fMI 2 ,

5-1

V2  R2 I 2  j 2fL2 I 2  j 2fMI 1 ,

5-2

M  k L1 L2 ,

5-3

and

where k is the geometry-dependent coupling coefficient with a value between 0 and 1. Also
in the sensing circuit, we have

I 2   j 2fC 2V2 .

5-4

Therefore the equivalent input impedance Z1 measured from the reading circuit can be
derived from 5-1 to 5-4 as:

Z1 

V1
 R1  j 2fL1 
I1

(2f ) 2 M 2
1
R2  j (2fL 2 
2fC 2

.

5-5

If we define

f2 

1

,

5-6

L2
,
C2

5-7

2 L2 C 2

Q2 

1
R2

where Q2 is the Q-factor and f2 is the resonant frequency of the sensor circuit. The real part
of the total impedance can be derived from 5-5 as

ReZ1   R1 2fL1k 2 Q2

f / f2
.
1  Q ( f / f2  f2 / f )2
2
2

5-8

The resonant frequency fmax can be obtained from the maximum of Re{Z1} with respect to
f2 ,
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f max 

2Q2
4Q22  2

f2 .

5-9

If Q2 is large, then fmax ≈ f2. So if by using an impedance analyzer to measure the resistance
vs. frequency from the reading sensor, the resonant frequency can be found at the peak
resistance.

5.2 Device design and fabrication
5.2.1 Overview
The Q-factor plays an important role for wireless sensing as the higher the Q-factor,
the more accurate the measurement [95]. The Q-factor can be calculated from
Q2 

1
R2

L2
,
C2

5-7. Since changing the inductance and capacitance in the circuit will

change the resonant frequency, which is usually tuned in a specific range, the best way to
increase the Q-factor is to reduce the resistance in the circuit. For radiation sensing, the
FDSOI device operates at the transition region between “off” and “on” states, where the
resistance value is usually high, therefore the intrinsic resistance of the device will
dominate the total resistance in the circuit. In order to reduce the intrinsic resistance of the
FDSOI varactors, a multi-finger design was utilized, as shown in Figure 4-20. The key
point of this structure is that the dimension of each finger is small while the number of
fingers is large. Since the fingers are parallel with each other, the total capacitance value is
large while the overall resistance is reduced.
The fabrication process for multi-finger varactors is similar to the process of singlefinger varactors and can be found in chapter 3. However, since the dimensions of each
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finger in the multi-finger design is much smaller than single-finger devices and the overlap
region between gate and S/D needs to be reduced to reduce the parasitic capacitance,
electron beam lithography (EBL) was utilized in the fabrication. Also, the threshold voltage
of the device needs to be adjusted to around 0 V, since for wireless sensing, no external
voltage can be applied from the top gate. A different gate metal was used to adjust the
threshold voltage.

5.2.2 Electron beam lithography
One of the first challenges to fabricate small FDSOI varactors using EBL is to create
alignment marks, which is the first layer of device fabrication. Since all the subsequent
layers will be aligned to the alignment mark, it is important to make the marks with sharp
edges and high contrast. The easiest way is to deposit a metal layer as alignment marks, for
example, Au. However, this will not work for FDSOI device fabrication since the
subsequent steps involves high temperature process, for example, activation and gate oxide
growth. At high temperature, metal tends to melt or diffuse into other materials, which will
degrade the device performance and contaminate fabrication facilities.
Another way is to create deep trenches as alignment marks. Since the sample has a
stacked layer of silicon and SiO2, the trench needs to be deep to have enough contrast. A
typical thickness is about 1 µm. Therefore, an etching process needs to be developed to
etch through a few layers of silicon and SiO2. The etching process used in this work is as
follows. To begin with, a thick layer (~ 800 nm) of PMMA is spin-coated to act as a soft
mask and pattern the alignment marks using EBL. The PMMA layer needs to be thick
enough to survive the subsequent etching steps. Then, the sample is dipped into 10:1 BOE
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solution for about 15s to etch away the top screen oxide. Then a combination of C4F8, SF6
and O2 plasma gas was used to etch away the exposed 30 nm SOI layer. This etching has a
good selectivity for silicon over SiO2, and it will stop at the BOX layer. After that, CF3
plasma gas can be used to completely etch away the exposed 200 nm BOX layer. Last, the
same method that etches the SOI layer to etch another at 800 nm into the Si substrate. These
will result in about a 1 µm deep trench which can be used for alignment marks. Figure
5-2(a) illustrates the etching of different layers and Figure 5-2(b) shows the profilometer
measurement indicating a 700 nm deep trench was successfully created.
In order to have good lift-off for small features, P(MMA/MAA) (poly methyl
methacrylate/methacrylicacid) / PMMA (poly methyl methacrylate) bi-layer resist was
used in the lithography process for metal depositions. Because of the lower molecular
weight of P(MMA/MAA), it has a lower clearing dose compared to PMMA. As a result,
an undercut profile will form after developing which prevents deposition of metal on the
side walls of the resist and gives good lift-off [122].

