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Abstract

An important contemporary motivation for advancing radiation detection science and
technology is the need for interdiction of nuclear and radiological materials, which may
be used to fabricate weapons of mass destruction. The detection of such materials
by nuclear techniques relies on achieving high sensitivity and selectivity to X-rays, rays, and neutrons. To be attractive in field deployable instruments, it is desirable for
detectors to be lightweight, inexpensive, operate at low voltage, and consume low power.
To address the relatively low particle flux in most passive measurements for nuclear
security applications, detectors scalable to large areas that can meet the high absolute
detection efficiency requirements are needed.
Graphene-based and thin-film-based radiation detectors represent attractive technologies that could meet the need for inexpensive, low-power, size-scalable detection
architectures, which are sensitive to X-rays, -rays, and neutrons. The utilization of
graphene to detect ionizing radiation relies on the modulation of graphene charge carrier
density by changes in local electric field, i.e. the field e↵ect in graphene. Built on the
principle of a conventional field e↵ect transistor, the graphene-based field e↵ect transistor
(GFET) utilizes graphene as a channel and a semiconducting substrate as an absorber
medium with which the ionizing radiation interacts. A radiation interaction event that
deposits energy within the substrate creates electron-hole pairs, which modify the electric field and modulate graphene charge carrier density. A detection event in a GFET is
therefore measured as a change in graphene resistance or current. Thin (micron-scale)
films can also be utilized for radiation detection of thermal neutrons provided nuclides
with high neutron absorption cross section are present with appreciable density. Detection in thin-film detectors could be realized through the collection of charge carriers
generated within the film by slowing-down of neutron capture reaction products.
The objective of this dissertation is to develop, characterize, and optimize novel
graphene-based and thin-film radiation detectors. The dissertation includes a review of
relevant physics, comprehensive descriptions and discussions of the experimental campaigns that were conducted, computational simulations, and detailed analysis of certain
processes occurring in graphene-based and thin-film radiation detectors that significantly
iii

a↵ect their response characteristics. Experiments have been conducted to characterize
the electrical properties of GFETs and their responsivity to radiation of di↵erent types,
such as visible, ultraviolet, X-ray, and -ray photons, and alpha particles. The nature of
graphene hysteretic e↵ects under operational conditions has been studied. Spatially dependent sensitivity of GFETs to irradiation has been experimentally investigated using
both a focused laser beam and focused X-ray microbeam. A model has been developed
that deterministically simulates the mechanisms of charge transport within the GFET
substrate and explains the experimental finding that the e↵ective area of the GFET significantly exceeds the size of graphene. Monte Carlo simulations were also carried out to
examine the efficacy of thin-film radiation detectors based on 10 B-enriched boron nitride
and Gd2 O3 for neutron detection.
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Chapter

1

Introduction
1.1

Motivation of Work

The motivation of this work is to design, fabricate, characterize, and optimize graphene
field e↵ect transistors (GFETs) and thin-film detectors is to meet the need for a neutron sensitive, low-power, inexpensive, and size-scalable radiation detection architecture.
Neutron sensitivity may be achieved by the selection of a thin-film material that has relatively large neutron cross section. The GFETs and thin-film detectors are low power as
they require relatively small currents for operation. Both thin-film and GFET fabrication processes can utilize conventional semiconductor manufacturing methods, allowing
mass production of detection devices, keeping cost per device relatively low. Thin-film
and GFET detectors are size-scalable by varying the size of the film or of graphene, or
by fabricating a pixelized GFET or thin-film device and producing a pixel array of a size
required by an application. To successfully carry out the motivated research, it is necessary to gain an understanding of relevant physics, conduct comprehensive experimental
campaigns, and to develop and perform device simulations. E↵ectively merging each of
these aspects forms a full picture of the potential for GFETs and thin-film detectors to
advance radiation detection and science.

1.2
1.2.1

Introduction to Graphene
Structure and Phase of Graphene

Graphene is composed of a two-dimensional monoatomic layer of carbon arranged in
a planar honeycomb lattice. Graphene is considered a condensed-matter system and

2
electron transport is described by Dirac equations. In such a system, electrons behave
like massless Dirac fermions [1, 2]. Graphene can be thought of as the building block
from which other dimensionalities of carbon material are built. Being a 2D material,
graphene can be rolled into 0D fullerenes (discovered 1985 [3]), 1D nanotubes (discovered
1991 [4]), or stacked into 3D graphite, as in Figure 1.1. Diamond is not comparable to
graphene as carbon in diamond exists in 3D tetrahedron bonding formations (instead of
2D hexagonal bonding formations), giving diamond its comparative hardness and low
electrical conductivity. Another form of graphene is graphene oxide, which consists of
a lattice of carbon atoms interspersed with oxygen groups [5]. While there are many
models which attempt to describe the structure of graphene oxide, the presence of oxygen
groups allows this form of graphene to be chemically functionalized [6].

Figure 1.1. Several dimensionalities of carbon materials can be formed from 2D carbon layers
including fullerenes (left), nanotubes (middle), or graphite (right) [1].

1.2.2

Discovery of Graphene

The theory of graphene has been in existence since 1947 [7, 8]. However, it was thought
that 2D graphitic structures were thermodynamically unstable and only able to exist
when supported on a 3D monocrystal base [9, 10]. In 2004, graphene was isolated and
electrically characterized at the University of Manchester by Andre Geim and Konstantin
Novoselov, who were subsequently awarded the 2010 Nobel Prize in physics. Graphene
was first isolated through mechanical exfoliation, a process whereby graphite is continuously peeled by adhesive tape until few layer graphene remains [11].
The term “graphene” was coined by Boehm et al. in 1986 by combining the word
graphite and -ene, a suffix for polycyclic aromatic hydrocarbons [12]. Early incarnations

3
of graphene included the dissolving of graphite in acid, forming “carbonic acid” by
British chemist Benjamin Brodie [13]. In 1948, G. Ruess and F. Vogt used transmission
electron microscopy (TEM) to observe dried carbonic acid, or graphene oxide, identifying
flakes of nm thicknesses [14]. In 1962, Boehm et al. identified potential monolayers of
graphene oxide with TEM [15, 16]. While these earlier works potentially identified few
or monolayer graphene, they were observational. The work of Geim and Novoselov,
first published in 2004, went beyond observation and performed measurements that
characterized the electrical properties of graphene [16].

1.3

Graphene Physics

1.3.1

Physical Properties

Graphene consists of a series of sp2 hybridization bonded carbon atoms in a hexagonal
structure. This in-plane sp2 bonding between carbon atoms is slightly stronger that the
sp3 bonds in diamond [17]. Graphene layers bond together through Van der Waals force,
forming few layer graphene and graphite. Van der Waals forces also attach graphene to
supporting substrates [18]. The distance between carbon atoms of a graphene sheet is
0.1418 nm, while the distance between graphene layers is 0.3347 nm [19]. Defect-free
graphene has been demonstrated through atomic force microscopes (AFM) to have the
highest Young’s modulus (stress/strain) ever reported, making it the nature’s sti↵est
material [20].

1.3.2

Electrical Properties

The peculiar electrical properties of graphene is what has propelled it to the forefront
of research, especially in the semiconductor field. The electrical properties of graphene
were first experimentally characterized by K.S. Novoselov and A.K. Geim in 2004 [11].
Graphene carrier densities can be as high as 1013 cm
independent of temperature and exceed 15,000

2

with mobilities that are relatively

cm2 V 1 s 1

[1]. These mobilities are an

order of magnitude higher than those observed in room temperature silicon [21].
Being a 2D material, graphene exhibits an electric field e↵ect that is not observed
in metal films as the electric field is screened at short distances (< 1 nm). The electric
field e↵ect is the moderation of charge carrier density on graphene by the application
of an external local electric field. The electric field e↵ect is observed by monitoring the
resistance of graphene as a function of applied gate voltage, as shown in Figure 1.2.
The resistance maximum is called the “Dirac peak” and is the gate voltage at which
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carrier type switches and graphene experiences a maximum in resistance. The electric
field e↵ect allows the continuous tuning of charge carrier density on graphene.
Unlike other metals, which will undergo metal-insulator transition as the carrier density goes to zero, graphene has a minimum quantized conductivity (maximum resistivity)
observed at the Dirac point of

min

= 4e2 /h⇡ [1]. This minimum conductivity poses a

challenge to the digital electrons device industry as it would not be possible to entirely
“turn o↵” graphene-based devices. This challenge may be overcome by inducing a band
gap though the utilization of bilayer graphene [22].

Figure 1.2. Graphene field e↵ect shows ambipolar behavior of graphene resistance vs. gate
voltage. The inset cones represent the energy spectrum of graphene. When the Fermi energy,
Ef , is below the Dirac point (left of resistance maximum), charge carriers become hole dominant.
When the Fermi energy is above the Dirac point (right of resistance maximum), graphene is
dominated with electron charge carriers [1].

1.3.3

Optical Properties

Graphene is often identified with the use of Raman spectroscopy [23]. Raman spectroscopy relies on the inelastic (Raman) scattering of monochromatic light from vibrational and rotational modes of molecules to infer chemical properties of the sample,
such as the material composition, stress/strain, crystal quality, orientation, and symmetry [24]. Graphene can be distinguished from graphite in the Raman spectra, shown in
Figure 1.3. The number of graphene layers can be determined by the relative magnitude
of the G to 2D band [23].
In addition to Raman spectroscopy, the number of graphene layers can be determined
from contrast imaging using white light as shown in Figure 1.4. The visual transparency
of suspended graphene is solely dependent on the fine structure constant [26]. The fine
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G’ (2D)
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G

Figure 1.3. Graphene is identified by the presence and relative magnitudes of a G band (⇡
1580 cm 1 ) and G’ band (also called the 2D band, ⇡ 2700 cm 1 ). In this work, a 514 nm laser
was used to perform Raman spectroscopy. Adapted from [23].

Figure 1.4. A graphene sample with the number of graphene layers labeled. The graphene
sample is on a SiO2 /Si substrate illuminated with white light. The layers are cross-examined
with Raman spectroscopy to confirm the di↵erence in layers [25].

structure constant is a fundamental constant describing the strength of the electromagnetic force. Over the visual and near-infrared energy ranges of light, graphene will absorb
↵ = ⇡e2 /~c = 2.3%, while reflectivity is negligible (< 0.1%). When placed on a SiO2 /Si
substrate, the reflection of light at the SiO2 /Si interface causes a contrast increase of
graphene, allowing it to be visible. The opacity of graphene scales linearly with the
number of layers [27, 25].
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1.3.4

Graphene Defects

The electrical, optical, thermal, and mechanical properties of graphene can be modified
with the presence of structural defects in the graphene lattice that may be introduced
during growth, processing, or utilization. These defects and disorders arise naturally
but may also be deliberately formed through chemical treatments or irradiation [28].
Irradiation typically involves the use of ions [29] or electrons [30] and causes point defects.
A threshold energy of 18–20 eV is required to be transferred to the carbon atom to cause
it to leave the lattice site. Locations of previous defects are more susceptible to further
damage. When undergoing radiation damage, the Raman spectrum is modified such
that a “D” peak appears, as shown in Figure 1.5. While graphene is relatively inert,
chemical defects can be introduced through oxidation such that oxygen and hydroxyl
(OH) or carboxyl (COOH) groups will attach to graphene creating graphene oxide.

Figure 1.5. The appearance of a D peak at 1345 cm 1 under 90 eV Ar+ ion bombardment.
Also shown is the ion fluence [ions cm 2 s 1 ] that yields the associated Raman spectrum [29].
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1.4
1.4.1

Graphene Synthesis
Exfoliation

The simplest method of producing graphene is through mechanical separation of graphene
platelets from highly-ordered pyrolytic (HOPG) or KISH graphite, both of which are
not found in nature but have undergone heat processing. The graphene layers are easily
separated as they are held together by the relatively weak van der Waals force. The
separation is most popularly executed with repeated cleaving of graphite with Scotch
tape, the product of which may then be transferred to substrates of choice. Identification of single layer graphene may then take place through optical, Raman, atomic
force, or scanning electron microscopy [11, 31]. Exfoliation of graphene is limited in
production yield and the deposition process onto a substrate can induce defects such
as wrinkles or corrugation, which may detract from the electrical performance of the
exfoliated graphene [32, 33].

1.4.2

Chemical Vapor Deposition (CVD)

Production of graphene through CVD is a scalable method suitable for large scale production. The CVD process begins with a precursor, such as acetylene or methane, which
is heated and flowed over a catalyst metal surface. A schematic of CVD graphene production is given in Figure 1.6. The precursor decomposes to supply carbon atoms, which
can be absorbed or deposited onto the metal surface. Nickel and copper are typical the
catalyst metals. Since carbon atoms are absorbed into the Ni substrate, the production
of graphene on Ni takes places during the cooling phase. On Cu substrates, carbon
atoms are not absorbed and directly form graphene. After production, the graphene
may then be transferred to a substrate of choice most reliably through polymer supported transfer. Polymer transfer involves spin-coating the top of the graphene with
poly-methyl-metha-acrylate (PMMA), then etching the metal in a dissolving solution.
The remaining graphene on PMMA can then be placed on a substrate where the PMMA
is dissolved in acetone, leaving the graphene on the substrate surface [34].

1.4.3

Epitaxial

Epitaxial graphene is the formation of graphene on a silicon carbide (SiC) surface by the
sublimation of the silicon from the SiC top layer when heated to about 1300 C in an
ultra-high vacuum. Epitaxial graphene is attractive as it can be produced directly on
commercially available SiC and is scalable to the area of the SiC used. Not requiring a
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Figure 1.6. The production of graphene through CVD on Ni catalyst. a) First, the precursor
(methane) accumulates on the Ni surface and b) separates into hydrogen and carbon surface
atoms (ad-atoms). c) The carbon atoms dissolve into the Ni but d) precipitate to the surface
during cooling to form graphene. Adapted from [35].

transfer process keeps the graphene free from contaminants or residue [32]. Additionally,
epitaxial graphene can be patterned using standard lithography methods. Epitaxial
graphene growth requires 4H- or 6H-SiC polytype crystal structures [36].

1.5

Introduction to Thin Films Utilized in Radiation Detection

1.5.1

Motivation

Neutron detection has generally relied on the use of 3 He as the primary detection medium
for cold and thermal neutrons, which serves as a benchmark for the efficacy of other
neutron detection architectures. Due to the decreasing supply of 3 He, detector designs
have been proposed and built with the intention of phasing-out reliance on 3 He [37].
These designs are typically for detection of thermal energy neutrons (0.025 eV) and
utilize materials that have high cross sections to thermal neutrons [38]. In order to
e↵ectively replace 3 He-based neutron detectors, the alternative designs need to: 1) have a
high absolute neutron detection efficiency, 2) have low intrinsic -ray detection efficiency,
and 3) have the ability to discriminate -rays from neutron detection events [39, 40].
While some alternatives to 3 He-based neutron detectors include 6 Li loaded glass
fibers,

10 B

doped plastic scintillators, scintillating crystal composed of cesium-lithium-

yttrium-chloride (CLYC), or BF3 filled or

10 B

lined proportional counters [40, 41], these

systems require high operating voltage, photomutiplier-tubes, or pulse-shape analysis
for -ray discrimination [38]. Thin-film based neutron detectors have the advantage of
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operation at relatively low voltages [42], low intrinsic -ray detection efficiency [43], and
can be implemented into or coupled with existing detection technologies [44] or into
semiconductor architectures [45], which potentially allows low-cost mass-production.

1.5.2

Materials

Materials utilized in thin film-based detector systems for neutron applications contain
neutron sensitive nuclides. These nuclides should have high thermal neutron absorption
cross sections and produce charged particles upon neutron absorption. The high thermal
neutron absorption cross sections allows thin films be used while achieving high intrinsic
efficiency. The heavy charged particle reaction products produced upon thermal neutron
absorption deposit energy in a relatively short distance, which can be collected by the film
itself or in an adjacent charged particle detection medium. Nuclides of interest include
10 B, 6 Li, 157 Gd,

and 235 U, which all have high thermal neutron absorption cross sections

and produce charged particle reaction products that may deposit energy locally [46].
The films may be composed entirely of the neutron-absorbing nuclide [42, 47], but
may be also mixed with other materials in order to reduce reactivity with air or water [48],
or to enable the fabrication of films with semiconducting properties [45, 49]. Shown in
Figure 1.7 is the probability of thermal neutron absorption for various materials that
can be used in thin-film neutron detection systems. The nuclear reactions occurring in
these nuclides are further discussed in Section 3.1.3.

1.5.3

Thin Film Implementations for Neutron Detection

Thin film-based neutron detector systems may be classified in into two categories: 1) thin
films coupled to a charge collection medium (indirect), and 2) thin films as the absorption
and charge collection medium (direct).
Indirect detectors utilize the thin film as a conversion layer, which produces charged
particle reaction products upon thermal neutron absorption. These charged particles
travel into an adjacent detection medium (absorber) where they deposit energy, which
are subsequently collected. Detection media that have been employed include semiconductors [42, 45], proportional counters [46, 43, 50, 48], and ion chambers [47]. These
designs have the advantage of being able to utilize relatively established detector media
for charge collection.
Direct detectors utilize thin films as both the converter and absorber. In direct
detectors the energy of the charged particle reaction products is deposited into the film
itself and collected; the film being a semiconductor [49, 51, 52, 53] (this also occurs in

Probability of Thermal Neutron Absorption !