Figure 5-2. (a) Etching of different layers. (b) Profilometer measurement indicating a 700 nm
deep trench was successfully created.
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5.2.3 Threshold voltage adjustment
As can be seen in Figure 4-8, the threshold voltage of single-finger FDSOI varactors
was about -1 V. In order to detect radiation efficiently the device has to operate around a
threshold voltage where the capacitance changes abruptly as a function of gate potential.
However, in wireless sensing applications, no external gate bias can be applied, therefore
the threshold voltage of the device need to be adjusted to around 0 V. The threshold voltage

Figure 5-3. (a) Optical image of a 120-finger FDSOI varactor with Lg = 4 µm and W = 3 µm
for each finger. (b) Cg vs. Vg characteristic of 4 identical devices indicating the threshold
voltage was around 0 V with small device to device variability.

of the MOSFET can be adjusted by either changing the gate oxide thickness, changing the
doping level in the channel, or changing the gate metal work function. For FDSOI varactors,
the channel is lightly doped to obtain fully-depleted condition while the gate oxide is kept
as thin as possible to get high sensitivity. Therefore, the only practical way to change the
threshold voltage is to adjust the gate work function. Therefore, for multi-finger varactors,
a high work function metal, Pd, was used as the gate metal. Figure 5-3(a) shows the optical
image of a 120-finger varactor with 4 µm gate length and 3 µm width for each finger.
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Figure 5-3(b) shows the Cg vs. Vg characteristic for 4 identical devices, and as can be seen,
the threshold voltage was near 0 V with small device to device variability.

5.3 Device characterization
A 3-µm gate length device was used to characterize the wireless sensing capability.
The FDSOI varactor was mounted on a header and wire-bonded to a hand-wound inductor
to form an LC resonant circuit. A second hand-wound inductor was then closely positioned
to the sensing inductor and connected to an impedance analyzer. The impedance of the
readout inductor was then monitored vs. frequency to determine the resonant frequency,
fres, of the LC circuit. A key challenge for wireless radiation dosimeters is the fact that very
little radiation-induced charge is trapped when the substrate bias, Vsub = 0. Therefore, a
positive substrate bias needs to be applied in order to increase the fractional yield and
achieve reasonable sensitivity. This requirement is not inconsistent with passive sensing,

Figure 5-4. (a) “Partially wireless” measurement setup, where the substrate bias is supplied
using an external power supply. (b) “Fully wireless” measurement setup there the substrate bias
is supplied using a supercapacitor. In this configuration, the supercapacitor is mounted locally,
in close proximity to the varactor.

since the substrate bias does not dissipate any power, and so could be achieved using a
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simple charge storage device such as a supercapacitor or electret. In our initial
measurements, the wireless dosimeters were tested using a “partially wireless”
configuration (Figure 5-4(a)) where a voltage source was used to provide the substrate bias.
However, in later experiments, a supercapacitor was utilized to create a “fully wireless”
sensor (Figure 5-4(b)), and results from both configurations are provided in this thesis.
Initially, the stand-alone varactors were characterized using the impedance analyzer.
The total impedance and phase angle was measured from the impedance analyzer and the
varactor capacitance and resistance can be determined from the imaginary and real part of
the impedance. As shown in Figure 5-5(a), the gate capacitance, Cg, vs. the gate voltage Vg,
(relative to the source/drain electrodes) was measured under different substrate bias Vsub
values from 0 V to +6 V (for clarity, curves with Vsub = 0, +2, +4, +6 V are shown in the
figure). As Vsub increased, the Cg vs. Vg curve shifted leftward parallel, as expected. The
substrate bias mimics the effect of radiation, since the substrate bias has the same effect on

Figure 5-5 (a) Cg vs. Vg characteristics at Vsub = 0, +2, +4, +6 V. (b) equivalent series resistance
vs. Vg at same Vsub. Measurement frequency: 60 MHz.
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the device capacitance as trapped charge in the BOX layer. The data in the figure shows
that the device has been correctly tuned so that the capacitance at Vg = 0 (zero top-gate bias)
will increase if charge is trapped in the BOX upon exposure to radiation. Figure 5-5(b)
shows the varactor resistance of the device vs. Vg at different Vsub. The resistance is used
to analyze the Q-factor of the device, as discussed later.
The device was then connected to the inductor and measured using the “partially
wireless” setup. In order to verify the basic wireless sensor operation, the measurements
were performed for different substrate bias values before any radiation was applied. Figure
5-6(a) shows the read inductor resistance vs. frequency for Vsub = 0 to +6 V. The resonant
frequency was extracted by fitting the read inductor resistance vs. frequency data using a
parabolic function, and the frequency that gives the highest resistance was defined as the
resonant frequency. It is observed that the resonant frequency decreases, consistent with
expectations, since f res  1 / 2 LC , and the capacitance, C, increases with Vsub at Vg = 0 V,
as shown in Figure 5-5(a). Figure 5-6(b) shows the resonant frequency (extracted from

Figure 5-6 (a) Read inductor resistance vs. frequency for Vsub = 0 to 6 V. (b) Resonant frequency
(extracted from Fig. 4(a)) vs. the capacitance at Vg = 0 V and Vsub = 0 to 6 V.
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Figure 5-6(a)) vs. the capacitance (at Vg = 0 V) from Vsub equals 0 to +6 V, further
confirming this trend. Taking into account the parasitic component of the sensor, the
resonant frequency should be determined by

f res  1/ 2 L  (Cvar  C par )

, where Cvar is the

variable capacitance, which is a function of Vsub (in this set of measurements) or radiation
dose (in actual radiation experiment), Cpar is the parasitic capacitance and L is the
inductance of the sensor inductor. Cpar and L have fixed values and can be extracted by
fitting the frequency vs. capacitance data in Figure 5-6(b). For this device, it is found that
Cpar was about 5.3 pF and L was about 830 nH.
The Q-factor can be estimated in two ways. In an LCR circuit,

Q

L/C / R ,

where

R is the total resistance in the circuit. The Q-factor can also be measured from the read
inductor resistance vs. fres shown in Figure 5-6(a).

Q  f res / f FWHM , where ∆fFWHM is

Figure 5-7. Estimated Q-factor at different Vsub.
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the half

maximum bandwidth [95]. Figure 5-7 shows the Q-factor at different Vsub, where Qmeasure
was extracted from Figure 5-6(a) and Qcalculate was calculated by assuming the varactor
resistance dominates the total resistance and total capacitance is the sum of Cvar and Cpar.
The overall trend of Q-factor vs. is consistent with previous simulation results [101], even
though the Q is much smaller due to larger gate length and less fingers compared to
simulation. The difference of between Qcalculation and Qmeasure could be due to the
measurement error of varactor resistance. At the measurement frequency (60 MHz) the
Im{impedance} is much larger and Re{impedance}, small error of phase angle could lead
to noticeable change of R.

5.4 Experimental results
For all radiation experiments, the devices were irradiated and measured in real time
using a commercial GammaKnife Co-60 clinical therapy unit, where a special mount was
fabricated to allow the varactors to reside at the center of the focused radiation spot. The
accuracy of the device positioning in the beam was confirmed using radiochromic film
(Gafchromic™ EBT2, Ashland, Inc.). When the device was irradiated, the device in the
mounting assembly was moved into focus of the beams by the movement of the patient
couch. The device was first measured as a varactor to confirm the capacitance change under
radiation and then connected with sensor inductor and measured wirelessly. During the
experiment, the real part of the read inductor impedance (i.e. the resistance) was measured
using a continuous frequency scan with a repetition rate of 10 seconds.
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Figure 5-8. Picture of experimental device with the read inductors closely coupled with
sense inductors

Figure 5-8 shows a picture of the experimental device with read inductor closely
coupled with the sense inductor. The experimental varactor has 4-µm gate length and 120fingers. Figure 5-9 shows the Cg vs. Vg characteristic of the device at different Vsub from 0
V to +10 V. Similar to the 3- µm gate length varactor, the capacitance at Vg = 0 V was
modulated by Vsub. This indicates that the capacitance will also be modulated by irradiation
and was further confirmed by measuring the FDSOI device as a single varactor under Co60 irradiation. It was found that the capacitance changing rate was about 1.4 fF/Gy at a
substrate bias of Vsub = +5 V. This sensitivity was used to compare with the wireless
measurement result, as will be discussed later.
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Figure 5-9. Cg vs. Vg characteristic of the experimental device under different Vsub.