10

Film Thickness (μm)!
Figure 1.7. A variety of material compositions can incorporate neutron-sensitive nuclides. The
probability of thermal neutron absorption, which leads to emission of energetic charged particle
products, is dependent on the number density of specific neutron-sensitive nuclides within the material and their cross sections. In the selection of a material, trade-o↵s may be required between
the detection properties (neutron absorption probability and reaction product energy/range) and
the practicalities of material production.

integrated circuits, where the absorbed energy may disrupt the performance of memorybased devices, known as single event events or soft errors [54, 55, 56]). Direct detectors
have the potential advantage of better efficiency and energy selectivity, since essentially
the entire volume of the absorber material is neutron-sensitive and energy of the charged
particles is only lost when escaping the film. This is in contrast to the film acting only as
a converter, in which case partial energy of the charged particle is lost in the film while
traveling toward the adjacent detection medium.
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2

Field E↵ect Transistors (FETs)
2.1

Introduction to Field E↵ect Transistors

Field e↵ect transistors (FETs) are common in solid-state electronics. While a variety
of FET designs exist, the metal-oxide semiconductor FET (MOSFET) most closely resembles the design and operation of the GFET. The MOSFET, pictured in Figure 2.1,
consists of a source, drain, gate, substrate, and an oxide layer. The source-to-drain current is controlled by the applied bias (or voltage) to the gate. Increases in gate voltage
above a threshold voltage increase the source-to-drain current. The threshold voltage
is the required voltage applied to the gate to form a channel region through which the
substrate minority carriers can travel from source to drain. The criteria of channel formation is a minority charge density equal or greater than the majority charge density of the
substrate. The existence of a threshold voltage allows the MOSFET to be “turned-on”
or “turned-o↵” [57].

2.2
2.2.1

Graphene FETs
GFET Design

The principle of operation of the GFET is similar to the principle of operation of a
MOSFET in which the graphene acts as the channel. The basic design of a GFET is
described in Figure 2.2. The GFET is composed of graphene, a substrate, and a backgate.
When a voltage is applied to the backgate, an electric field forms through the substrate
and terminates at charge carriers that exist in graphene. Thus, by application of voltage
to the backgate, the graphene charge carrier density and type can be controlled. By
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Figure 2.1. The basic structure of the MOSFET consists of a source, drain, gate, substrate,
and oxide layer. The source terminal provides charge carriers which may be transported through
the substrate to the drain terminal. The regions below the source and drain terminals are highly
n-doped; there are a relatively large density of impurity atoms which can contribute electrons.
The substrate is p-doped; there are a excess number of positively charged holes introduced by
impurities. The flow of charge carriers through the substrate is controlled by the gate terminal.
When a sufficiently large positive bias is applied to the gate, holes that exist in the p-doped
substrate will be repelled away from the oxide-substrate interface, leaving behind a negative
space-charge region formed by the fixed acceptor impurity atoms. This region acts as a channel
through which electrons may flow from the source to the drain. A depletion region forms between
the p-type substrate and the highly n-doped regions under the source and drain terminals. This
depletion region helps to prevent current leakage into the substrate through the drain. As the
gate bias is increased, the channel depth becomes larger, enable a larger flow of electrons and
increasing the source-to-drain current. The oxide layer prevents charge flow from the substrate
to the gate [57].

measuring graphene resistance as a function of backgate voltage, a field e↵ect curve can
be formed, as in Figure 1.2. The backgate voltage that induces the maximum resistance
in graphene is called the Dirac point. Electron and hole charge carriers are present
for voltages higher and lower than the Dirac point, respectively. Note that unlike the
MOSFET, the GFET cannot be “turned-o↵” as even at the Dirac point, current still
exists in graphene.

2.2.2

Principle of GFET Operation as a Radiation Detector

The principle of GFET operation as a radiation detector relies on the sensitivity of
graphene to changes in the electric field. A description of the principle of GFET operation
as a radiation detector is detailed in Figure 2.3. The substrate material and thickness
dictate radiation interaction probabilities in the GFET. By measuring the graphene
resistance at a single backgate voltage as a function of time, the response of graphene
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electrode

Isd

Graphene
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Gate – Au

Typically ~
300 - 400 µm
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40 nm

Figure 2.2. The basic design of a GFET is composed of graphene deposited onto a substrate
or “absorber”. The source and drain electrodes apply a voltage across graphene, Vsd and cause
charge carriers to flow through graphene as current, Isd . The graphene charge carrier density is
controlled by a gate voltage, Vg , applied on the gate electrode, called the “backgate”. Graphene
resistance is monitored by measuring current through the graphene. The absorber material and
thickness may be selected based on the specific application of the GFET. The absorber must
be a semiconductor if sensitivity to radiation that deposit energy equal to or greater than the
semiconductor bandgap is desired.

to conductivity changes in the substrate may be monitored. Conductivity changes in
the substrate are induced by the formation of electron-hole pairs from interactions by
photons or particles with the substrate that deposit energy equal to or greater than the
bandgap of the semiconductor. In theory, the speed of GFET response is dominated by
the electrical characteristics of the device, primarily the RC time constant (⌧ = RC,
where R is resistance and C is capacitance). Considering the GFET as a parallel plate
capacitor (C = ✏A/d, with ✏ being the permittivity of the substrate, A the area of plates
equal to the area of graphene, and d the thickness of substrate), the capacitance of the
GFET, C ⇡ 1.8 ⇥ 10
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F, leads to a time constant of ⌧ ⇡ 1 ns (resistivity of substrate

is assumed to be ⇢ ⇡ 1 ⇥ 103 ⌦·cm).

2.2.3

Fabrication

GFETs used in this research have been fabricated by collaborators in the Department of
Physics and the Birck Nanotechnology Center at Purdue University. CVD, epitaxial, and
exfoliated graphene production methods have been utilized in GFET fabrication. Various substrates have been used in GFET fabrication, including silicon (low-temperature
studies), silicon carbide (SiC; visible, X-ray photon and alpha particle detection), cad-
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Figure 2.3. In the absence of irradiation by photons or particles that can transfer energy
to the semiconductor substrate, the voltage applied by the backgate creates a relatively weak
electric field as experienced by graphene, shown in the Figure part a). Measuring the graphene
resistance as a function of backgate voltage will create the field e↵ect curve of a). A single
backgate voltage may be selected to monitor graphene resistance before and after irradiation. In
this case, the backgate voltage of the Dirac point is selected, as illustrated by the red dashed line
in the field e↵ect curve of a). While the GFET is exposed to radiation which deposits energy
to the semiconductor, electron-hole pairs form, inducing conductivity in the substrate. These
electron-hole pair charges are drifted by the electric field, as in b). After charges are drifted, the
substrate is partially conductive, as in c). Simplifying the graphene to a parallel plate capacitor,
the strength of the electric field may be understood with the central equation, where E is the
electric field, V is the voltage applied by the backgate, and d is the distance between through
which the electric field is applied. With a portion of the substrate conductive, the electric field is
applied across a smaller distance and becomes stronger. The graphene will respond to this change
in electric field by a change of its charge carrier density, changing the backgate voltage of the
Dirac point. The Dirac point can be reassessed by measuring graphene resistance as a function
of backgate voltage during irradiation, forming the field e↵ect curve of c). Monitoring graphene
resistance at the same backgate voltage used for monitoring before irradiation, illustrated with
the dotted red line, the graphene resistance measurement will show a drop in resistance [58].

mium telluride (CT; X-ray and

-ray detection), cadmium zinc telluride (CZT; X-ray

and -ray detection), and aluminum gallium arsenide (AlGaAs; quantum well studies).
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3

Radiation Interactions
3.1

Radiation Interaction Physics

3.1.1

Ultraviolet (UV) photons, X-rays, and -rays

We consider the interaction physics of photons used in experiments, including UV photons, X-rays, and -rays. The energy ranges of photon radiation utilized in our experiments is provided in Table 3.1.
Table 3.1. Photon Wavelengths and Energies of Utilized Sources; Adapted from [59].

Wavelength (nm)
-ray
X-ray
UVA
Visible

1.0⇥103 >
10 > >
400 >
760 >

> 1⇥10
1.0⇥10 3
> 315
> 380

Energy (eV)
5

1.24⇥106
1.24⇥102
3.09
1.63

<
<
<
<

E
E
E
E

<
<
<
<

1.24⇥108
1.24⇥106
3.94
3.26

Visible and UV light can be produced through a variety of mechanisms. An example of one such mechanism is the decay of an electron between two energy levels of a
molecule, emitting a photon of energy equal to the di↵erence between the two energy
levels. The energy levels of molecules exist as bonding orbitals within the molecule.
Much like atomic orbitals, electrons tend to fill the least energetic states, and a single
electron is allowed in each state, per the Pauli exclusion principle [60]. UV and visible
light emissions from molecular orbitals often appear energy broadened. The broadened
energy peak is made up of many discrete energy emissions. These energy emissions correspond to the quantized energy states of the rotational and vibrational motion of the
molecule. Based on molecular-orbital theory, electrons may occupy orbitals that are not
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confined to a single atom. The electron is free to occupy orbitals within any part of the
molecule [61]. As the number of molecular bonds grows (by the increasing number of
atoms in a molecule, for example) or the complexity of those bonds increases, the number
of available energy states to an electron also grows. In solid state materials, the number
of bonds can easily increase beyond 1023 and the quantized energy states essentially form
a continuous band of higher (conduction) and lower (valence) energy levels [60]. For this
reason, solid state materials are able to absorb photons at non-discrete energies so long
as the photons have energies higher than the gap between the highest energy state of the
valence band and lowest energy state of the conduction band, known as the bandgap.
When an electron transitions from a higher to lower energy state of an atom, an
X-ray is produced of energy equal to the di↵erence between the two energy states. The
energy of the emitted photon is characteristic of the atomic orbital states, which are
assigned the names K, L, M, etc. (1st, 2nd, 3rd shells, respectively, moving outward
from the nucleus). Inner shell electrons require greater energies to become ionized,
which is of importance in photoelectric e↵ect. X-rays may also be produced by a process
in which a charged particle, typically an electron, decelerates in the field of an atomic
nucleus. Energy lost by the electron during deceleration is emitted as a photon, called
bremsstrahlung radiation. The amount of energy emitted as bremsstrahlung can range
up to the full kinetic energy of the electron and is emitted in a continuum.
When an atomic nucleus transitions from a higher to lower energy state a -ray is
emitted. Since nuclear energy states are quantized, the emitted photon energy spectrum
is discrete and characteristic of the nucleus.
The interaction of X-rays and

-rays with matter is dominated by three primary

processes: photoelectric e↵ect, Compton scattering, and pair production. Photoelectric
e↵ect is the process in which an electron residing in an atomic energy state is ejected by
a photon. The kinetic energy imparted to the electron is equal to the di↵erence between
the energy of the incoming photon and the electron binding energy. The cross section of
photoelectric e↵ect approximately scales as Z n /E 3.5 , where Z is the atomic number, E
is the photon energy, and n varies between 4 and 5 over the X-ray/ -ray energy region
of interest. Compton scattering is the process in which a photon imparts energy to an
electron and is scattered, while the target electron recoils. This correlation between the
incident and scattered photon energy and angle of scattering is given by
E0 =

E
1+

E
(1
m e c2

+ cos ✓)

,

(3.1)
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where E 0 is the scattered photon energy, E is incident photon energy, ✓ is the scattering
angle, and me is electron mass. The energy imparted to the free electron is E

E 0 . The

cross section of Compton scattering scales linearly with Z. Pair production is the process
in which a photon will convert its energy into mass, creating an electron and positron. To
conserve energy, the pair production process requires that the photon energy be greater
than or equal to the rest mass of an electron and positron. To conserve momentum,
the process requires that the conversion takes places in the field of a nucleus or electron
(i.e. triplet production). The cross section of pair production approximately scales with
Z 2 [62, 63, 64]. The cross sections of photoelectric e↵ect, Compton scattering, and pair
production as a function of photon energy are given for

12 C

in Figure 3.1.

Photon interactions in which the photon is elastically scattered include Rayleigh
(coherent) and Thompson (incoherent) scattering. Incoherent scattering refers to the
interaction of a photon with a single electron; while coherent scattering refers to photons
which interact with all electrons of an atom. Thompson scattering is the elastic scattering of a photon by an electron and can be considered the low energy transfer limit of
Compton scattering. Rayleigh scattering is the scattering of a photon by all electrons of
an atom or molecule. Recoil energy is taken by the entire atom or molecule; however,
as the scattering angle is typically narrow, energy transfer is small enough such that the
interaction is considered elastic. The mean distance into a uniform material a photon
will travel until an interaction occurs is given by the mean free path, , which is equal to
the inverse of the linear attenuation coefficient, µ, which is the probability per unit path
length that the photon will undergo an interaction. The intensity of the photon beam
that did not interact in a uniform material, I, is related to the intensity of the original
beam, I0 and distance, x [38, 63] by
I/I0 = exp( µx).

(3.2)

Raman scattering is of interest due to its utilization in Raman spectroscopy. Raman
scattering is the inelastic scattering of photons from a molecule. It is the inelastic
equivalent of Rayleigh scattering. The energy lost or gained from the interaction is taken
or given from the vibrational and rotational states of the molecule. Scattered photons
with energy less or greater than its initial energy are known as Stokes or anti-Stokes
scattering, respectively. Stokes scattering is what allows scintillators to be transparent to
their own scintillation light. Since the vibrational and rotational states are quantized and
characteristic to chemical bonds, information about the molecules involved in scattering
and their bonding can be determined though spectroscopy of scattered light [65].
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Figure 3.1. The photon interaction cross sections of 12 C. Total cross section, tot , is the summation of all cross section types. Coherent scattering cross section, coh , includes processes such
as Thomson and Rayleigh scattering. Photoelectric e↵ect cross section, ⌧ , is dominant at lower
photon energies (below ⇠50 keV). The sharp increase of ⌧ at 88 keV is due to the participation
of K-edge electron in photoelectric e↵ect. Below this energy, L and M shell electrons are participating in photoelectric e↵ect. Compton scattering cross section, incoh , is dominant at energies
from ⇠50 keV to ⇠30 MeV. The photonuclear cross section, ph,n , represents the absorption of a
photon by an atomic nucleus and the subsequent emission of a neutron. Photonuclear reactions
are only possible if the energy of the photon is equal or greater that the Q-value of the reaction.
At higher energies (greater than ⇠30 MeV), pair production dominates. The pair production
cross section in broken into the interaction taking place in the field of an electron (e ) and the
field of the nucleus (n ). The threshold energies for pair production in the field of the electron
and the field of the nucleus are 4me c2 and 2me c2 , respectively [66].

3.1.2

Alpha Particles

An alpha particle is a helium nucleus that is produced during the alpha decay of a
parent nucleus, typically observed in heavy nuclides such as those found in the thorium,
uranium, or actinium decay chains [67]. Alpha decay occurs by quantum tunneling of a
helium nucleus through the Coulomb and nuclear potential of the parent nucleus.
The energy of the alpha particle is given by
E↵ =

Q
,
1 + ma /mx

(3.3)
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where Q is the Q-value of the decay, ma is the mass of the alpha particle, and mx is
the mass of the progeny nucleus. A relationship exists between the nuclide half-life and
alpha particle energy, such that the energy of alpha particle is generally higher for shorter
half-life nuclides [38].
As the alpha particle travels through a medium, it continuously loses energy. Energy
losses occur by collisions with electrons and ionization of atoms in the local medium.
This energy loss per distance traveled is quantified as its stopping power. The stopping
power for the relevant fraction of the particle energy range considered here is given by
the Bethe formula, which considers relativistic quantum mechanics. Due to its relatively
large mass (compared to electrons), the alpha particle does not significantly deflect from
its original trajectory until a significant portion of its energy is lost. When the alpha
particles reaches the end of its trajectory, it undergoes straggling, creating a “Bragg
peak” on a plot depicting stopping power vs. depth of alpha penetration into a medium.
An example of a Bragg peak created by

241 Am

alpha particles is shown in Figure 3.2.

Figure 3.2. Bragg peak created by 241 Am alpha particles (E = 5.48 MeV) incident on SiC.
Energy loss (dE/dx) is given in units of eV/Angstrom. Simulation was performed with Stopping
and Range of Ions in Matter (SRIM) [68].

The drop in the rate of electronic energy transfer is caused by the inability of the low
energy alpha particle to transfer energy to electrons through ionization. Energy transfer
from the alpha particle to the medium then becomes dominated by Coulomb interactions
with nuclei. The range of an alpha particle can be computed by integrating the inverse
of the stopping power. This range adopts the continuous-slowing-down-approximation
(CSDA), which assumes the alpha particle loses energy continuously and linearly through
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the medium. In experimentation, it is often useful to approximate the range of alpha
particles in 1 atm pressure air, which is empirically given by [38, 64]:
R [cm] = 0.56E
R [cm] = 1.24E

3.1.3

for E < 4 MeV;
2.62

for 4 MeV < E < 8 MeV.

(3.4)

Neutrons

Neutron-induced fission in a nuclear reactor, fusion reactions, and spallation reaction
can produce very high neutron fluxes. Radioisotope sources may produce neutrons by
spontaneous fission and (↵,n) reactions. Spontaneous fission is a relatively rare decay
mode most often observed in transuranic nuclides and produce several neutrons per
fission (3.73 n/fission for

252 Cf,

for example).