Next, the “partially wireless” test setup in Figure 5-4(a) was used to determine the
resonant frequency shift under Co-60 irradiation at Vsub = +5 V. Figure 5-10(a) shows the
read inductor resistance vs. frequency at different radiation doses up to 80 Gy. Clearly a
leftward shift of the peak resistance is observed with increasing dose, consistent with
increased capacitance, as expected. Figure 5-10(b) shows the extracted resonant frequency
vs. dose during radiation, while the inset shows the resonant frequency before and after
radiation. Only a minimal amount of drift is observed without radiation, while a linear
change in resonant frequency is observed with radiation with a measured sensitivity of 2.53 kHz/Gy. The change in the resonant frequency is consistent with the capacitance
change described earlier, as shown in Figure 5-10(b). The blue line shows the predicted
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resonant frequency vs. dose. Overall, the measured resonant frequency change matches
with the prediction reasonably well.

Figure 5-10. (a) Read inductor resistance vs. frequency at different radiation dose. (b)
Measured resonant frequency vs. dose compared with model using a substrate power
supply bias of Vsub = +5 V. The sensitivity is 2.53 kHz/Gy. Inset: Resonant frequency
vs. time before and after irradiation showing good stability without radiation.
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Using an external power supply to provide the substrate voltage is not preferred in
practical applications because of its large size and also it will diminish the advantage of
wireless sensing. However, as mentioned previously, since the substrate bias is
dissipationless, the power supply can be replaced by a simple charge storage device, such

Figure 5-11. (a) Read inductor resistance vs. frequency at different radiation dose for
supercapacitor substrate bias of Vsub = +2.6 V. (b) Resonant frequency vs. radiation dose
showing sensitivity of 2.02 kHz/Gy.
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as a supercapacitor. We therefore used a 2 mm × 3 mm × 1 mm size supercapacitor (11
mF) as shown in Figure 5-4(b), and repeated the measurement sequence. The
supercapacitor provided a constant substrate voltage of +2.6 V, and this bias value was
verified before and after irradiation. The results using this “fully wireless” configuration
are shown in Figure 5-11. Similar to the results in Figure 5-10, the read inductor resistance
vs. frequency curve shifted leftward as irradiation was increased (Figure 5-11(a)), resulting
in a linear decrease of resonant frequency vs. radiation dose as shown in Figure 5-11(b).
The slightly lower sensitivity of -2.02 kHz/Gy, is consistent with the lower substrate bias
provided by the supercapacitor (Vsub = +2.6 V) compared to the power supply (Vsub = +5.0
V).
The non-optimized design of our current sensors offers considerable opportunity for
sensitivity improvement through design optimization. The sensitivity in our devices is
limited by two main factors: (1) the high ratio of parasitic capacitance to variable
capacitance and (2) the low charge collection efficiency of the BOX layer. Regarding (1),
utilizing a self-aligned process can eliminate the gate overlap capacitance with the
source/drain implants. Furthermore, by moving to a monolithic design on an insulating
substrate, where the inductor and varactor are integrated onto the same chip, the parasitic
capacitance associated with the large bond pads and chip header could be eliminated. This
on-chip component integration would also greatly reduce the final size of the sensor, which
could be beneficial for clinical use. Concerning issue (2), we showed previously that our
devices have relatively low hole collection efficiency (~ 7%) at Vsub = 5 V [114]. Therefore,
the possibility exists to increase the charge collection efficiency of the BOX layer [117].
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Our calculations indicate that the combined effect of each of these optimizations could
increase the sensitivity by as much as 50×.
An additional method of enhancing the sensor performance is to increase the Q-factor,
since the minimum detectable dose change can be improved with higher Q. For the “fully
wireless” configuration, Q was only ~ 8 and we believe this is due to several non-idealities,
including the large gate length of our devices which increases their intrinsic resistance, as
well as extrinsic effects such as solder resistances. Our previous calculations [114] have
shown that much higher Q values can be achieved by utilizing multi-finger devices with
sub-micron gate lengths, and monolithic integration should minimize resistance associated
with the resonator assembly. The accuracy of the device could be increased by
implementing more sophisticated wireless readout techniques.

5.5 Device integration with small size
The demonstrated passive wireless sensing was conducted using an FDSOI varactor
connected with a hand-wound inductor. Since commercial inductors and capacitors with
small size are available, it is possible to integrate the radiation dosimeter with smaller
components and make it more compact.
Figure 5-12(a) shows the integrated device. Two small 560 nH inductors were used as
sense and read inductors and closely placed to each other. A 6.2 pF capacitor was connected
with the sense inductor as a parasitic capacitance to adjust the resonant frequency. The
FDSOI varactor, sitting on a supercapacitor was also connected with the parasitic capacitor
and sense inductor to complete the LC resonant circuit. The connections were made using
re-flow soldering and wire bonding. The whole device was positioned on a quartz substrate
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to minimize unwanted parasitic elements. The total size of the device was 2.8 mm × 6 mm
× 2.5 mm. Figure 5-12(b) shows the resistance and phase angle of the read inductor as a
function of frequency. A resonant peak can clearly be seen in the figure and the resonant
frequency was about 80 MHz, as expected (the varactor capacitance was about 0.75 pF and
with 6.2 pF capacitor and 560 nH inductor, the expected frequency was around 80 MHz).
To date, a radiation experiment using this compact device has not been conducted but is
planned in the near future.

Figure 5-12 (a) Integrated device with commercial inductor and capacitor. (b) Wireless readout
result of the device at left.
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Chapter 6: Conclusion and future work
6.1 Conclusion
Radiation cancer therapy is one of the most important methods of cancer treatment.
The goal of radiation therapy is to apply maximum amount of dose to the tumor region
while applying minimum amount of dose to the normal tissues. Being able to measure
radiation dose accurately is critical for radiation therapy because it will ensure that
radiation is properly delivered to the tumor region as planned. In my dissertation, a passive
wireless radiation dosimeter for cancer therapy based on FDSOI technology was proposed
and realized through the following steps.
First the radiation response of FDSOI MOSFETs over a wide range of therapeutic Xray beam energies, angles, dose ranges and applied substrate voltages were characterized.
Results show that the threshold voltage shift under radiation was independent of X-ray
energies and incident angles. The response was reliable over large dose ranges for radiation
therapy and applied substrate voltage could improve the sensitivity of the device. The
charge collection efficiency was calculated from both TCAD simulation and an analytical
model to evaluate the radiation effect quantitatively. Based upon the experimental results,
the design of passive wireless sensors using FDSOI varactors was proposed.
Then the fabrication process of FDSOI varactors was developed at the University of
Minnesota. CV and IV and TCAD modeling were used to fully understand the device
characterization. The capacitance based sensing of Co-60 gamma radiation was
demonstrated using FDSOI varactors. The devices showed good linear response of
100

capacitance change upon irradiation with small variability and encouraging accuracy. An
analytical model was developed to further understand the device response under irradiation.
Based on the analytical model, the optimal working condition at different frequencies was
discussed and a guideline of improving the device sensitivity was provided. TCAD
simulation was also conducted to optimize the design space of FDSOI varactors for
wireless sensing.
Last a multi-finger design of FDSOI varactors with improved Q-factors and threshold
voltage adjustment method for wireless sensing were proposed. 120-finger varactors with
0 V threshold voltage were fabricated using electron beam lithography with small device
variability. An impedance measurement setup was built in a clinical environment.
Completely passive wireless radiation sensing was demonstrated using FDSOI varactor
and the device showed good linearity of resonant frequency change under radiation with a
sensitivity of 2.02 kHz/Gy. The possibilities to improve the performance of device were
discussed. Overall, the results show that FDSOI technology has the potential to realize an
ultra-small, passive wireless radiation dosimeter for in vivo radiation cancer therapy with
high sensitivity and accuracy.

6.2 Proposed future work
6.2.1 Further development of FDOSI radiation dosimeter
Even though passive wireless sensing was demonstrated in this dissertation, a
significant amount of work remains to make the device suitable for clinical application. I
would like to propose my ideas for short term improvement and long term development.
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In the short terms, the performance of the device needs to be improved from at least
three aspects, i.e. the sensitivity, the minimum detectable dose and the size of the device.

Figure 6-1. SEM image of the gate-level metal deposition of a 1000-finger varactor
with Lg = 200 nm

The current sensitivity of the device is limited by (1) its low ratio of varactor
capacitance to overall capacitance and (2) low charge collection efficiency. The first one
could be addressed by increasing the number of fingers in one device while decreasing the
parasitic capacitance of the device. As mentioned in the last chapter, the parasitic
capacitance could be reduced by using a thicker BOX, insulating substrate and monolithic
design.
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The minimum detectable dose is limited by a low Q-factor and noise in the
measurement due to non-ideal reading technique. Q-factor can be improved by fabricating
a device with smaller gate length and more fingers and more sophisticated reading
technique, for example phase lock method could be utilized in wireless sensing. Figure 6-1
shows the SEM image of the gate-level metal deposition of a 1000-finger varactor with Lg
= 200 nm. In order to fabricate varactor with large number of fingers and small gate length,
some lithography difficulty needs to be overcome, to prevent shorting from each finger.
The final dosimeter will consist of three parts: the FDSOI varactor, the inductor and
the supercapacitor. The size of the varactor can be very small due to high capacitance per
unit area of FDSOI devices and modern CMOS fabrication technique. The size of the
device is mostly likely limited by the inductor and supercapacitor. Currently the inductor
was hand-wounded and has a large size. However, on chip inductors could be fabricated