252 Cf

is the most common isotope used as

a source of spontaneous fission neutrons. Emitted neutron energies can be described by
the Watt-fission spectrum [63]:
(E) = ae

E/b

sinh

p

cE

(3.5)

where a, b, c are the empirical constants and (E) is the neutron population at energy
E. The Watt-fission spectrum also describes the neutron energy distribution of neutroninduced fission neutrons in a reactor.
Neutrons may be produced by (↵,n) reactions in which the alpha particle is sufficiently energetic to overcome both the kinematic and Coulomb threshold. The energy
required to overcome the Coulomb and kinematic threshold is transferred to the compound nucleus, and the energy is shared by the reaction products. Such sources have a
mixture of an emitter (produces alpha particles) and absorber material (provides target
for reaction) [64, 69].
The major modes of neutron interaction considered important for detector development in this work are scattering and absorption. The interaction the neutron undergoes
is a strong function of energy, with low energy (E < 1 eV) neutrons preferentially absorbed, and higher energy (1 eV < E < 20 MeV) neutrons preferentially scattered.
Scattering may be elastic, wherein the neutron transfers energy to the target nucleus in
the form of kinetic energy by scattering o↵ the nuclear potential of the target nucleus
without penetrating the surface (potential scattering). Inelastic scattering is the process
wherein the neutron transfers energy to and is absorbed by the target nucleus, forming
a compound nucleus. The compound nucleus reemits a neutron, but is left in an excited
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state and typically decays through emission of a -ray. Inelastic scattering cross sections
are typically small compared to elastic scattering for reactor-born neutrons and, thus
will not be considered further. The average amount of energy imparted to an elastically
scattered nucleus is
E = (1
where ↵ = ((A

↵)En /2,

(3.6)

1)/(A + 1))2 and En is the energy of the incident neutron. The energy

given to a target nucleus is important in detector applications where sensitivity to higher
energy neutrons is desired. This is because the elastic scattering of the target nucleus
and the subsequent ionization in the path of the scattered nucleus is a common method
of estimating incident neutron energy [63, 70].
Neutron absorption is the process whereby a neutron penetrates the nuclear potential
of a nucleus and forms a compound nucleus that may decay through gamma emission
(radiative capture) or by emission of a reaction product. Reaction products can ionize the
media while slowing down and create a measurable signal. When a reaction takes places,
energy and momentum are conserved. The energy given to the reaction products is known
as the Q-value. If the incident neutron has low energy, such as thermal energy (0.025 eV),
then the reaction can be considered to occur at rest in the lab frame and conservation of
momentum dictates that the reaction products be oppositely directed [64, 71]. Examples
of relatively large cross section reactions, which produce reaction products that may
ionize media are given in Figure 3.3.
The probability that a neutron will remain in a primary beam is given by
I/I0 = exp( ⌃x),

(3.7)

where the macroscopic cross section, ⌃ = ⇢NA /A is given in terms of the microscopic
cross section, , the density of the material, ⇢, Avogadro’s number, NA , and the atomic
weight of the nuclide of interest within the material, A [71].

3.2
3.2.1

Radiation Sources
Visible, UV, X-ray, and -ray Sources

Visible photons utilized in our experiments are provided by two sources. A broadband
visible light source, which provides photons from the infrared to UV range, are produced
by a 13 W compact fluorescent bulb. Another source of visible photons are a series of light
emitting diodes (LEDs). The LEDs are wired in such a way to allow easy LED selection.
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Figure 3.3. Prominent neutron absorption reactions that produce ionizing reaction products
are displayed with energies of each product. Cross section of each reaction is also displayed [44].

The LED switch box is shown in Figure 3.4. The wavelengths of photons produced by
the LEDs, as provided by the manufacturer, Microtivity, are listed in Table 3.2 along
with their mean energies.
In addition to the UV LED, UV photons are also provided by frequency doubling of
800 nm photons emitted by a Ti:sapphire short-pulse laser (Coherent Micra). Additional
details of this setup are given in Chapter 5.1. 662 keV -rays have been provided by a
11 mCi

137 Cs

-ray source at Purdue University. X-rays are provided by a compact X-

ray silver anode generator (Amptek Mini-X) at Purdue University. The electron current
and voltage of the X-ray generator can be varied in the range 5–100 µA and 10–40 kV,
respectively. The measured X-ray energy spectra of the X-ray source set at di↵erent
currents are shown in Figure 3.5. Measurements of the X-ray source are used to calculate
energy flux after corrections for air attenuation, absolute efficiency of the X-ray detector,
detector dead time, and solid angle. The X-ray output energy spectra of the X-ray source
set at di↵erent voltages are shown in Figure 3.6, which are provided by Amptek [72].
Further details on the experimental setups that utilize the X-ray generator and the
137 Cs

-ray source are provided in Chapter 5.2. In addition to the X-ray generator,

X-rays are also provided by the Advanced Photon Source (APS) at Argonne National
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Laboratory. The 34-ID-E beam line at APS has the ability to provide broad spectrum
or monoenergetic X-rays in a sub-µm sized beam. The interior of the experimental
hutch into which the X-rays enter and where the experimental setup resides is shown in
Figure 3.7. Further details on the APS X-ray source and the experimental setup utilizing
the source are given in Section 5.3.
LED selector

Figure 3.4. Emitting and switching sides of the LED switch box are shown on the left and right,
respectively. The emitting side lists wavelength ranges, as provided by the LED manufacturer.
Available photons are in the infrared, red, yellow, green, blue, and UV ranges. The switching
side contains an LED selector, on/o↵ switch, and mounting screw, which allows the box to be
attached to mounting posts.

Table 3.2. Photon Wavelengths, and Energies of LEDs [73].

3.2.2

Color

Wavelength (nm)

Energy (eV)

UV
Blue
Green
Yellow
Red

405
465 - 475
520 - 530
585 - 595
620 - 640

3.06
2.64
2.36
2.10
2.00

Alpha Particle Sources

Alpha particles are provided by an

241 Am

or

210 Po

alpha source, shown in Figure 3.8

and Figure 3.9, respectively. The radiological properties of the

241 Am

and

210 Po

alpha

sources are given in Table 3.3.
The alpha energy spectra of the

241 Am

and

210 Po

alpha sources are given by Fig-
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22.16keV

30kV

Counts

3000
24.94keV
2000
100uA
60uA

1000

30uA
15uA

0
18

20

22
24
Energy (keV)

26

28

30

Figure 3.5. X-ray energy spectra from the X-ray generator with voltage set at 30 kV and
current set at 15, 30, 60, and 100 µA. Measurements were taken at 250 cm using an X-ray
detector (Amptek XR-110CR, 500 µm thick Si). The peaks at 22.16 keV (K↵ ) and 24.94 keV
(K ) are due to the deexcitation of orbital electrons from the L and M atomic energy states,
respectively, to the K energy state. The K energy state electrons of the Ag atom are ionized by
collisions with the accelerated electrons produced by the cathode. The continuum is created by
bremsstrahlung interactions. Measurements were done by Isaac Childres at Purdue University.

Figure 3.6. Output X-ray energy spectra from the X-ray generator with constant current and
voltage set at 10, 20, 30, 40, and 50 kV [72].

ure 3.10 and Figure 3.11, respectively. Alpha spectra were measured with a Model 7401
alpha spectrometer installed with a passivated implanted planar silicon (PIPS) detector
and linked to Genie 2000 alpha spectroscopy software through a Multiport II multichannel analyzer. All instrumentation was manufactured by Canberra and measurements
were conducted in vacuum.
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Camera displays

X-ray beam entry

Experimental block

X-ray beam exit
Sample location &
Translation stage

Figure 3.7. The X-rays enter into the hutch, are focused, and exit into the experimental block.
While the absolute position of the X-ray beam is fixed, the sample position relative to the X-ray
beam may be changed through remotely controlled translation stages. Camera displays aid initial
sample positioning.

Table 3.3. Radiological Properties of
241 Am
210 Po

241

Am and

Half-life

Alpha Energy (keV)

432.7 y
138.4 d

5485.6 (84.8), 5442.8 (13.1)
5304.3

210

Po Alpha Sources.

Initial Activity (µCi) / Date
20 / Unknown
0.1 / Sept. 2013
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6 mm

Dummy
source

241Am

Figure 3.8. 241 Am alpha particles are emitted within the area specified with dimensions. The
dummy source was made to replicate the physical extent of the source head such that e↵ects such
as blockage of ambient light can be assessed.

Front

Back
6 mm

Figure 3.9. 210 Po alpha label (front) and source (back). Alpha particles are emitted from the
area specified with dimensions.

27

Am−241 Lab Source Spectrum
1400
241
210

Am Alpha Energy = 5486 keV
T1/2 = 432.7 years

1200

dN/dE (counts)

1000
Measured Activity = 1.0505E+5 cnts/s
= 2.84 µCi
-3! cnts/s/µm2
3.7x10
3.7E−3

800
600
400
200
0
0

2000

4000
6000
Energy (keV)
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Figure 3.10. Alpha energy spectrum of the 241 Am alpha source with alpha energy of 5486 keV,
half-life of 432.7 y, measured activity of 1.05⇥105 counts/s = 2.84 µCi = 3.7⇥10 3 counts/s/µm2 .
The spectrum is broadened due to the thickness of the source, which attenuates alpha particle
energy as the alpha particle travels from the location where decay takes place. The measured
activity di↵ers from the quoted activity given in Table 3.3 due to thickness of the source and
the distance of the source from the detector. The area averaged activity is calculated using the
dimensions given in Figure 3.8. Count time is one minute.
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Po−210 Disc Source Alpha Spectrum (0.1 µCi, Sept. 2013)
2000

210

Po Alpha Energy = 5304 keV
T1/2 = 138 d

dN/dE (counts)

1500

1000
Measured Activity = 650 cnts/s
= 0.0176 µCi
-5! cnts/s/µm2
2.3E−5
2.3x10
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0
4500

5000

5500
Energy (keV)

6000

6500

Figure 3.11. Alpha energy spectrum of the 210 Po alpha source with alpha energy of 5304 keV,
half-life of 138 d, measured activity of 650 counts/s = 0.0176 µCi = 2.3⇥10 5 counts/s/µm2 .
The alpha energy peak is broadened due to the thickness of the source. The source is designed
for spectroscopy, which is accomplished by manufacturing a thin source and insetting the source
into a plastic holder which acts as a collimator, minimizing alpha particles with larger oblique
angle paths. The measured activity di↵ers from the quoted activity given in Table 3.3 due to the
distance of the source from the detector and the collimating design of the source package. The
area averaged activity is calculated using the dimensions given in Figure 3.9. Count time is two
minutes.
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Chapter

Thin Film Radiation Detectors
4.1
4.1.1

Neutron Sensitive Thin Films for Neutron Detection
Principles of Operation and -ray Discrimination

A simple thin film detection architecture is investigated through Monte Carlo simulation
and preliminary experimentation. In this case, the potential efficacy of an enriched
10 BN-based

(⇠20%

film detector (100%

10 B)

10 B)

was studied, while a naturally enriched BN film

was used in experimentation.

Basic operation of the thin film-based detector is conducted through application of
bias V onto contacts located on the top and bottom surfaces of the thin film. Electrical
current, I, is then monitored with detection events measured as relatively quick increases
in current. Neutron/ -ray discrimination is possible primarily through two mechanisms:
(a) by the relatively large di↵erence in -ray and neutron interaction probability within
the film, and (b) the range of secondary and reaction products. The operation and e↵ect
of secondary particle and reaction product range on energy deposition within the BN
film is shown in Figure 4.1.
The large di↵erence in the interaction probability is shown in Figure 4.2, where the
-rays interact with the substrate ⇠3 orders of magnitude less frequently than thermal

neutrons.

-rays that do interact with the film transfer a partial or full amount of their

energy to an electron through Compton scattering or photoelectric e↵ect, respectively.
These secondary particles (electrons) have a relatively large range, shown in Figure 4.3 in
comparison to the thickness of the film, and have a greater chance to leave the film before
depositing their full energy. Neutron reaction products, however, have ranges that are
commensurate with film thickness, < 5 µm, shown in Figure 4.4a and b. The majority of
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BN

I

BN

I
V

V
b)

a)

Figure 4.1. The operation of a simple thin film architecture is conducted by forming an electrical potential across the thin film, V , and monitoring current, I. a) Discrimination of -rays is
achieved through low interaction probability of -rays and the smaller amount of energy deposition of secondary particles in the film due to their relatively large range. The large range of the
secondary particles allows them to escape from the film region. b) Neutrons that interact have a
higher probability of their reaction products depositing their full energy in the film due to their
relatively short range.

energy deposition by the reaction products, given in Figure 4.4c and d, occurs before the
end of their range, increasing the probability of full energy transfer to the BN film. The
di↵erence in secondary particle and reaction product ranges allows for discrimination on
the basis of energy (see Section 4.1.2).

4.1.2

Simulation of

10

BN-based Films for Neutron Detection

As a part of the preliminary study, Monte Carlo simulations were performed to predict
the performance and optimize the design of a

10 BN

detector using MCNP6 [74]. The

aim of the simulation study was to optimize detector thickness based on the interaction
probability of thermal neutrons, and to gain a detailed understanding of anticipated
detector spectra, which enables neutron/ -ray discrimination on the basis of energy.
The simulated spectra of energy deposition within the

10 BN

film shows clear depen-

dence on film thickness, as displayed in Figure 4.5. The simulations indicate that only
the thickest film examined (100 µm) yields significant energy deposition by the 1.17 and
1.33 MeV

-rays of

60 Co.

Spectral features are described in Figure 4.5. As the film

thickness increases, a greater amount of energy is deposited by the reaction products.
For film thickness of 1 µm, a significant fraction of the reaction products are able to
escape from the film. For film thickness of 10 and 100 µm, full energy deposition by
either or both the ↵ and 7 Li reaction products is more likely.
-ray discrimination is possible on the basis of energy due to the relatively small
amount of energy deposited by the -ray for even the thickest film (100 µm) simulated.
The -rays may be rejected by setting a lower limit energy cuto↵, below which detection
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Figure 4.2. MCNP6 simulation of the interaction rate for thermal neutrons and 60 Co -rays
(1.17 MeV and 1.33 MeV) as a function of 10 BN layer thickness was conducted to demonstrate
the possibility of discrimination on the basis of interaction probability [74]. ⇠10% and ⇠100% of
the neutrons can be captured by a 10 µm and 100 µm thick 10 BN layer, respectively. With the
-ray interaction probability being ⇠0.1% of the neutron interaction probability, an additional
3–4 orders of -ray rejection are needed for the standard rejection ratio of 10 6 [39].

events are not counted. The energy of the cuto↵ may be selected depending on the -ray
rejection ratio desired, as illustrated in Figure 4.6. The
defined as
R

/n

R Ec
(dN /dE)dE
= R01
,
Ec (dNn /dE)dE

-ray rejection ratio, R

/n ,

is

(4.1)

where Ec is the cuto↵ energy, dN /dE is the distribution of energy deposited by

-

rays, and dNn /dE is the distribution of energy deposited by neutrons. The similarity of
R

/n

for the 1, 10, and 100 µm thick

10 BN

films is due to the nearly equal interaction

probability ratios between neutrons and -rays regardless of film thickness, also shown
R1
in Figure 4.2. The neutron detection probability is proportional to Ec (dNn /dE)dE.
The neutron detection probability in Figure 4.6 is relatively constant over a large range
of cuto↵ energies and equal to the neutron interaction probabilities (for each respective
film thickness) in Figure 4.2, indicating that the energy cuto↵ may be applied to reject
-rays e↵ectively with a relatively small penalty on the neutron detection efficiency.
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1.16 MeV
60Co γ (1.33 MeV)
0.96 MeV
60Co γ (1.17 MeV)
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0.311 MeV
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Compton Edges

1
0.0
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Electron Energy (MeV)
Figure 4.3. Dependence of the electron range on the electron energy within the BN film. The
energies at which a Compton edge would form in a spectrum (maximum energy transfer from
photon to electron) are indicated for the -rays emitted during 94% of 10 B neutron capture
reactions (Compton electron energy = 0.311 MeV). Additionally, the Compton edge electron
energies of 0.96 and1.16 MeV are indicated for the 1.17 and 1.33 MeV -rays of 60 Co, respectively.
The electron ranges in BN film for these examples are relatively large compared to film thickness
(1–100 µm) [75].