Figure 6-2. Proposed structure of final dosimeter. Size: 2 mm3 Graph by: S. Koester.
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and monolithic integration of the device could be utilized to significantly reduce the size.
The size of the supercapacitor used in the experiments was about 2 mm * 3mm * 1mm.
Commercial solid state batteries with much smaller size are available and can be used to
provide the substrate bias [123]. The final size of the integrated device should be able to
achieve sub 2 mm3. Figure 6-2 shows a proposed structure of final dosimeter.
In the long term, given the size of the device can be reduced, proper packaging method
needs to be developed to protect the device form environmental factors, such as moisture.
It is well known that radiation could cause degradation for CMOS [124], even though the
dose for radiation therapy is small, it is important to test the reliability of the device
throughout the whole radiation therapy. Also silicon based device are known to have some
stability issues due to temperature variation [125] and bias [126]. Therefore, the stability
of the device over time of a course of radiation therapy also needs to be tested. After that,
the device will be ready for in vivo test and animal studies.

6.2.2 Radiation dosimeter based on two-dimensional materials
Even though FDSOI structure provide unique advantages to measure radiation
wirelessly, some intrinsic design trade-offs and disadvantages exist and may limit its
application for radiation sensing. For example, fundamental trade-off exists between
sensitivity and Q-factor for the dosimeter. In order to get high sensitivity, the silicon
channel thickness needs to be as thin as possible. On the other side, the thinner channel,
the higher resistance in the device, as a result, the Q-factor will be lower. Also, SiO2/Si
interface can trap charge but it under goes some slow annealing process and the charge will
be lost as time goes by [127], [128]. The rate of this annealing process dependents on
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temperature, stress, bias, process and so on and is difficult to control. This may not
significantly influence the operation for radiation therapy because of the short time range
but makes it difficult to use FDSOI device to detect low radiation dose at relative large
time scale, for example, in occupational dosimetry applications[129]. Moreover, since the
SOI wafers are purchased from vendors, less flexibility exists to engineer the wafer and
change its property, except doing some high temperature annealing or implantation. It
would be great if engineers have the freedom to create customized substrate and make them
radiation sensitive.
The discovery of 2-dimentional materials, for example grapheme [130], [131] and
transition metal dichalcogenides (TMD), such as MoS2 [132] and WSe2 [133] has expended
people’s understanding about materials and provided unique electrical properties. For
example, grapheme has semi-metallic characteristics and extremely high mobility [134].
TMDs’ have tunable band gap depending on their number of layers [135]. Numerous
potential applications exist for those material such as high frequency RF devices [136],[137]
and flexible electronics [138].
Two-dimensional materials also provide new opportunities for radiation sensing and
can overcome some of the disadvantages of FDSOI devices. For example, because of the
semi-metal property and quantum capacitance of grapheme, it is possible to realize a
grapheme varactor for wireless sensing with extremely high Q factors. Wireless vapor
sensing using grapheme varactors has been demonstrated [139], and it is possible to apply
the same technique to radiation sensing. Also, MoS2 has a band gap of about 1.8 eV and
can be utilized as a channel material for varactors. One unique advantage of such 2105

dimesional materials is that their flexibility. Since they can be made through chemical
vapor deposition (CVD) [140], they can be transferred on almost any substrates. This
provides a new dimension for engineering and customizing the substrate to make it more
sensitive to radiation.
I would like to propose one new device structure which can potentially expend the
application of such radiation dosimeters. Figure 6-3(a) shows the structure of the device.
Similar to FDSOI varactors, it also has two components, the top varactor and the charge
trapping substrate. Different from FDSOI varactors, the top varactor channel is made with
2-dimensional material, such as grapheme and MoS2. The charge trapping substrate has
stacked layers of 20-nm Al2O3, 20-nm Si3N4 and 300-nm SiO2 from top to bottom. Figure
6-3(b) shows the band alignment of the charge trapping substrate. As can be seen form the
figure, Al2O3 and MoS2 have large band gap, about 9 eV and 8.9 eV respectively while
Si3N4 has relative small band gap about 4.5 eV and is sandwiched between Al2O3 and MoS2.
Once radiation is absorbed, it creates electron-hole pairs in the thick SiO2 layer and if small
electrical field exists from SiO2 to Si3N4 layer, the holes will transport towards the Si3N4.
Once they reached the Si3N4, the holes will be permanently trapped in that energy well and
will change the characteristics of top varactor. Specifically, for grapheme device, the
trapped charge will electronically dope the grapheme and change its quantum capacitance;
for MoS2 device, the trapped charge would turn the device from “off” to “on” state and the
top gate capacitance will be changed. This change of capacitance can be measured directly
from CV measurement, or transferred as a frequency signal and measured wirelessly. The
advantage of such structure is that it creates physical traps for holes and can potentially
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trap the holes for very long time [141]. Such device could be suitable for occupational

Figure 6-3. (a) Proposed new device structure of radiation dosimeter. The channel is
made with 2-dimensional materials. The substrate has a stacked layers of 20 nm Al2O3,
20 nm Si3N4 and 200 nm SiO2 as charge trapping layer. (b) Band alignment of the
charge trapping layer. Due to its energy well structure, radiation generated holes will
be trapped in the Si3N4 layer permanently
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dosimetry where radiation dose is measured in a relatively long time range. If grapheme is
used as a channel material, it could provide extremely high Q-factor. Therefore, ultra-low
radiation dose would be possibly measured wirelessly.
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Appendix A:

FDSOI MOSFET fabrication process flow
I.

Thinning the initial SOI layer.
1. Clean the wafer through RCA process.
2. Oxidation: Tylan Tube 14, recipe: Dry 1000, time: 2 hours and 50 mins, get
about ~950A oxide growth.
3. BOE etches away the oxide. About 35~40nm Si remains.

II.

Grow screening oxide.
1. Right after thinning the silicon, immediately process this step
2. Oxidation: Tylan Tube 14, recipe: Gox850-A, time: 1 min, get about 6nm oxide.
About 34nm Si remains.

III.

Pattern MESA.
1. Clean the sample and spin coat resist 1813 at 4000 rpm for 30s. Soft bake for
1min.
2. Pattern MESA at ma6, 6s exposure.
3. Develop for 30s.
4. STS dry etching. Recipe: Pjsnitd 1. Time: 40s.
5. Clean off the resist

IV.

Implant
1. Clean the sample and spin coat resist 1813 at 4000 rpm for 30s. Soft bake for
1min.
2. Pattern implant layer at ma6, 6s exposure.
3. Image reversal
4. Oriel 6min+6min
5. Develop for 2mins
6. Implant with As 2.33e15/cm2, 9Kev

V.

Activation and gate oxide growth
1. Clean the sample before activation
a. Soak at acetone overnight
b. Sonicate with 1165 at 70c for 15mins
c. STS O2 clean for 2 mins
2. Before activation, clean the sample again with H2SiO4+H2O2 for 15mins at 120c.
3. Activation at tylan tube 15, recipe: anneal 850 for 2mins (NO RCA clean!)
4. Right after activation, etch away screen oxide with BOE for 15s.
5. Oxidation. Tylan tube 14, recipe: Gox850-A , time: 2min. (Be aware the
implanted SD grows faster than gate).
6. Forming gas annealing at 425c for 30mins, H2+N2 (Tube 16 Alloy425)
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VI.

Gate metal deposition
1. Clean the sample and spin coat resist 1813 at 4000 rpm for 30s. Soft bake for
1min.
2. Pattern implant layer at ma6, 6s exposure.
3. Image reversal.
4. Oriel 6min+6min
5. Develop for 2mins
6. Ozone clean for 1min
7. Temescal deposit 10 nm Ti + 190nm Al
8. Liftoff

VII. SD metal deposition
1. Clean the sample and spin coat resist 1813 at 4000 rpm for 30s. Soft bake for
1min.
2. Pattern implant layer at ma6, 6s exposure.
3. Image reversal.
4. Oriel 6min+6min
5. Develop for 2mins
6. Ozone clean for 1min
7. Etch away SD oxide in BOE for 20s (Be aware the oxide there is thicker than
gate oxide)
8. Temescal deposit 10 nm Ti + 190nm Al
9. Liftoff
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Appendix B:

EBeam FDSOI varactor fabrication process:
Start with 100 nm Si + 200 nm BOX SOI wafer

I.

Thinning the SOI layer.
1. Clean the wafer through RCA process.
2. Oxidation: Tylan Tube 14, recipe: Dry 1000, time: 2 hours and 50 mins, get
about ~950A oxide growth.
3. BOE etches away the oxide. About 35~40nm Si remains.

II.

Grow screening oxide.
1. Right after thinning the silicon, immediately process this step.
2. Oxidation: Tylan Tube 14, recipe: Gox850-A, time: 30 seconds, get about 6nm
oxide. About 34nm Si remains.

III.