4.1.3

Preliminary Experimentation with BN-based Films

A range of naturally enriched BN-based film samples were utilized in preliminary experimentation to explore the ability to detect particles in BN films. The samples consisted
of BN film sandwiched between a top contact layer and bottom substrate, as in Figure 4.7a. The BN films were cut to a size (Figure 4.7b and d) appropriate for a chip
carrier (Figure 4.7d) and electrically contacted to allow application of bias, V , while
monitoring current, I (Figure 4.7a.)
As a basic test of BN film detection capability, the

241 Am

source (described in Sec-

tion 3.1.2) was placed directly over the BN film (⇠1–2 mm above surface of contact)
while current was being monitored as a function of time, I

t. The alpha source was

selected as an alpha particle is also a reaction product of thermal neutron absorption
by

10 B

and the alpha source provided particles with a range of energies of the order
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a)

4He

c)
4He

b)

7Li

d)
7Li

Figure 4.4. The range of reaction products from thermal neutron absorption by 10 B and the
ionization within the BN film the reaction products cause was simulated with SRIM [68]. a) The
range of the 1.47 MeV ↵ reaction product is ⇠4.2 µm. b) The range of the 0.84 MeV 7 Li reaction
product is ⇠2.5 µm. c) The ionization plot of the ↵ reaction product exhibits a Bragg peak
approximately halfway into its range. d) The ionization plot of the 7 Li reaction product does not
exhibit a Bragg peak due to its low energy and, instead, loses more energy near the beginning of
its stopping path.

of the reaction products. However, despite many repeated attempts with a variety of
samples (varying sample area and contact location), no response to the

241 Am

source

was observed. Thus, an investigation was undertaken to understand why no changes
in current attributable to alpha source exposure was observed. The alpha source was
simulated using SRIM to understand the range and energy deposition profile [68]. In this
simulation, the alpha source was approximated as a monoenergetic beam source with an
energy of 2 MeV (approximately the mean energy after considering energy loss in air).
The simulation reveals that a majority of alpha particle energy is deposited in the Si
substrate, while only ⇠3 eV/nm is deposited in the BN film. Converting this energy
deposition to current,

I = AEdep T e/W,
where A = 1.05 ⇥ 105 s

1

(4.2)

is the rate of alpha particles incident on the BN sample,
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Figure 4.5. Simulations of neutron and -ray spectra in varying thicknesses of 10 BN films were
performed in MCNP6 [74]. dN/dE is normalized to the number of source particles and thus
represents the probability that a source particle interacts with the film and deposit the energy
between E and E + dE. Spectral features include: (a) -ray energy deposition, primarily by
Compton electrons. (b) Partial energy deposition by reaction products in 1 µm-thick 10 BN film
caused by a large number of escaping reaction products. (c) Partial energy deposition by both
↵ and 7 Li reaction products at the corner edges of the film. (d-to-e) Full energy deposition of
the 0.84 MeV 7 Li reaction product and partial energy deposition of the 1.47 MeV ↵ reaction
product. (e-to-f) Full energy deposition of the 1.47 MeV ↵ reaction product and partial energy
deposition of the 0.84 MeV 7 Li reaction product. (f) Full energy deposition of both 1.47 MeV
↵ and 0.84 MeV 7 Li reaction products (94%). (h) Full energy deposition of ↵ and 7 Li reaction
products, including partial energy deposition of the 0.478 MeV -ray reaction product. (h) Full
energy deposition of both 1.78 MeV ↵ and 1.02 MeV 7 Li reaction products (6%).

Edep = 3 eV/nm is the energy deposition per alpha particle per unit length, T = 300 nm
is the thickness of the BN film, W ⇡ 12 eV/ion pair is the ionization potential of the
BN [76], and e = 1.6 ⇥ 10
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C is the charge of the electron. The calculated current due

to alpha exposure, I = 1.2 pA, is approximately an order of magnitude higher than that
observed in previous experiments using BN films for neutron detection by Li et al., (film
thickness of 1 µm) [49]. Thus, a change in current should be measurable assuming the
BN film has high resistivity (⇢ = 1013

1015 ⌦ · cm [49, 77]) The electrical quality of

the film was examined by performing current-voltage, I

V , measurements to estimate

the BN film resistivity. The resistivity is calculated by
⇢=

RA
VA
=
,
T
IT

(4.3)
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Figure 4.6. The -ray rejection ratio, R /n , (left axis, black) as a function of energy cuto↵ is
similar for the 1, 10, and 100 µm thick 10 BN films simulated. The neutron detection probability
(right axis, red) strongly depends on film thickness but not on the energy cuto↵.

where R is the resistance, A = 1.44 cm2 is the area of the sample, T = 100 nm is the
thickness of the BN film, V is voltage, and I is the current. As shown in Figure 4.9, the
BN film resistivity is estimated to have a maximum of ⇢ = 4.8⇥1010 ⌦ · cm at a bias of 1
V. This is three orders of magnitude smaller than the resistivity reported by Li et al, [49].

At a bias of 1 V, the current is I = 1 µA. It is expected that the electronic noise observed
at this current would greatly exceed the signal of I ⇡ 1 pA. It was concluded that the
BN films contained within the samples did not have the resistivity expected, likely due
to material defects and/or limitations encountered in this manufacturing run.
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a)

Pt 100 nm
Ti 20 nm

I

b)

BN 300 nm

V
Low ρ Si

c)

d)

Figure 4.7. a) The sample consists of a top contact layer, the BN film layer, and the low
resistivity Si substrate. b) The BN film samples were cut to various sizes. c) A ⇠1.44 cm2 square
was primarily used in experimentation. d) The BN film sample is placed into a chip holder and
electrically contacted, as in a). Sample BN films were provided by Dr. Michael Lanagan.

4.2
4.2.1

Gadolinium-based Films for Microchannel Plates
Introduction

A study was carried out with the objective to investigate the potential to increase thermal
neutron detection efficiency of microchannel plates (MCPs) with and without preexisting
neutron sensitivity using a neutron converter film [44]. Two neutron converter geometries
are studied, a plate and pillar-type design, as in Figures. 4.10b and c, respectively.
The study is aided by simulations using GEANT4, which examines radiation transport
through plate and pillar-type converters of various thicknesses coupled to a sample MCP.
In addition to detection efficiency, degradation of spatial resolution due to the addition of
the converter is also examined. This work extends an investigation previously undertaken
by Frase et al. [78].
MCPs are routinely used in neutron detection for imaging applications. Neutron
beams used for imaging typically consist of thermal or cold neutrons that are wellcollimated. MCPs that are sensitive to neutrons may be used directly in conjunction
with an image readout (phosphors, pixel array, etc.). MCPs that are not sensitive to
neutrons may indirectly detect neutrons if a scintillating converter screen is used in
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a)

b)

c)

d)

Figure 4.8. a) The profile of alpha particle tracks in the film sample (BN film on left side)
shows particle range is ⇠8 µm. b) Zooming in a) to the region of the BN film indicates little
straggling of particles while passing through the film. c) Energy deposition in the film sample
shows a Bragg peak in the Si substrate. d) Zooming in c) to the region of the BN film indicates
that energy deposition within the BN film is ⇠3 eV/nm.

conjunction with a photocathode mounted onto the front end of the MCP [79, 80, 81].
MCPs have the advantage of high spatial and temporal resolution and relatively high
efficiency [82, 83].

4.2.2

Description of Simulation, Materials, Geometry, and Physics

The simulation is conducted using GEANT4.10 and involves the converter film coupled
to a sample of the MCP geometry. The simulation geometry is shown in Figure 4.11.
Simulated neutron beam properties are selected to resemble those typically used in neutron imaging; thus thermal neutrons (E = 0.025 eV) in a well-collimated beam directed
orthogonally onto the MCP surface are used [85, 86, 87]. O↵-normal beams were not
considered. Ideal neutron imaging beams have minimal in-beam -ray background and
were not simulated.
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Figure 4.9. The resistivity of the sample BN films was measured by monitoring current while applying varying bias voltage. The resistivity is shown to vary greatly with bias voltage magnitude
and polarity.
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Figure 4.10. a) A neutron-sensitive MCP contains a nuclide/element with high neutron cross
section (typically 10 B, 6 Li, or Gd), which produces charged particles upon neutron absorption [78,
84]. b) A plate design is based on a thin film neutron-sensitive converter positioned directly onto
the top of an MCP. The MCP may or may not be neutron-sensitive. c) In a pillar-type design,
columns of neutron-sensitive material are implemented directly above each channel; this design
is intended only for neutron-sensitive MCPs.

The material selected for the neutron converter is gadolinium in oxide form, Gd2 O3 .
As shown in Figure 1.7b, Gd2 O3 does not provide the highest probability of thermal
neutron capture. However, the material properties and availability of Gd2 O3 in powder
form or grown as thin films are favorable for production in converter geometries studied
herein. As displayed in Figure 1.7, the reaction products from

157 Gd

include approxi-
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mately 0.46 electrons and 3.3 -rays per absorbed neutron [88]. The -rays have a mean
energy, E = 2.39 MeV, such that interaction within the MCP is relatively improbable
(average probability is approximately 4 ⇥ 10

5,

for a 15 cm diameter MCP with channel

diameter and pitch of 10 and 12 µm, respectively). While the production rate of charged
particles useful for secondary electron emission in the MCP channels from gadolinium is
only about a third of that from

10 B

or 6 Li, the cross-section for neutron capture is over

an order of magnitude larger.
The neutron converter geometries studied are of a plate and pillar design, shown in
Figures. 4.10b and c, respectively. The plate design is intended for unloaded or relatively
low-efficiency MCPs due to the ability of the plate to act as a thermal neutron shield to
the neutron-sensitive portions of loaded MCPs. The pillar design considers the shielding
e↵ect presented by the plate geometry and only consists of pillars of converter material
at locations where MCP sensitive material is not blocked from the incident neutrons,
which are the channel areas. The pillar-type converter is intended for loaded MCPs.
The channel volume is a vacuum, while the MCP glass composition is Corning 8161 [82].
The thickness of the converter is adjusted to study the e↵ect on resolution and efficiency.
Only straight channels with circular areas are examined in the simulation. An MCP
channel configuration is considered where the channels have a diameter of 10 µm, with a
channel-to-channel pitch of 12 µm. This MCP channel configuration represents a typical
neutron-sensitive MCP setup [89, 90]; thus, no detailed parametric study of the MCP
channel dimensions has been conducted. An MCP with thickness of 1 mm was simulated.
The resolution of an MCP cannot exceed the smallest spatial element of the MCP,
which is the channel-to-channel pitch. The resolution in terms of the full-width-at-halfmaximum (FWHM) of the number of channels producing a signal (12 µm diameter per
channel in our simulated geometry). The full-width includes channels that each have an
accumulation of counts greater than half that contained in the central channel, where
the maximum number of counts is tabulated. A count is assigned to a channel when an
electron crosses the channel wall.
The efficiency of an MCP used for neutron detection is the probability that a neutron
incident onto the MCP causes a detection event. This definition takes into account the
probability of a neutron absorption in the MCP, escape of reaction products from the
MCP glass, and the emission of secondary electrons when the reaction product strikes the
channel wall. In our study, we define efficiency as the fraction of neutrons incident onto
the neutron converter and absorbed by Gd, which produce electron reaction products
that subsequently enter the MCP. An electron that manages to enter into the MCP
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is assumed to induce the requisite yield of secondary electrons to initiate an electron
cascade, which would register as a detection event.
MCP

Chan

Neutron
Beam
Path

nels

Converter

Figure 4.11. MCP channels (white) are shown as straight cylinders within the surrounding MCP
glass (pink). A thin layer of the neutron-sensitive converter plate (blue) intercepts the incoming
neutrons. The converter geometry may be adjusted to study plates or pillar-type designs. In this
figure, a pillar-type design is shown. We investigate thermal (E = 0.025 eV) neutron irradiation
within a pencil-beam (yellow arrow) directed onto the center of the converter, where the central
channel exits.

4.2.3

Results of Simulation

The electron distribution upon exiting a pillar-type converter and entering the MCP
shows the expected strong dependence on the thickness of the pillar, as shown in Figure 4.12. This is also true for a plate geometry converter. As the converter becomes
thicker, the electrons scatter to encompass larger radii. For this reason, smaller thicknesses of converter exhibit better resolution. Once the electrons enter the MCP, the
width of the electron distribution through channel walls increases only slightly with an
increase of converter thickness. Using the metric of channel pitch for resolution, the
degradation of resolution due to the addition of a converter is the same for plate and
pillar-type converter geometries. Converter thicknesses < 4 µm are resolvable to a singlechannel pitch, while converter plate thicknesses > 4 µm are resolvable to three channel
pitches. For the dimensions used in the channel configuration studied, these are distances
of 12 µm and 36 µm, respectively. Varying the neutron beam locations relative to channel
openings did not yield changes in the resolution in terms of channel pitches. Considering
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that the resolution varies relatively weakly with converter thickness or geometry type,
the optimization of the converter based on efficiency can take precedence.

Figure 4.12. The electron distribution at the interface between a pillar-type converter and MCP
face (black circles represent channel areas). Pillar thickness is given in the top right corners. Xand Y-axes are the physical distances from the center of the central channel in µm. The color
scale is in units of the number of electrons per bin on the interface between the converter and
MCP face.

The pillar-type converter is intended for a straight-channel, single-MCP plate loaded
with neutron-sensitive materials. The channels are oriented parallel to the incident
neutron beam. For these MCP types, the pillars absorb neutrons where there would
otherwise be open channel area. Plate converters are intended for unloaded or relatively
low neutron detection efficiency MCPs. If the plate geometry is utilized in loaded,
highly efficient MCPs, the plate may absorb neutrons and prevent them from interacting
within the MCP, where the probability of subsequent detection is usually greater. The
increase of efficiency from a plate and pillar-type converter on unloaded and loaded
MCPs, respectively, as a function of thickness is given in Figure 4.13a. The efficiency
for an unloaded MCP using a converter plate shows a relatively larger increase over a
pillar-type converter on a loaded MCP. This is due to the larger area a plate o↵ers over
a pillar-type geometry. Figure 4.13a shows that as the converter thickness increases,
the efficiency increases accordingly due to the increasing number of capture reactions
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occurring and the subsequent escape of electrons from the reactions into the MCP. After
a maximum increase in efficiency is obtained at near 5 µm, the efficiency begins to
diminish as an increasing fraction of electrons from the capture reactions are unable to
scatter out of the converter and into the MCP. Additionally, as the converter thickness
increases, so does the e↵ect of self-shielding.
The increase in efficiency with a plate geometry on a loaded MCP was also studied.
Figure 4.13b shows the efficiency increase provided by a plate geometry converter added
to an MCP loaded with neutron-sensitive material. The diminishing increase in efficiency
is due to the converter plate acting as shielding to the loaded MCP from incoming
neutrons. As the converter plate thickness increases, more neutrons are prevented from
entering the MCP and are instead absorbed within the converter plate without the
reaction products necessarily being detected by the MCP. MCPs with neutron detection
efficiencies greater than ⇠37% lose efficiency with the addition of a converter plate of
any thickness.
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Figure 4.13. The increase of thermal neutron detection efficiency provided by a given converter
over the efficiency the MCP may already exhibit is shown. If the MCP is loaded, it is considered
to have a preexisting efficiency. An unloaded MCP is considered to have no preexisting efficiency
to thermal neutrons. a) The increase in efficiency for an unloaded MCP using a converter plate
(black line and circles) reaches a maximum of ⇠9.9% at 4 µm, while the increase in efficiency for a
loaded MCP using a pillar-type converter (dotted black line and squares) reaches a maximum of
⇠4.3% at 4 µm. b) The increase in efficiency with a plate geometry on a loaded MCP diminishes as
the preexisting MCP efficiency increases. The converter plate thickness was selected to optimize
the increase in relative efficiency at each preexisting MCP efficiency value.

Let us consider the tradeo↵ between resolution and efficiency due to the electron’s
path within the MCP itself. The range for the most probable energy electron emitted
from Gd (71 keV) is approximately 31 µm in the MCP glass. If produced near the
interface of the converter and the MCP and directed into the MCP, its long range in
MCP and the torturous path it takes could provide opportunities for many interactions
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within a single channel and/or interactions in multiple channels. This is in contrast to
the relatively straight path and short range of heavy reaction products from alternative
converter materials, such as

10 B

and 6 Li, where the heavy charged reaction product

interacts with channel walls at most twice. The increased interaction with a single
channel’s wall increases the probability of secondary electron emission in that channel
despite the relatively low stopping power of an electron. When an electron interacts
with multiple channels and therefore deposits less energy in any individual channel, the
lower secondary electron emission probability lowers the potential detection efficiency
of each individual channel. However, the detection efficiency resulting from combined
interaction with multiple channels may increase, depending on the secondary emission
threshold. This increase comes at a cost of resolution, which degrades with the increasing
number of channels that register detection events. The results of the simulation reveal
that the electron spread within the MCP due to scattering is relatively insignificant
compared to channel pitch for the range of converter thickness studied.

4.2.4

Conclusion of Study

The study undertaken investigated the potential to increase neutron detection efficiency
of MCPs without significant degradation of resolution with the use of a neutron converter
placed onto the top surface of an MCP. A thermal energy orthogonally incident neutron
beam was considered. MCPs unloaded and loaded with neutron-sensitive materials were
examined. Simulations conducted with GEANT4 considered converters of plate and
pillar-type geometries with Gd2 O3 as the neutron-sensitive material. The simulation also
considered an MCP with channel properties that would be typical of neutron-sensitive
MCPs [89, 90] The channels were straight with circular area; channel diameter of 10 µm,
and pitch of 12 µm were used.
Spatial resolution was determined to only weakly depend on converter thickness or
geometry. For converter thicknesses < 4 µm, the resolution is equal to channel pitch,
or 12 µm. Converter thicknesses > 4 µm yielded a resolution of three times the channel
pitch, or 36 µm.
While a plate geometry may be used on MCPs with preexisting neutron detection
efficiency, the increase in efficiency the converter adds quickly diminishes as the MCP’s
preexisting efficiency increases. Additionally, for neutron-sensitive MCPs, the optical
plate thickness is a function of the MCP’s preexisting efficiency. The optimal converter
design for neutron-sensitive MCPs consists of a series of pillars centered over each channel
with a pillar height of ⇠4 µm and pillar diameter equal to the channel diameter and
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shape. The increase in efficiency of this pillar-type converter may be as large as ⇠4.3%.

The pillar-type converter design may be utilized on straight channel configurations of
various channel diameters, pitches, or channel cross-sectional shapes, but is not optimized
for non-straight channel configurations (such as chevron). For an MCP not sensitive to
neutrons, the optimal converter has a plate geometry with thickness of ⇠4 µm, increasing
efficiency as much as ⇠9.9%. The increase in efficiency due to the use of a plate converter

is relatively insensitive to MCP channel shape, diameter, pitch, or stacking of multiple
MCPs.