Create alignment mark
1. Spin PMMA 950 C6 3000 rpm 1 min, slow ramp. End with about 800 nm
thickness.
2. Pattern with vistec. Beam step size: 4 nm, current 5 nA , dose 800 uC/cm2
3. Develop with 3:1 MIBK for 90s.
4. Etching:
i. BOE dip for 15s to remove screen oxide.
ii. Deep trench CNF-14-V 30s to remove SOI layer, about 30 nm
iii. Oxford, o-SiO2-etch-RIE-mode, 3mins to etch BOX (Check afterward)
iv. Deep trench CNF-14-V 7min to etch bottom Si layer. This will give ~1
um deep alignment mark and etch away ~550nm resist.

IV.

Pattern MESA:
1.
2.
3.
4.
5.
6.

Spin ma-N2403 resist at 3000rpm-slow, get about 250 nm thick film.
Pattern with vistec, beam step: 30nm, current 100 nA, Dose: 400 uC/cm2
Develp
Bake at 100c for 15 mins.
BOE dip 15s to tech away screen oxide.
STS slowpoly for 20s to etch away Si layer and stop at BOX. (For bare Si no
native oxide 20s slowpoly etches 110nm Si)
7. Remove resist, acetone, 1165, O2 clean.

V.

Implantation
1.
2.
3.
4.

Spin PMMA 950 C4, 3000rpm slow ramp, end with 350nm thick film
Pattern with vistec, beam step size: 5nm, current 10nA, dose 1100 uC/cm2
Develop: 3:1 MIBK for 90s
Implant with As 2.33e15/cm2, 9Kev
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VI.

Activation and gate oxide growth
1. Clean the sample before activation
i. Soak at acetone overnight
ii. Sonicate until all resist on figure patterns are gone
iii. STS O2 clean for 2 mins
2. Before activation, clean the sample again with H2SiO4+H2O2 for 15mins at 120c.
3. Activation at tylan tube 15, recipe: anneal 850 for 2mins (NO RCA clean!)
4. Right after activation, etch away screen oxide with BOE for 15s.
5. Oxidation. Tylan tube 14, recipe: Gox850-A , time: 2min. (Be aware the
implanted SD grows faster than gate).
6. Forming gas annealing at 425c for 30mins, H2+N2 (Tube 16 Alloy425)

VII. Gate contacts deposition
1.
2.
3.
4.
5.
6.
7.
8.
9.

Spin P(MMA/MAA) EL9 using recipe PMMA3000rpm-slow ramp
Bake at 150C for 2 mins
Spin PMMA 950 C2 using the same recipe
Bake at 180c for 8min (in total: 400nm P(MMA/MAA) and 200nm PMMA)
Pattern with vistec, beam step size: 3nm, current 2nA, dose 590 uC/cm2
Develop: 3:1 MIBK for 90s

Ozone clean for 1min
Deposit 10nm Pd + 10nm Ti + 180 nm Al at CHA.
Liftoff in Acetone overnight

VIII. S/D contacts deposition
1.
2.
3.
4.
5.
6.
7.
8.
9.

Spin P(MMA/MAA) EL9 using recipe PMMA3000rpm-slow ramp
Bake at 150C for 2 mins
Spin PMMA 950 C2 using the same recipe
Bake at 180c for 8min (in total: 400nm P(MMA/MAA) and 200nm PMMA)
Pattern with vistec, beam step size: 3nm, current 2nA, dose 630 uC/cm 2
Develop: 3:1 MIBK for 90s

BOE dip for 15s to remove oxide at S/D region
Deposit 10 nm Ti + 190 nm Al at CHA
Liftoff in Acetone overnight

Note:
1. P(MMA/MAA) PMMA double layer resist process is sensitive to previous steps, so the
optimal dose may vary at each fabrication.
2. Optimal dose for ebeam depends on smallest feature size and existing patterns. If the
smallest feature and space is smaller, optimal dose may change and should be retested.
(Specially for Gate and S/D layers).
3. If lifting off small features, 1165 can be used instead of acetone, temperature 100C.
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Thickness

Liftoff

Smallest
Feature/space

Beam step
size/current

Align
Mark
Mesa

PMMA
950 C6
MaN2403
PMMA
950 C4
MMA
EL9/
PMMA
950 C2
MMA
EL9/
PMMA
950 C2

~800 nm

No

10um/large

4nm/5nA

Optimal
Dose
(uC/cm2)
800

No

2um/large

30nm/100nA

400

~350 nm

No

800nm/300nm

5nm/10nA

1100

~400nm +
200nm

Yes

1um/3um

3nm/2nA

5zo

~400nm +
200nm

Yes

1um/3um

3nm/2nA

630

Implant
Gate

Contact
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