Chapter

5

GFET Experimental Methods
5.1

Experimental Setup

Several of experimental configurations have been used to characterize di↵erent features
of GFETs and of graphene. The primary experimental setup used to test the electrical
properties and radiation response is shown in Figure 5.1. The sourcemeter (A) provides
voltage to the gate and also measures leakage current. The test box (B) allows control
over the lighting conditions in which the GFETs are operated and also prevents the
GFET from being accidentally struck by other tools, equipment, or people. The external
shutter control (C) allows operation of a remote shutter that controls the exposure of the
GFET to alpha particles. The BNC (Bayonet Neill-Concelman) electrical bus (D) allows
relatively quick changes of the pins used on the chip holder through the ZIP DIP (Zero
Insertion Pressure Duel In-line Package) chip mount. The lock-in amplifier (E) applies
voltage to the graphene and reads the current through graphene. For the experiments
described in Section 6.3.3 and 6.3.2, the lock-in amplifier is not used. The settings of
the lock-in amplifier were systematically explored for optimal GFET response with low
noise. These settings are shown in the red box of Figure 5.2, which is a screen capture
of the LabView data acquisition module.
The electrical circuitry of the experimental setup was designed, in-part, to prevent
damage to the graphene, contact leads, or substrate. Damage to the GFET typically
occurs by the burning of the micro-wide contact leads to graphene through overload of
current, which causes an open circuit. To help prevent this, a 1 M⌦ resistor was placed
in series with the voltage supply provided by the lock-in amplifier. A mechanism of
degraded GFET performance is excessive flow of current through the GFET gate. In
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theory, the gate should only provide voltage bias with zero current; however a small
electricity is conducted, identified as leakage current. Leakage current is minimized by
placing a 1 G⌦ resistor in series with the sourcemeter that supplies voltage to the GFET
gate. The electrical setup utilized to minimize the probability of GFET damage is given
in Figure 5.3.
Alpha particle irradiation is conducted using the alpha sources described in Section 3.2.2. The exposure of the source can be remotely controlled through the shutter
system for both front and back irradiation of the graphene chip. Front and back irradiation is detailed in Figure 5.4. The shutter system to control alpha particle exposure to
front and back irradiation are shown in Figure 5.5 and Figure 5.6, respectively.
A) Sourcemeters
B) Test box (lid removed)
C) External shutter control
D) BNC electrical bus
E) Lock-in Amplifier

A

B

E
D
C

Figure 5.1. Equipment utilized to characterize electrical properties of GFETs. Setup is also
used in testing response to broadband visible light and alpha particles. The equipment models
used are A) Model 2400 Keithley Sourcemeter [91], B) Model 7270 DSP Lock-in Amplifier [92].

Experiments were also conducted to estimate the area of substrate that contributes to
graphene response and to determine the response of graphene to photons of various energies. The experiments were conducted at the Penn State Intense Laser Laboratory (ILL),
which required disassembling, moving, and reassembling of the experimental setup. To
determine the area of substrate contributing to graphene response, the experimental
setup shown in Figures 5.7 and 5.8 was used.

47

Figure 5.2.
LabView data acquisition module developed for GFET experimentation.
Manufacturer-provided LabView codes from Keithley and Ametek were modified and combined
to control sourcemeter and lock-in amplifier, respectively. Settings to control the lock-in amplifier are shown within the red box, while settings to control the sourcemeter are shown in the
green box. Within the blue box are the parameters to oversee the save location and edit header
information of saved data files. Live time graphs display measures of the leakage current, and
graphene resistance (not shown). The Labview code can be switched to detect or sweep mode.
The code was developed with the help of Amanda Majcher.

5.2

Experimental Setup at Purdue University

Experiments were completed by colleagues at Purdue University to characterize GFET
response to X-rays and

-rays. The experimental setup of these experiments will be

discussed here. Details of the X-ray generator and

137 Cs

-ray source used are given

in Section 3.2.1. Measurements of GFETs at Purdue University utilize a probe station
and, thus, the graphene chips do not require mounting and wire bonding as they do
when measured at Penn State. When utilizing the X-ray generator, the probe station
lid must be in-place, onto which the X-ray generator may rest. This setup is shown in
Figure 5.9. The X-ray generator is controlled though Amptek computer software. GFET
measurements of the 137 Cs -ray source also are done with the probe station by centering
the source over the probe station lid window.
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Figure 5.3. The circuit that applies graphene measurement voltage and gate voltage are current
limited with the placement of resistors in series. The 1 M⌦ resistor in series with the lockin amplifier protects graphene and contact leads, while the 1 G⌦ resistor in series with the
sourcemeter protects the substrate. Electrical damage occurs through current overload. Circuit
shown is for measurements conducted at 4 K temperature.
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!
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Figure 5.4. 1) The front (or top) of the graphene chip is exposed to the alpha source when
alpha particles are allowed to penetrate through the graphene, contacts, and insulator (if present).
2) The back or bottom of the graphene chip is exposed when source particles are allowed to pass
through a hole in the chip holder to the backgate.

5.3

Experimental Setup at the Advanced Photon Source

Three key characteristics of a photon probe are needed for high-fidelity position-sensitive
measurements of the GFET response. First, measurements of the transverse (lateral)
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Unshielded

Shielded

Figure 5.5. A rotary servo rotates a shutter into place over the graphene chip to shield from
alpha irradiation. The shutter is constructed from card paper.

Figure 5.6. A linear servo slides a shutter (moving in direction of arrows) to prevent alpha
particles from bombarding the bottom of the graphene chip through a hole in the chip carrier.
Also labeled are the ZIP DIP socket, which mounts the chip holder, and the 241 Am alpha source
directed toward the graphene chip bottom.

dimension require a beam with diameter no greater than several µm, such that it is
significantly smaller than the size of graphene in the GFET device. Second, high-energy
photons (X-rays) in the multi-keV beam can e↵ectively penetrate the thickness of the
substrate and contribute to the response not only from ionization near the device surface,
but all along the depth of the X-ray beam through the substrate. Finally, the use of a
monoenergetic X-ray beam with low energy spread allows high confidence in the energy
deposition profile produced in the experiment. The 34-ID-E undulator beamline of the
Advanced Photon Source at Argonne National Laboratory produces X-rays with those
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CCD Camera

Focal Lens (f ≈ 5 cm)
550 nm
Cutoff Filter
Mirror

Graphene Chip

Razor Blade
BBO Crystal

Focus Lens (f ≈ 7.6 cm)
Focal Lens (f ≈ 20 cm)

Mirror

Figure 5.7. The laser experiment setup to determine the active area of the graphene chip.
The laser light is generated at 800 nm by a Micra laser system. The laser is directed to the
experimental setup and aligned to the graphene chip with mirrors. The first focal lens (f ⇡ 5 cm)
is used to focus light onto the BBO (barium borate) crystal, which doubles the frequency of
incident light to produce a mixture of 400 and 800 nm light. A 550 nm cuto↵ filter is used to
attenuate remaining 800 nm light. The second focal lens (f ⇡ 20 cm) collimates the laser beam
such that the razor blade can provide a clean partial blockage of the beam. The final focal lens
(f ⇡ 7.6 cm) allows imaging of the razor blade edge onto the graphene chip. The CCD camera
is used to both determine optimal distance from the final focal lens for razor blade edge imaging
and to monitor the reflected light from the graphene chip during experiment. The CCD camera
used was a Mightex CGE-B013-U [93] with a MLH-10X Computar lens group [94].

characteristics and also provides a high X-ray rate (approximately 4.2⇥109 /s during
the course of the experiment). The 34-ID-E beamline has a beam size of ⇡ 0.3⇥0.3 µm2
and produces monoenergetic X-rays with a relative energy spread

E/E ⇡ 1 ⇥ 10

4.

To

carry out the investigation of the position sensitivity of GFETs, a research proposal was
successfully submitted to the 34-ID-E beamline at APS. Figure 5.10 shows the primary
stations utilized during experiment.

5.4

Detection and Sweep Mode Operation

In experimentation, GFETs are generally operated in either detection or sweep mode.
Sweep mode operation is carried out by applying an increasing or decreasing gate volt-
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Focal Lens (f ≈ 20 cm)
CCD Camera

LED Switch Box

Focal Lens (f ≈ 7.6 cm)
Graphene Chip

Razor Blade

Focal Lens (f ≈ 5 cm)

Figure 5.8. In addition to the laser experimental setup, the light emitted from the LEDs can
also be used to determine the active area of the graphene chip. This is first accomplished by
focusing and collimating the LED light with the f ⇡ 5 cm and f ⇡ 20 cm lens, respectively. The
collimated LED beam is then partially blocked by a razor blade. The remaining beam light is
then imaged onto the graphene chip with the f ⇡ 7.6 cm lens.

age while monitoring graphene resistance. The intent of sweep mode is to measure the
graphene field e↵ect with and without exposure of the GFET to a test condition, typically radiation. In principle, comparing field e↵ect curves with and without the exposure
of radiation will allow the selection of a gate voltage which should elicit maximum response. Additionally, surveying of field e↵ect curves with sweep mode operation allows
characterization of the Dirac peak for the graphene device as operated with the particular
contacts used.
Detection mode operation is carried out by applying a selected gate voltage and monitoring graphene resistance response to a test condition, typically exposure to radiation
as a function of time. The time duration of radiation exposure should be selected such
that resistance behavior before and after exposure can be assessed. Additionally, the
graphene should be given time to adjust to the applied gate voltage before radiation
exposure takes place. This initial period is called stabilization and can last on the order
of minutes to hours, depending on the characteristics of the graphene device. Redistribution of charges from chemical doping of the GFET is the primary mechanism which
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Figure 5.9. Pictured is the probe station with the X-ray generator placed on top of the probe
station lid. The X-ray source is directed down toward the graphene chip in the probe station
chamber. The X-ray source is centered over a 6 mm thick SiO2 window in the probe station
lid, which allows transmission of X-rays into the probe station chamber with some attenuation.
During operation, the X-ray generator is placed into a lead cylinder to minimize operator dose.
Probe position controllers control movement of the contact probes. The distance between the
X-ray source and GFET is 8 cm [95].

dictates the length of stabilization. Self consistency of graphene device electrical properties can be confirmed by comparing the change of graphene resistance when exposed
to radiation in detection mode against the measured change between field e↵ect curves
taken in sweep mode with and without exposure to radiation.

5.5

GFET Si and SiC Substrate Characteristics

Various substrates including Si and SiC semiconductors were used as substrates to fabricate GFET devices. At 300 K, Si has a bandgap of 1.12 eV [97], while SiC has bandgaps
of 3.23 and 3.0 eV for 4H and 6H structures, respectively [98]. The bandgaps are temperature dependent, as shown in Figure 5.11. 4H and 6H structures refer to the polytype of
SiC and the stacking arrangement of atoms in a unit cell defining the crystalline structure [99]. Due to the lower bandgap of Si, the thin substrates used (300 µm) appear
as opaque since broadband visible light can be readily absorbed as the energy of the
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Figure 5.10. Pictured are sections of the 34-ID-E beamline. a) The control station provides
computers to remotely control X-ray beam energy, shuttering, and movement of the translation
stage. Monitors allow viewing of the sample using the telescope (in d) focused on the sample.
b) The sample preparation station provided a microscope and magnifying lens that allowed
examination of GFET samples. It also provided a work bench for c) modification of the sample
mount. In order to utilize the translation stage the GFET mount had to be modified and adapted
to the mounting system of the stage. d) Inside the experimental hutch contains the beamline
exit and sample mount. The X-ray beam is collimated by a slit, may be shuttered, and is then
focused onto the sample using mirrors. The telescope allows magnified viewing of the GFET
sample. The CCD was not used in the experiment [96].

photons is much higher than the bandgap (800 nm photons have an energy of 1.55 eV,
for example). SiC, however, is typically transparent as the higher bandgap of SiC will
cause the material to be less absorptive to broadband visible photons. When coated with
a metal backgate, SiC will often take on the color of the gate.
The Si substrates used were p-doped. At room temperatures, the carrier density
of the p-doped substrate is such that it becomes conductive. The SiC used remains a
semiconductor at room temperatures. Since the Si substrates are conductors at room
temperature, a significant part of the potential applied to the gate drops across the ox-
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Figure 5.11. The temperature dependence of Si [97] and SiC [98] bandgap is given on the left
and right, respectively. Di↵erent polytypes of SiC have di↵erent bandgaps.

ide layer on which graphene resides. The relatively short thickness of the oxide layer
enhances the electric field strength experienced by graphene. The enhanced electric field
creates Dirac peaks that are relatively less a↵ected, as compared to SiC, by electrochemical doping. Electrochemical doping is evidenced by the presence of hysteretic e↵ects.
Conversely, as the electric field drops across the thickness of SiC substrates, an applied
gate voltage commensurate with that applied to Si substrates produces Dirac peaks with
noticeable hysteresis since the electric field experienced by graphene is not as strong.

Chapter

6

GFET Response to Radiation
6.1
6.1.1

General Properties of GFET Experimental Response
Response to Visible and UV Light

An investigation of the response of GFETs to visible and UV light has been conducted.
Since SiC is a semiconductor with a bandgap of 3 eV (at 300 K for 6H), its conductivity should be sensitive to photons with

< 413 nm. Photons of these wavelengths

are available on the UV end of the broadband visible light spectrum. In the absence of
irradiation, the SiC substrate is highly resistive, and the applied backgate voltage, Vbg ,
drops primarily through the substrate. The relatively large thickness (dSiC = 300 µm)
of the SiC substrate results in a relatively small electric field (E = Vbg /dSiC in a plate
capacitor model). When exposed to photon or charged particle radiation with energy
equal to or greater than the bandgap, the SiC substrate becomes partially conductive,
increasing the electric field experienced by graphene. Experiments show that the exposure to light can induce a sufficiently large change of electric field, as evidenced by the
presence of Dirac peaks in the field e↵ect curves of Figure 6.1. All experiments have been
conducted at room temperature. To e↵ectively characterize the GFET resistance in the
vicinity of Dirac point by use of moderate backgate voltages, the GFET was exposed to
broadband visible light. The Dirac point voltage, Vd , is dependent on the voltage sweep
direction, as evident in Figure 6.1 and reported in prior studies [100, 101, 102]. This
is due to hysteric e↵ect, which is discussed in Section 6.2. Graphene on Si substrates
should not show changes in field e↵ect curves when exposed to radiation of any type as
the Si substrate is conductive at room temperature. The conductivity of Si causes it to
essentially act as a gate. Additional changes in conductivity to room temperature Si sub-
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strates induced by irradiation are small compared to the conductivity of the substrate.
This is observed for broadband visible light exposure in Figure 6.2. Graphene response
has been shown to vary from device to device such that even two graphene devices on
the same substrate chip can exhibit various characteristics such as Dirac peaks that are
measured at di↵erent backgate voltages or maximum resistances.
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Figure 6.1. Field e↵ect curves of CVD graphene on SiC when illuminated with broadband visible
light and not illuminated. The light source is described in Section 3.2.1 and was at a distance
of ⇡ 15 cm from the graphene chip. Dirac peaks are measurable when GFET is illuminated.
Hysteresis exists in the measurement of the field e↵ect curves, seen as a shift of the Dirac peak
depending on direction of voltage sweep (an increasing voltage sweep direction shifts the Dirac
peak to higher voltages and vice versa).

Graphene also exhibits response when illuminated with light of photon energies that
are below the bandgap of SiC, as shown by the field e↵ect curves in Figure 6.3. The
shape of the field e↵ect curves, with resistance being of greater magnitude for positive
gate bias, indicates unipolar n-type graphene field e↵ect [103]. The di↵erence in resistance between unilluminated and illuminated conditions is the measure of magnitude of
response. This may be better understood in time dependent measurements of graphene
resistance, as in Figure 6.4. The magnitude of response is a function of photon energy
and flux. At a constant flux, the magnitude of graphene response increases as the photon
energy increases. It is believed that the presence of response to photon energies below
the bandgap energy is due to impurities that exist in the substrate that modify the original bandgap structure of SiC. The impurities may introduce energy states between the
valence and conduction band, allowing photons with energies less than the bandgap of
pure SiC to induce substrate conductivity of a magnitude that would be dependent on
photon flux and impurity density.
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Figure 6.2. Field e↵ect curves of CVD graphene on Si when illuminated with broadband visible
light and not illuminated. Exposure to light does not change the field e↵ect curves as the Si
substrate is already conductive and acts as a backgate. Additionally, hysteresis is not observed
due to the strength of the electric field experienced by graphene. The strength of the electric
field experienced by graphene is a function of the distance over which the electric field is applied,
(see Section 2.2.2).
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Figure 6.3. The field e↵ect curves of CVD graphene when illuminated with LED photons of
various wavelengths is a function of photon energy. As the photon energy increases, the di↵erence
between the dark and illuminated curves increases. A listing of the photon wavelengths and
energies that correspond to colors used are listed in Table 3.2. LEDs are centered ⇡ 5 cm from
the graphene chip.

6.1.2

Response to X-rays and -rays

Investigations of the response of GFETs to X-rays and

-rays have been conducted

by collaborators at Purdue University. The details of the X-ray generator and

-ray
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Figure 6.4. The magnitude of response of CVD graphene increases as the GFET is illuminated
with LED photons of greater energy. Time response is studied with a Vbg = 40 V. LEDs are
centered ⇡ 5 cm from the graphene chip

source are given in Section 3.2.1, while a description of the experimental setup is given
in Section 5.2. All results presented are for GFETs composed of epitaxial graphene on
SiC substrates at room temperature. Graphene exhibits field e↵ect when the GFET
is exposed to X-rays, as in Figure 6.5. The greater graphene resistance at negative
backgate bias indicates p-type unipolar graphene field e↵ect [103]. The response of
graphene to X-rays has been measured for varying X-ray generator voltage and current,
given in Figures 6.6 and 6.7, respectively. Note that an increase in X-ray generator
voltage correlates with an increase in X-ray energies and flux (see Figure 3.6). The
graphene exhibits a linear response in resistance with a linear change in X-ray generator
current; however, as X-ray generator voltage increases, the change in graphene resistance
begins to exhibit asymptotic behavior. It is believed that the asymptotic behavior of
graphene response is due to an equilibrium forming between charge production and
charge recombination. The important quantity to consider is energy deposited into the
substrate. When the change in graphene resistance is normalized by the energy flux
absorbed by the substrate, as in Figure 6.8, it becomes clear that the relative change
in graphene resistance is reduced as the energy flux increases. GFET response to

-

rays has also been measured, as shown in Figure 6.9; however, for many devices -ray
response was poor or unobservable. This is expected since for 500 µm thick SiC, the
fraction of 662-keV photons incident on the GFET that interact is estimated to be
⇠0.01. Additionally, those photons that do interact are likely to interact by Compton

scattering (photoelectric e↵ect is 103 times less likely). The Compton produced electrons
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may also able to escape from the SiC, contributing even less energy to the substrate.

Figure 6.5. X-ray exposure of the GFET induces graphene field e↵ect. The magnitude of field
e↵ect can be assessed by comparing the data of unexposed GFET (dotted line) with data of
exposed GFET (solid lines). As the energy of the X-rays increases (X-ray generator setting from
30 to 40 kV), the magnitude of field e↵ect increases as more energy is absorbed by the substrate,
inducing greater substrate conductivity. The intersection of all field e↵ect curves at zero backgate
voltage is also evidence of graphene field e↵ect [95, 104].
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Figure 6.6. Time dependent measurements show that as the GFET is exposed to increasing
X-ray energies (increasing X-ray generator voltage) and flux (increasing X-ray generator voltage
also increases total flux), the graphene exhibits a nonlinear increase in resistance. The X-ray
generator current and backgate voltage are set constant at 60 µA and 50 V, respectively [95].

6.1.3

Response to Alpha Particles

The response of GFETs to alpha particles is of interest since alpha particles are a reaction
product of thermal neutron absorption by lithium and boron. Thus, by characterizing
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Figure 6.7. Time dependent measurements show that as the GFET is exposed to a linearly
increasing X-ray flux (increasing X-ray generator current), the graphene exhibits a linear increase
in resistance. The X-ray generator and backgate voltage are set constant at 30 kV and 50 V,
respectively [95].

Figure 6.8. The relative change in graphene resistance with energy flux shows a diminishing
response with increasing energy flux. At lower energy fluxes (< 10 keV cm2 /s), graphene resistance response can be approximated as linear. At higher energy fluxes (> 10 keV cm 2 s 1),
asymptotic graphene response becomes evident. The blue circles represent graphene resistance
measurements with constant X-ray generator current (60 µA) and varying voltage, while the
red squares represent graphene resistance measurements with constant X-ray generator voltage
(30 kV) and varying current. To calculate the interaction rate, a SiC substrate thickness of
500 µm was assumed, and photon flux is scaled against measurements taken with an X-ray
detector, as discussed in Section 3.2.1 [95].

GFET response to an alpha source, a typical heavy charged particle produced in thermal
neutron capture, general properties of response to both slow neutrons and heavy charged
particles can be inferred. The alpha sources utilized and the setup of alpha experiments
presented in this work are described in Sections 3.2.2 and 5.1, respectively. Both
and
the

210 Po
210 Po

241 Am

alpha sources have been used; however, no GFET response was measured for
source due to its relatively low activity. All experiments described here utilize
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Figure 6.9. The resistance of graphene changes due to GFET exposure to a 137 Cs -ray
source. The 662 keV photon flux at the GFET (8 cm from source) is estimated to be 5.06 ⇥ 105
cm 2 s 1 [95].

the

241 Am

source. Also, all experiments with alpha sources have been conducted with

CVD graphene on SiC substrates. Alpha exposure of the GFET was conducted in both
“front” and “back” orientations. In “front” exposure experiments, the alpha source is
centered over the front of the GFET such that the axis of the source is orthogonal to
the chip face, and the graphene is directly exposed, as in Figure 5.5. The alpha source is
at a distance ⇡ 4 mm from the GFET front face. In “back” exposure experiments, the

alpha source is oriented facing the backgate of the GFET as in Figure 5.6, with alpha
source at a distance ⇡ 7 mm from the GFET back face. Experiments were conducted

with and without illumination of the GFET with broadband visible light. While the
GFET is illuminated with broadband visible light, changes in graphene field e↵ect are
induced by both front and back oriented alpha exposure, as evidenced in Figures 6.10
and 6.11, respectively. Changes in the field e↵ect curves are also evident with GFET
in unilluminated conditions and exposure to a front and back oriented alpha source,
as shown in Figures 6.12 and 6.13, respectively. For all sweeps in this work conducted
with alpha particle source present, a sweep speed of 0.01 V/s has been used. For front
oriented alpha exposure experiments, the broadband visible light source was oriented at
a distance ⇡ 10 cm from the GFET chip in a sideways fashion, such that a shadow was
not cast by the physical structure of the alpha source or the shutter. This is important

in detection experiments since the front shutter is actuated and the only e↵ect which is
intended to be tested is the response to alpha particle exposure. Thus, it is necessary to
maintain the magnitude of illumination of the GFET to broadband visible light nearly
constant during the course of an experiment. For back alpha exposure experiments,
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the broadband visible light source was oriented directly over graphene at a distance ⇡

10 cm from the front face of the GFET chip. The operation of the back shutter does not
modify the broadband visible light illumination of the GFET. The di↵erence in graphene
resistance between Figures 6.10 or 6.12 and Figures 6.11 or 6.13 is due the the usage of
two di↵erent GFET devices. Di↵erent GFETs were used due to the failure of the “SiC1”
GFET device during experimentation. When illuminated with broadband visible light,
a Dirac peak is always measurable; however, in unilluminated conditions, a Dirac peak
is not measurable. Also, when unilluminated and exposed to alpha particles, graphene
exhibits unipolar field e↵ect, whereas bipolar field e↵ect is observed when GFET is
illuminated with light. The magnitude of graphene response to alpha particle exposure
can be assessed by calculating the magnitude of di↵erence of the field e↵ect curves with
and without alpha exposure.
Detection experiments using GFETs have also been conducted. Figures 6.14 and 6.15
show graphene response to front and back alpha exposure while illuminated with broadband visible light, respectively. Figures 6.16 and 6.17 show graphene response to front
and back alpha exposure while unilluminated, respectively. Operation voltages were
selected to allow observation of positive and negative graphene responses in resistance
over a relatively broad region of measured field e↵ect curves. For all detection measurements in the work with alpha particles, a data recording frequency of ⇡ 5.15 Hz was

recorded. The detection mode experiments can be compared against their respective
field e↵ect curves. For example, detection response to alpha source positioned at the
front face device when illuminated with broadband visible light (Figure 6.14) can be
compared with the field e↵ect curves with and without front alpha exposure while illuminated with broadband visible light (Figure 6.10). While unexposed to alpha particles,
the graphene resistance in detection mode (time = 60–300 s, blue line in Figure 6.14)
at backgate voltage of +15 V is an approximate measure of the unexposed graphene
field e↵ect resistance (black line in Figure 6.10) at a backgate voltage of +15 V. When
the GFET is exposed to front alpha source in detection mode (time = 300–360 s, blue
line in Figure 6.10), the graphene should eventually have a resistance near that of the
field e↵ect measurement for front alpha exposed graphene at a backgate of +15 V (black
line in Figure 6.10). This correspondence between detection mode experiments and field
e↵ect curve measurements generally holds for front and back alpha source exposures and
in illuminated and unilluminated conditions. A general conclusion that may be drawn
from detection mode experiments is that the time of recovery (time for graphene resistance to return to values measured before alpha exposure) is slower for unilluminated
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GFETs as compared to illuminated GFETs, regardless of the face of exposure of the
GFET. The recovery time is dictated by hysteric e↵ects (discussed in Section 6.2 of this
chapter) and the recombination of charges in the substrate. It is conjectured that the
hysteresis does not vary significantly due to illumination with broadband visible light,
as hysteresis is primarily dominated by relatively large changes in electric field applied
by the backgate. It is possible that illumination with light reduced the recovery time by
creating electron-hole pairs that are transported through the substrate by the electric
field. The electrons and holes that are in conduction and valence bands, respectively,
can recombine with respective opposite charges as they are transported through the
substrate. Due to increased carrier density, the electrons and holes created by alpha
irradiation can recombine quicker with their opposite charges in illuminated conditions.
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Figure 6.10. Exposure of the GFET to a front oriented alpha source while illuminated with
broadband visible light (red line) leads to a change in the graphene field e↵ect as compared to
only illumination with broadband visible light (black line). The alpha source is centered over
the graphene at a distance of ⇡ 4 mm from the front face of the GFET chip. The chip used is
“SiC1”.

While previous measurements presented on GFET response to alpha particles exhibit
relatively slow and cumulative response, one of the GFET devices measured showed the
potential for single alpha particle detection. As shown in the detection mode experiment
of a GFET exposed to front alpha source in Figure 6.18, discrete and relatively quick
changes in graphene resistance are measured. These changes in graphene resistance are
only measured during the exposure of GFET to alpha particles. The opposite changes
in graphene resistance (positive and negative resistance changes for positive and negative backgate voltages) provide the evidence for the graphene field e↵ect mechanism
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Figure 6.11. Exposure of the GFET to a back oriented alpha source while illuminated with
broadband visible light (red line) induces a change in the graphene field e↵ect as compared to
only illumination with broadband visible light (black line). The alpha source is centered over
a hole in the chip carrier on the bottom side of the graphene chip. The hole is intended to be
centered on the back side of the GFET chip where the graphene is located on the front side of
the chip. Alpha particles that pass through the chip carrier hole are able to deposit energy into
the substrate after passing though the backgate. Energy loss in the backgate is negligible. The
alpha source remains during the sweep at a distance ⇡ 7 mm from the bottom face of the GFET
chip. The chip used is “SiC2”.
8000

Resistance ( )

7500

No Source!

7000
6500

Front Alpha !

6000
5500
5000
−30

−20

−10
0
10
Backgate Voltage (V)

20

30

Figure 6.12. Exposure of the GFET to a front oriented alpha source in unilluminated conditions (red line) leads to a change in the graphene field e↵ect as compared to the unilluminated
conditions (black line). The chip used is “SiC1”.

of response. Conditions that enabled single alpha particle detection are unillumination
and relatively high backgate voltage (> ±20 V) of the GFET. These conditions were

not previously tested until this experiment. As in previous experiments, the front alpha
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Figure 6.13. Exposure of the GFET to a back oriented alpha source in unilluminated conditions (red line) leads to a change in the graphene field e↵ect as compared to the unilluminated
conditions (black line). The chip used is “SiC2”.
8500
8000

0V!

Resistance ( )

7500
7000

+15V!
6500
6000
5500
5000
4500
60

-15V!

180

300

420
Time (s)

540

660

720

Figure 6.14. Time dependent detection mode experiments show change in graphene resistance
when exposed to front alpha source while illuminated with broadband visible light. The exposure
of GFET to front alpha source takes place in the yellow shaded regions, which are composed of
one minute alpha exposures, separated by two minutes of recovery time. Backgate voltages used
during operation are 0 V, +15 V, and -15 V, for black, blue, and red lines, respectively. The chip
used is “SiC1”.

source is centered at a distance ⇡ 4 mm from the GFET front face with a measurement
frequency of ⇡ 5.15 Hz.

To further investigate if the response may arise from interaction of GFET with single

alpha particles, in addition to quantifying graphene response in previous alpha particle
experiments, the flux of

241 Am

alpha particles the GFET is exposed to, along with
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Figure 6.15. Time dependent detection mode experiments show change in graphene resistance
when exposed to back alpha source while illuminated with broadband visible light. The exposure
of GFET to back alpha source takes place in the yellow shaded regions, which are composed of
one minute alpha exposures, separated by two minutes of recovery time. Backgate voltages used
during operation are 0 V, +15 V, and -3 V, for black, blue, and red lines, respectively. The chip
used is “SiC2”.
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Figure 6.16. Time dependent detection mode experiments show change in graphene resistance
when exposed to front alpha source while unilluminated. The exposure of GFET to front alpha
source takes place in the yellow shaded regions, which are composed of three minute alpha
exposures, separated by five minutes of recovery time. Backgate voltages used during operation
are 0 V, +15 V, and -15 V, for black, blue, and red lines, respectively The chip used is “SiC1”.

energy deposition in the GFET substrate, is estimated. The

241 Am

has been measured

with an alpha spectrometer, and has been previously shown in Figure 3.10. Integrating
this spectrum, the estimated alpha particle flux from the source is 3.7 ⇥ 10

3

↵/µm2 /s

with a mean energy of 2.38 MeV/↵. This corresponds to an alpha particle energy
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Figure 6.17. Time dependent detection mode experiments show change in graphene resistance
when exposed to back alpha source while unilluminated. The exposure of GFET to back alpha
source takes place in the yellow shaded regions, which are composed of one and a half minute
alpha exposures, separated by three and a half minutes of recovery time. Backgate voltages used
during operation are +5 V, +20 V, and -20 V, for black, blue, and red lines, respectively. The
chip used is “SiC2”.

flux of 8.81 keV/µm2 /s. The measurement of the

241 Am

alpha source with the alpha

spectrometer is conducted in vacuum. Energy loss of alpha particles due to air must be
accounted for. The stopping power of alpha particles in air for 2.38 MeV alpha particles
is estimated as 1.29⇥103 MeV·cm2 /g [105]. The energy loss of alpha particles through
4 mm of air is estimated to be 0.62 MeV for an alpha particle of average energy 2.38 MeV.
On average, alpha particles with energies less than ⇡ 620 keV do not reach the GFET
and the alpha particle flux becomes 3.32 ⇥ 10

3

↵/µm2 /s at the GFET face. The energy

flux of alpha particles on the GFET surface is estimated to be 5.8 keV/µm2 /s. As the
alpha source area is much larger than the presumed e↵ective area of a GFET, plane
source (beam) geometry can be assumed. The alpha particle rate, as measured by the
GFET in Figure 6.18 for all measurement time, is roughly estimated to be 0.083 ↵/s. In
order to produce this interaction rate, the active GFET area must be ⇡ 25 µm2 . This

estimated active GFET area is larger than the graphene area (4 ⇥ 1 µm2 ), but of order of

the area predicted by measurements of active GFET area, as discussed in Section 6.3.1
of this chapter. The energy deposited over a GFET region of size 25 µm2 is estimated
to be ⇡ 150 keV/s or 1.78 MeV/↵.
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Figure 6.18. Possible single alpha particle detection is shown with GFET operated in unilluminated conditions and exposed to front alpha source. Sharp changes in graphene resistance
likely indicate single alpha particle detection. Front alpha source exposure times of one and
five minutes are used for first and second exposure periods (yellow shaded regions), respectively,
separated by a four-minute recovery time. Backgate voltages of +20 V and 20 V are shown
by blue and red lines, respectively. Alpha exposure periods are shown by shaded yellow regions.
The chip used is “SiC1”.

6.2

Hysteretic Behavior

Hysteretic e↵ects have been widely observed in field e↵ect curve measurements of GFETs,
causing the shape of the field e↵ect curve and the location of the Dirac peak to be
dependent on direction, speed, and range with which gate voltage sweeps are performed [100, 101, 102, 106, 107]. The work presented here characterizes hysteretic e↵ects
in graphene and has been previously published [108]. Hysteresis is observed in graphene
measurements in this work. An example is Figure 6.1, which has field e↵ect curves
with positive values of Vd indicating p-type doping of graphene, consistent with electrochemical doping. Hysteretic origins have been shown to be electrochemical doping from
dopant species that exist on the substrate material on which graphene is deposited [109].
Electrochemical p-type doping species may be introduced during device fabrication, or
after exposure to environments containing H2 O and O2 , or NO2 [110, 111, 112]. Electrochemical doping involves electron transfer to or from graphene via a redox reaction:
O2 + 2H2 O + 4e

(graphene) () 4OH . The direction of the reaction is determined

by the relative height of Fermi energy levels of the graphene and the redox potential
energy, the former being controlled by gate voltage and the latter by the density of
redox states [110, 112]. This is illustrated in Figure 6.19. Systematic studies have explored the hysteresis occurring in GFETs on Si substrates by varying the field e↵ect
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Reduction (graphene gains e-)
4OH- -> O2 + 2H2O + 4eVbg(0) < Vbg(∞) Vbg(∞) Vbg(0) > Vbg(∞)

EF
EF = ERedox
O2 + 2H2O + 4e- -> 4OHOxidation (graphene loses e-)
Figure 6.19. The density and type of charge carriers on graphene is a↵ected by electrochemical
doping caused by dopant species that exist between graphene and the substrate. In the absence
of electrochemical or gate doping (though gate biasing), the Fermi energy level of graphene, EF ,
naturally exists at the Dirac point. Adding dopant species causes the graphene Fermi energy
to lower over time, eventually equilibrating with the redox potential energy through oxidation.
This is shown in the center, when the backgate voltage is constant for a time period, Vbg (1),
greater than the equilibrium time. If a backgate voltage, Vbg (0), is applied which is less than
Vbg (1), the graphene Fermi energy is initially dominated by gate doping; however, over time the
graphene Fermi energy equilibrates with the redox potential through reduction. Accordingly, if
a backgate voltage, Vbg (0) is applied which is greater than Vbg (1), the graphene Fermi energy is
initially dominated by gate doping; however, over time the graphene Fermi energy equilibrates
with the redox potential through oxidation. The transfer of electrons is between graphene and
the dopant species [113].

sweep parameters [100, 101, 102, 106, 107, 112, 114]. The time evolution of graphene
resistance in the presence of electrochemical species on Si substrates has also been studied [110, 111, 115, 116, 117, 118]. While previous studies have already examined the
hysteresis e↵ect of CVD graphene on Si substrates [119, 120, 121], extensive studies
done here provide the first insight into the hysteretic nature of GFETs utilizing CVD
graphene on SiC substrates. This insight arises from the use of a time-dependent characterization of the GFET through graphene current vs. time measurements. A field
e↵ect measurement technique was developed that measures graphene field e↵ect while
being e↵ectively kept at a fixed gate voltage. Such studies can provide understanding into the operation of graphene-based devices with hysteretic behavior for memory
devices [119, 122, 123, 124, 125], chemical sensing [111, 117, 118, 126, 127, 128, 129],
photodetectors [130, 131], and ionizing radiation detectors [95].
Many studies have been conducted to characterize the dependence of the GFET
hysteresis on sweep speed (V/s) [100, 102, 107, 119, 121, 122, 123]. Figure 6.20 illustrates
the underlying cause of this dependence in the experiment. Graphene resistance varies
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significantly with time when responding to changes of backgate voltage. High rates of
voltage change were utilized to obtain a better insight into the hysteretic behavior. As
observed in Figure 6.20, graphene resistance eventually stabilizes, reaching an asymptotic
value. Stabilization (or relaxation) requires applying a single backgate voltage for a time
of order of the period required for graphene Fermi energy level to come to equilibrium
with the redox potential energy after the graphene Fermi energy is modified by the
electric field created with the gate voltage [109]. The time for graphene resistance to
fully stabilize in response to a change in backgate voltage is on the order of minutes, and
is comparable to that observed in previous studies [119, 122].
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Figure 6.20. Time dependent hysteretic graphene response (Isd t) to an instantaneous change
in backgate voltage, Vbg = 20 V (0–300 s, red) to 0 V (300–600 s, black) to +20 V (600–800 s,
blue). The applied backgate voltage (Vbg ) time profile is shown in green. Vbg = 0 V at the
beginning of the measurement.

A measurement technique was developed which 1) minimizes the hysteresis induced
by the measurement and 2) obtains the field e↵ect curves for a hysteretic GFET at any
given operating voltage. The technique is based on an Isd

Vbg measurement method

that stabilizes the graphene resistance at a backgate voltage between discrete voltage
sweep steps. While this Isd

Vbg measurement method is similar to pulse-type field

e↵ect measurements [100, 125, 132, 133, 134] this technique was developed to allow field
e↵ect curve characterization at any given Vbg that may be desired for GFET operation
while also considering the graphene response speed. For the GFET tested here, it was
empirically determined that the amount of time usually required to reach a resistance
minimum immediately following a step change in sweep voltage was ⇡ 10 s, as shown in

Figure 6.20. A 20 s stabilization time was therefore selected, sufficiently long for graphene
resistance to stabilize, except when there was a significant di↵erence between the sweep
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voltage and the selected stabilization voltage. This is illustrated in Isd

t response in

Figure 6.21, which shows that as sweep voltages become greater than Vbg = 9 V (or
at times greater than 890 s), the graphene resistance no longer stabilizes over the same
period. However, this incomplete stabilization does not a↵ect Vd . The switching of the
backgate voltage between sweep and stabilization voltages causes the oscillating behavior
in graphene resistance in Figure 6.21. A guide to eye curve was traced in Figure 6.21,
which transects the graphene resistance maxima (at Vbg lower than the Dirac point)
and minima (at Vbg greater than the Dirac point) of the sweep voltage steps. This
curve closely matches the field e↵ect curve shown in Figure 6.22 (for a forward sweep
at Vbg =

20 V). Using the described Isd

Vbg measurement method, the field e↵ect
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Figure 6.21. Time dependent graphene resistance in Isd -t forward-sweep measurement for a
stabilization voltage of Vbg = 20 V. The time profile of Vbg is shown in green. Each grid spacing
comprises 30 s; the first 10 s was used to apply the sweep voltage, while the last 20 s was used to
allow stabilization at Vbg = 20 V. A guide to eye field e↵ect curve was traced through recorded
data points taken for Isd Vbg measurements, matching the Dirac peak given in Figure 6.22 for
a Vbg = 20 V forward sweep. At time 0 s, backgate voltage shifts from Vbg = 0 V to 20 V.

curves for backgate stabilization voltages of Vbg =

20, 0, and +20 V were measured and

are shown in Figure 6.22. The measured Vd hysteresis was considerably reduced for all
stabilization voltages by use of this measurement method, as can be seen by comparing
Figure 6.1 and Figure 6.22. Field e↵ect curves exhibit the characteristics consistent
with electrochemical p-type doping of graphene, as Vd shifts in the direction opposite to
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Figure 6.22. Field e↵ect curves (Isd Vbg ) with stabilization at Vbg = 20 V (red), 0 V (black),
and +20 V (blue) for forward (FW) and backward (BW) sweep directions. The vertical dotted
lines represent voltage of stabilization/operation respective to the same color field e↵ect curve.
The Dirac peaks are located above the respective stabilization voltages. The square and star
data points represent forward and backward sweeps, respectively. Hysteresis of the Dirac point
is reduced to 1, 2, and 3 V for Vbg = 20 V, 0 V, and +20 V, respectively.

the sweep direction [112, 122]. The residual hysteresis present when this measurement
method was applied is due to the selected voltage stabilization step period not being
long enough for a complete stabilization of graphene resistance to occur. The developed
Isd

Vbg measurement technique can be used to appropriately account for the hysteretic

response of graphene when used as a sensor, where a time-dependent resistance measured
within a period of time constitutes the signal. This signal can be correlated to the field
e↵ect curve generated by the described method so long as the field e↵ect curve had been
measured with the voltage sweep step time comparable to the characteristic duration of
the signal.
The features of graphene response in Figure 6.20 can now be explained with the aid of
the Isd

Vbg measurement method. An expanded view of Isd

voltage shift of Vbg =

t response with backgate

20 V to 0 V is provided as an example in Figure 6.23. The lower

inset displays field e↵ect curves stabilized at Vbg =

20 V and 0 V (forward sweeps). Two

key features are present in Isd t response to a change in backgate voltage observed in the
GFET. The first feature (a-b) is dominated by the capacitance formed by the backgate
and graphene. The slow response speed of the GFET (backgate leakage time constant
⇡ 0.33 s) allowed the Dirac point to be distinctly observed between time points a and b,
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following a change in backgate voltage. As the Vd point is crossed, the graphene switches
from h+ to e- carrier type. In related experiments conducted, the transient occurrence
of the Dirac point could not be observed in exfoliated graphene on doped Si due to the
relatively small capacitance that results in fast device response, similar to observations by
Martnez et al. [118] and Wu et al. [126]. As evidenced in Figure 6.23, the inflection point
b has a minimum resistance that is approximately equal to the resistance at Vbg = 0 V in
the field e↵ect curve stabilized at Vbg =

20 V. The second feature, occurring between

points c and d in Figure 6.23, arises from the trapping of electrons from graphene by
the underlying dopant species through redox reactions, causing the eventual p-doping
of graphene. During this time, Vd slowly shifts from

5 V to 7 V and the graphene

reverts back to h+ from e- carrier type. Graphene resistance in Figure 6.23 eventually
approaches the resistance at Vbg = 0 V for a field e↵ect curve stabilized at Vbg = 0 V
in Figure 6.22. In retrospect, each voltage sweep step of Figure 6.21 can be explained
similarly for Vbg > Vd . When Vbg < Vd , the Dirac point is not crossed and therefore not
observed in Isd t measurements. It is expected that performing the Isd t measurement,
as done in Figures 6.20 and 6.23, in the backward direction (Vbg = +20 V to 0 V
to

20 V) would maintain the h+ carrier type in graphene, as the Dirac point is never

traversed. The conclusion of this experiment is an understanding of the hysteretic nature
of CVD graphene on SiC substrates. This has been established through complimentary
Isd

Vbg and Isd

t measurements, which reveal a response consisting of a fast and

a slow component. The fast component is attributed to GFET capacitance, while the
slow component is attributed to electron transfer through redox reaction. To cope with
future GFET devices which exhibit hysteresis, the Isd

Vbg measurement technique that

has been developed can enable the characterization of hysteretic GFET response while
at a desired operating gate voltage, useful in signal detection applications that rely on
modifying the local electric field experienced by graphene.

6.3
6.3.1

Active Area of GFET Device
Experiment and Analysis using Broad-beam Laser

Studies have been conducted that attempt to quantify the area of the substrate that contributes to graphene resistance response. These studies utilize optics and the Ti:sapphire
laser or LEDs; both light sources are described in Section 3.2.1, while the experimental
setup utilizing the laser and LED light is described by Figures 5.7 and 5.8, respectively.
The method of the experiment is described in Figure 6.24. UV light is used as UV pho-
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Figure 6.23. An expanded view of Figure 6.20 (280–580 s), showing the Isd t response with
backgate change of Vbg = 20 V (red) to 0 V (black). The bottom inset shows the experimentally
obtained field e↵ect curves using the developed Isd Vbg method for backgate voltages stabilized
at Vbg = 20 V (red) and 0 V (black). The upper inset shows the energy spectrum of graphene
carriers. Both inset figures illustrate the abrupt increase of the graphene Fermi energy in response
to a backgate change (a to b) and the Dirac peak shifting due to charge transfer from graphene
to doping species (c to d).

tons ( = 400 nm) have sufficient energy to overcome the bandgap energy of SiC and
induce conductivity in the substrate. The GFET tested and its dimensions are given
in Figure 6.25. The experiment was conducted with CVD graphene on SiC. The chip
used is named “SiC4”. Before conducting the experiment, it is important to characterize
the precision of position measurements and the sharpness of the UV light edge. The
precision of position measurements is dictated by the resolution of the CCD camera and
the travel resolution of the translation stage. The camera resolution was determined
by focusing the camera on a U.S. Air Force optic target (Edmund Optics), as shown in
Figure 6.26. The travel resolution of the micrometer translation stage is the smallest
increment of travel marked on the micrometer of the translation stage, which is 10 µm.
The sharpness of the UV light edge is calculated from a line profile of an image of the
UV light edge. The UV light edge image is given in Figure 6.27, while the line profile
is shown in Figure 6.28. The sharpness of the UV light edge is estimated to be 76 µm.
Since the precision of the position measurement and resolution of the camera are smaller
than the sharpness of the UV light edge, it is the width of the imaged razor blade edge
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that limits the precision of the experiment.
Previous experiments with the laser indicate that the area outside the contact pads
of the measured GFET do not elicit graphene resistance response. Described here are
e↵orts to determine the active area of the substrate that contribute to graphene resistance response within the area of the contact pads. Before translation of the GFET, the
graphene resistance response to the UV beam was tested to verify graphene field e↵ect
and to characterize the speed of resistance response. This was completed by fully illuminating the GFET with the UV beam. Graphene field e↵ect is verified in Figure 6.29,
while a relatively fast response in graphene resistance to UV illumination is observed
in Figure 6.30. UV light power was measured with a power meter (Coherent PM USB
LM-10) to be ⇡ 550 mW or 2.74 nW/µm2 at the GFET face.

The GFET chip is translated into the beam at a step rate of 50 µm every 20 s. This

translation step size is roughly of order of the sharpness of the UV light edge, thus the
change in graphene resistance response should be noticeable in time response measurements. An image of the GFET was taken every 250 µm, as shown in Figure 6.31. The
graphene resistance response as a function of GFET translation distance is shown in Figure 6.32. By correlating Figures 6.31 and 6.32, the active area of substrate to contributes
to graphene resistance response can be estimated. This is explained in Figure 6.33. Calculations estimate the active substrate area contributing to graphene resistance response
to be at least 15⇥15 µm2 .
The resistance of graphene continues to drop after exposure of the GFET. This may
be due to the gradual illumination of the GFET. The experiment could be improved by
utilizing a longer measurement time per translation step such that graphene resistance
may stabilize before the GFET is further illuminated. The experiment was also conducted with a UV LED. The advantage of the UV LED is greater light power compared
to the laser, which induces greater graphene response. The sharpness of the UV light
edge with the UV LED, however, is relatively wide compared to the UV light edge produced with the laser. Thus, the translation step size would need to be larger, causing
the estimation of active substrate area to be less precise.

6.3.2

Experiment and Analysis using Micro-beam X-rays

The objective of this work is to understand the sensitivity of GFETs to X-ray energy deposition occurring away from graphene. This is achieved by studying the GFET response
by employing highly penetrating radiation (an X-ray microbeam), and by scanning the
X-ray beam laterally across the GFET. The use of X-rays allows the fairly uniform gen-
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Figure 6.24. The experiment consists of translating a GFET on a SiC substrate into the UV
beam that is partially blocked with a razor blade edge. The blade is fixed in position while the
GFET chip is translated. UV light only illuminates the portion of the GFET which is translated
from behind the blade edge. Optics are used to image the blade edge onto the GFET face.
Imaging forms a relatively sharp edge between UV illumination and absence of illumination with
minimal di↵raction. Translation of the GFET chip is executed with a micrometer translation
stage. During experiment, a CCD camera focused on the GFET face ascertains the position of
the UV edge with respect to the position of the graphene and monitors the portion of the GFET
that is illuminated with UV light.

eration of electron-hole pairs thoughout the depth of the substrate, enabling the study
of GFET sensitivity to radiation energy deposition in both the lateral dimension and
integrated range of depth, as shown in Figure 6.34b. Various other operational characteristics of the GFETs have been studied to date, including the potential for field e↵ect
response [58, 135, 136, 137], hysteretic e↵ects [100, 108, 138, 139], and the dependence of
GFET response to various radiation types and energies [30, 104, 140, 141, 142]. Particular
interest is in evaluating the potential for developing position sensitive and/or relatively
large responsive area GFETs (with small-area graphene) that are sensitive to energetic
radiation, since those could support a number of important radiation detection applications in which high-resolution, spatially dependent charge deposition measurements are
needed [143, 144, 145]. To address those questions, an experiment was performed by
utilizing an X-ray micro-beam facility at the 34-ID-E beamline of the Advanced Photon
Source at Argonne National Laboratory (see Section 5.3 for the experimental setup of
the beamline. Analysis is provided of the position sensitivity and area of response of
GFETs, o↵ering the first insight into the position-dependent response of graphene-based
transistors to high-energy (multi-keV) photon irradiation.
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a)!

b)!

c)!
Figure 6.25. The GFET used in the experiment to quantify active substrate area is composed of
contact pads, inner contact leads, and graphene. Images were taken with a microscope available
in the Materials Characterization Laboratory of the Millennium Science Complex. Figure part
a) shows the entire GFET under a 5⇥ objective. The large gold squares are the contact pads,
which are used as contacts for wire bonding gold wires from the chip holder to the GFET. The
contact pads used during the experiment are marked with red dots. Contacts have dimensions
of 300⇥300 µm2 . Part b) shows the inner GFET with gold contact leads connecting the contact
pads to the graphene under a 20⇥ objective. The area within the contact pads has a dimension
of 400⇥400 µm2 . Part c) shows the contact leads connecting to graphene under a 50⇥ objective.
The graphene has dimensions of 4⇥1 µm2 .

The X-ray beam was focused at di↵erent positions on the device, ranging from the
center of graphene to 1000 µm away from graphene in both lateral axes. The locations
of those positions in relation to the other devices features are shown in Figure 6.34c
and d. The graphene has dimensions of approximately 20⇥4 µm2 . At each position,
the transconductance of graphene, Isd

Vg , has been measured while the GFET was

exposed to the X-ray beam. The results of transconductance measurements at several
positions in both transverse axes are shown in Figure 6.35a and b. Transconductance
measurements show a clear unipolar field-e↵ect response of the graphene during the X-ray
beam exposure relative to the absence of X-ray exposure. As the X-ray beam is incident
at locations closer to the graphene, field e↵ect becomes stronger. The X-ray beam is
incident onto the top surface of the GFET. The transconductance shape indicates the ptype doping of graphene [146]. The close match of transconductance measurements in the
two transverse axes (X and Y) shows the expected no preference of graphene response
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Figure 6.26. The CCD camera resolution is determined by focusing on a U.S. Air Force target,
which has spatial resolution markings. The line group with the smallest line separation that is
able to be resolved by the camera can be used for resolution calculation. Target group (5,1),
which is shown in the white box, was selected as the smallest resolvable target. 32 lines/mm
corresponds to 31.25 µm between lines. The number of pixels between each line can then be
correlated with this distance. A resolution of 6.35 µm/pixel is calculated.
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Figure 6.27. The image of the blade edge shows the cuto↵ of UV light illumination. The image
is taken with the CCD camera at the location of the GFET face. The bottom half of the image
is the absence of UV light due to UV beam blockage by the blade. A line profile is taken at the
position labeled “Edge Profile” where the GFET is expected to translate into the UV beam.

to the irradiation along one of the transverse axes. Transconductance measurements
shown in Figure 6.35 are taken immediately after time dependence measurements shown
in Figure 6.36.
Time-dependent measurements, Isd t, were conducted by shuttering the X-ray beam.
Isd

t responses at several X-ray beam positions are shown for X- and Y-axis in Fig-
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Figure 6.28. The line profile taken from blade edge image of Figure 6.27 is used to estimate the
sharpness of the UV light edge. The inset plot is a zoomed line profile at the pixel location of the
blade edge. The width of the UV light edge (shaded yellow) is estimated to be 12 pixels. With
a pixel resolution of 6.35 µm/pixel, the sharpness of the UV edge is estimated to be ⇡76 µm.
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Figure 6.29. Graphene field e↵ect is observed when the GFET is fully illuminated by the UV
beam. This is evident by the unipolar graphene field e↵ect curve when illuminated (blue line)
compared to the unilluminated GFET (black line). The crossing of the field e↵ect curves at zero
backgate voltage further indicates field e↵ect.

ure 6.36a and b, respectively. During the course of those measurements, the applied gate
voltage remained constant at Vg = -40 V and +40 V. Time-dependent graphene response
is consistent with transconductance measurements both in magnitude and direction of
conductivity change.
From the time dependence measurements shown in Figure 6.36, the responsivity,
Isd /Pinc (where Pinc is the incident X-ray power), and the time constant, ⌧ , of the
response are extracted, as given in Figures. 6.37a and b, respectively. Time constant
is measured for the initial response to X-ray irradiation. Responsivity at each position
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Figure 6.30. The time response of graphene resistance when the GFET is fully illuminated by
the UV beam (shaded in yellow) is relatively fast. UV illumination is conducted for 20 s periods
separated by a 40 s recovery time.
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Figure 6.31. Images were taken with the camera of the GFET every 250 µm of chip translation
into the UV beam. The white dotted line represents the location of the UV light edge. Labels
of measurement are the translation distance of the GFET. By the time the edge is located at
1000 µm, the GFET is fully illuminated and is displayed in the white box. While the GFET
that is measured is not entirely visible during the course of experiment, the GFET to the left
is viewable (contact pads are visible). Since the GFETs are lined parallel to the UV light, the
GFET to the left provides a position reference compared to the measured GFET.

is calculated by determining the change in graphene current,

Isd , due to X-ray beam

exposure, as shown in Figure 6.36. In Figure 6.37a and b, the data from all measurement
positions (including those not shown in Figure 6.36) are reported.
The responsivity provides an empirical estimate of the conversion e↵ectiveness from
incident X-ray power to a read-out signal current. Since the X-rays are monoenergetic,
the X-ray power incident onto the substrate, Pinc , can be obtained by multiplying the
energy of the X-ray, E , and the X-ray rate,

, Pinc = 10.1 µW. The power absorbed in

the substrate, Pabs , can be calculated as Pabs =

E [1

exp( µd)], where d = 416 µm
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Figure 6.32. The graphene resistance response as the GFET is translated into the UV beam
exhibits relatively slow change. The red dots correspond to the translation distances where images
were taken, as shown in Figure 6.31. Change in graphene resistance begins at a translation
distance of 450 µm. The graphene eventually obtains maximum response by the translation
distance of ⇡ 850 µm.
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Figure 6.33. At a translation distance of 250 µm the UV light edge roughly borders the lower
edge of the illuminated contact pads (translation distance 250 µm of Figure 6.31). Graphene
responds to UV illumination by dropping in resistance at a translation distance of 450 µm.
The change in translation distance from the lower edge of the illuminated contact pads to the
translation distance where graphene responds is 200 µm. The true distance from the lower edge
of the contact pads to the graphene is 215 µm. Thus, the active area of substrate that contributes
to graphene resistance response is at least 15⇥15 µm2 .
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Figure 6.34. a) The GFET device structure comprises the graphene on an electrically gated,
undoped SiC substrate. Electrical contacts are used to provide the gate voltage (Vg ) and the
source-drain voltage (Vsd ), and enable the measurements of graphene current (Isd ). b) Experiment is conducted by exposing the GFET to an X-ray beam at several positions along both
transverse axes (distances are measured from the center of graphene). Exposure is conducted
one position at a time. The X-ray beam penetrates through the substrate along the Z-axis
(depth into the substrate). c & d) The top surface of the GFET is shown and the device used
for the experiment is located in the upper right corner of the figure in c). The square gold pads
are used for wire-bonding. Positions of X-ray beam exposure are shown as crosses within black
circles in the X-axis (horizontal) and Y-axis (vertical), along with the distance from the center
of graphene. The black “+” sign markings within the dotted box also represent X-ray beam
exposure positions. d) A magnified view of the GFET surface within the dotted box in c) is
displayed. Gold leads contact the graphene in the center of the device (at X = Y = 0 µm).

is the thickness and µ = 16.63 cm

1

is the attenuation coefficient of the SiC substrate.

Considering that the energy of the X-rays is E = 15 keV and the rate of incident X-rays
is

= 4.2 ⇥ 109 /s, the power absorbed in the SiC substrate is Pabs = 3.06 ⇥ 1013 eV/s

= 4.9 µW. The calculation assumes full energy deposition of each attenuated X-ray

through photoelectric e↵ect, which accounts for over 98% of interactions. During the
course of discussion, responsivity uses the incident X-ray power, Pinc .
The time constant provides information of the speed of GFET response. The time
constant, ⌧ , is obtained by fitting the measured graphene response in Figure 6.36 to the
function Isd = Isd0 + A exp[ (t

t0 )/⌧ ], where Isd0 is the dark current measured before
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Figure 6.35. Isd Vg for positions in the a) X-axis and b) Y-axis with and without X-ray
beam exposure. Transconductance measurements show the e↵ect on graphene conductivity due
to X-ray beam exposure at a range of voltages and gives indication of the doping of graphene
(p-type)[146].

the X-ray beam exposure. Time constants are measured for the initial responses due to
X-ray irradiations.
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Figure 6.36. a) Isd t when substrate is exposed to X-ray beam (yellow shaded regions) for
positions in the X-axis, and b) Y-axis. The exposures have durations of ⇠40 s (60–100 s), with a
recovery period of ⇠80 s (100–150 s). An exception is in b), where for Y = 50 µm the exposure
occurs during 60–140 s. During each measurement, gate voltage is constant with Vg = 40 V
(positive conductivity response) and +40 V (negative conductivity response). The dotted black
line at Isd = 0 A represents the absence of exposure. The dark current is subtracted from each
Isd t measurement by subtracting the graphene current measured at time t = 55 s from each
respective Isd t measurement.

As the X-ray beam is translated away from graphene, the GFET responsivity in
Figure 6.37a shows a fast decrease, while the time constant in Figure 6.37b shows a fast
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Figure 6.37. a) Responsivity to incident X-ray beam power, Isd /Pinc (left axis) at various
X-axis (solid lines and filled markers) and Y-axis (dotted lines and unfilled markers) positions
for Vg = 40 V (circle markers) and + 40 V (triangle markers). As reference, the responsivity
to the absorbed X-ray beam, Isd /Pabs is included on the right axis. b) The time constant of
graphene response to X-ray beam exposure for various positions in the X-axis (solid lines and
filled markers) and Y -axis (dotted lines and unfilled markers) positions for Vg = 40 V (circle
markers) and Vg = +40 V (triangle markers).

increase. This indicates that the e↵ect of ionization on the electric field near graphene is
reduced when the location of ionization is at a greater distance from graphene, suggesting
a reduced efficiency of the transport of electrons (for negative gate voltages) or holes (for
positive gate voltages) to graphene. Reduced charge carrier transport to graphene results
from the increased probability of charge capture by substrate defects and impurities,
or recombination with charge carriers of opposite sign, as the distance over which the
carriers are transported increases. The maximum responsivity obtained with the GFET
in the X-ray measurements is R = 0.62 A/W (incident X-ray power) for Vg =

40 V

with position centered on graphene (X = 0 µm). This responsivity is greater than
that of established X-ray detectors, which have responsivities of R < 0.3 A/W (at
E = 15 keV) [147, 148, 149].
For irradiation occurring less than 20–50 µm from graphene, the relatively small
change in responsivity indicates a saturation e↵ect, whereby the conductivity of graphene
is no longer very sensitive to changes in the X-ray beam exposure position. The saturation is clearly observed in Figure 6.36 and is dependent on gate polarity and magnitude,
as higher saturation levels are observed for negative gate voltage, Vg =

40 V. This indi-

cates that the saturation may be dependent on the charge carrier type being transported
toward graphene (electrons for negative gate voltage, which have approximately an order
of magnitude higher mobility than holes) [150] in the substrate. The negative spike observed for X = 0 µm at t = 100 s is believed to be due to the switching of charge carrier
type in graphene, where the changes in the electric field near graphene are sufficiently
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Figure 6.38. a) Graphene time dependent-response, Isd t, to X-ray beam exposure at a
constant position of X = 50 µm for di↵erent gate voltages, Vg . X-ray exposure occurs during
yellow shaded regions (60–100 s). b) The responsivity (left axis, black triangle markers) and time
constant (right axis, red square markers) of graphene response with X-ray exposure as calculated
from c) for the X-ray exposure (60–100 s).

large to overcome the preexisting p-type doping of the graphene [108, 138, 151]. The
generally slow time constant of GFET response indicates the presence of electrochemical
doping of the graphene.
To study the dependence of

Isd /P and ⌧ on gate voltage, multiple X-ray beam

exposures have been conducted at a single position (X = 50 µm) for various gate voltages.
Isd

t measurements are given in Figure 6.38a; the X-ray beam exposures are used to

calculate the responsivities and time constants in Figure 6.38b. The responsivity of
graphene is generally larger for negative gate voltages, also shown at other positions, as
in Figure 6.36a. Additionally, responsivity saturates quickly for positive gate voltages,
which leads to faster (smaller ⌧ ) time constants compared to negative gate voltages for
X = 50 µm. The faster time constants for positive gate voltage are also present at
other irradiation positions, as in Figure 6.36b. The study of voltage dependent graphene
response generally indicates that greater responsivity is gained for negative gate voltages;
however, faster change in graphene conductivity (⌧ ) exists for positive gate voltages.
Occasionally, the X-ray beam passes through gold contacts or pads on the device
surface. To test the e↵ect of the gold (contacts and pads) on the surface of the GFET
to graphene response, a series of measurements were conducted. The gold thickness is
approximately 40 nm and should not attenuate the incoming flux by a factor greater than
1.26 ⇥ 10

6.

Two positions of the X-ray beam were selected, with one position on gold

and the other o↵ gold. The two positions were close in separation distance compared to
their distance from graphene. Graphene response magnitude ( Isd ) and speed ( Isd /t)
were examined for both positions and compared. No measurable di↵erence was observed
above the measurement noise. Thus, no measurable fraction of the graphene response is
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derived from the X-ray beam passage through gold.
In conclusion, GFET response characteristics of the GFET based on position of Xrays were studied in detail by use of a micro-beam X-ray facility (34-ID-E beamline of the
Advanced Photon Source at Argonne National Laboratory). Time-dependent graphene
current measurements were conducted during GFET irradiation at various lateral positions on the GFET with monochromatic X-rays at an energy E = 15 keV and with the
GFET biased under constant gate voltage. From these time-dependent measurements,
responsivity and speed of GFET response were extracted. Results show a maximum
responsivity of R = 0.62 A/W (Vg =

40 V) with the X-ray beam passing through the

center of graphene. The responsivity drops rapidly with increasing distance of X-ray irradiation position from graphene, while the speed of response (time constant, ⌧ ) becomes
slower. As expected, no significant di↵erences in responsivity or time constant were
observed for equal positions in the X- and Y-axis. However, the gate voltage has been
found to a↵ect the GFET response to X-rays. Higher responsivities and shorter response
time constants have been measured for negative gate voltages, likely due to mobility difference between electrons and holes in the SiC substrate and/or electrochemical e↵ects.
Additionally, a model for the GFET response has been developed and utilized to gain
understanding into the interplay of the mechanisms a↵ecting the spatially-dependent
GFET response, including carrier generation by the X-rays, their transport, and recombination in the substrate. This model is described in Section 6.4.

6.3.3

Experiment and Analysis using Micro-beam Laser

A challenge for graphene-based photodetectors is their small e↵ective detection (photosensitive) area. It has been discovered that graphene-based photodetectors only show
a photoresponse when light is illuminated on the specific areas of the devices, such as
metal-graphene interface [152, 153, 154], at a p-n junction in the graphene channel [155]
at the interface between single and bilayer regions [156] or at the edge of chemically doped
regions [157]. Photoresponse is not expected from the graphene photodetectors demonstrated to date when the illumination occurs outside of those specific device locations,
because in this case no light is absorbed by the graphene. In many sensing applications,
a precise illumination on the specific device location is not always feasible, resulting in
a photoresponse (very small or zero) to only a fraction of the illuminating power. To
overcome these limitations, it is important to develop graphene photodetectors that have
a higher responsivity and can be operated without precise illumination on graphene or
contacts. However, such graphene photodetectors have not been demonstrated to date.

87
An investigation carried out by colleagues at Purdue University (Dr. Biddut K. Sarker
and Dr. Yong P. Chen) studies the position sensitive photoresponse of graphene field
e↵ect transistors (GFET) on undoped silicon carbide (SiC) substrates by illuminating a laser onto various positions, ranging from on top of graphene to far away from
graphene [158]. This study is included as the results are further analyzed by a model
developed to aid in the understanding of the mechanisms of GFET position sensitivity
to radiation beams in Section 6.4.
A schematic of a GFET on an undoped SiC substrate is shown in Figure 6.39a. The
GFETs are fabricated by transferring a mechanical exfoliated single layer graphene onto
a 416 µm-thick undoped SiC substrate, followed by electron beam lithography (EBL)
and metal (Au/Cr) deposition for fabricating the contacts. The fabricated devices were
wire bonded to the chip carriers and loaded in a chip socket in a motorized sample stage
to perform the spatial dependence of photo-electric measurements. A schematic of the
experimental measurement setup is shown Figure 6.39b. The electrical signals from the
devices are measured while a focused laser beam (spot size ⇠0.6 µm) with wavelength of

532 nm is illuminated onto the various positions of the devices. In Figure 6.39c, the red
circles represent the positions of laser illumination on the device (both on graphene and
on SiC substrate), and X denotes the distance of illumination position from the center
of graphene channel.
The Isd

Vg characteristics were measured by illuminating the laser spot on the bare

SiC substrate away from the graphene. In Figure 6.40a, photocurrent is plotted as a
function of gate voltage (Iphoto

Vg ) for a few representative illumination positions. The

most striking feature observed from this figure is that the device shows a photoresponse
even when the laser is positioned far away from the graphene over the bare SiC substrate.
For the illumination on graphene (X = 0 µm), photocurrent shows a strong dependence
on Vg . As the illumination position is moved away from the graphene, the characteristics
of Iphoto

Vg curve are changed compared to that for the illumination at X = 0 µm.

When the distance is higher than 100 µm, the Iphoto

Vg characteristics become nearly

independent of Vg and no Dirac point is observed, indicating the reduction of electric
field e↵ect at the graphene with increasing distance. These observations indicate that
photoresponse of the device is sensitive to the light illumination position with respect to
graphene.
To further investigate the position sensitive photoresponse, the time-dependent photocurrent (Iphoto

t) measurements were performed by turning the laser was on and o↵

at Vsd = 75 mV and Vg = 30 V. The Iphoto

t plots for a few representative positions for
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b)
a)

c)

Figure 6.39. a) Schematic of a graphene field e↵ect transistor (GFET) together with electrical
connections used to characterize the device. Single layer exfoliated graphene is transferred to an
undoped SiC substrate, and the electrical contacts are fabricated by the electron beam lithography and metal deposition. b) Schematic of the position dependent photoresponse measurement
setup. c) The red circles represent the position (X) of laser illumination on the device (both on
graphene and on the SiC substrate away from graphene).

P = 5 µW are shown in Figure 6.40b. A faster photoresponse and a larger steady-state
photocurrent (⇠75 µA) are observed for the illumination on the graphene (X = 0 µm).
With increasing distance, photoresponse becomes weaker along with a lower steady-state
photocurrent compared to that for illumination on the graphene. Eventually, no appreciable photocurrent is observed when the laser (P = 5 µW) position is moved away more
than 500 µm from the graphene. To quantify the position sensitive photodetection, photocurrent and responsivity was plotted as a function distance for di↵erent laser powers,
as shown in Figure 6.40c and d, respectively. Both the photocurrent and responsivity
do not change significantly up to X ⇠100 µm, then they decrease by the more than

two orders of magnitude when X > 1000 µm compared to that for X = 0 µm. This
indicates that when the illumination position is within ⇠100 µm from the graphene, the
electric field experience by the graphene is not changed much. Beyond this range, the
electric field reduces sharply with increasing the distance and becomes almost zero at
a larger distance (here, 1000 µm for P = 5 µW), resulting in a lower photocurrent and
responsivity. Therefore, it can be concluded that both the photocurrent and responsivity
of the devices can be varied by a few orders of magnitude by varying the illumination
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Figure 6.40. a) Photocurrent (Iphoto = Ilight Idark ) as a function of a gate voltage (Vg ) of
the GFET measured by illuminating the laser (P = 5 µW) on a few representative illumination
positions (X = 0, 50, 100, and 1000 µm) on the device. For X = 0 µm, a strong gate-tunable
photocurrent with a minimum at Vg ⇠ 2 V is observed. The shapes of Iphoto Vg curves
change and Dirac point gate voltages (VDirac ) shift with increasing distance between laser and
graphene. For larger X, the Iphoto Vg curves become nearly independent of Vg and no Dirac
point is observed. b) Photocurrent as a function of time while the laser switches on and o↵.
Photocurrent data were measured with P = 5 µW, Vsd = 75 mV, and Vg = 30 V. Shaded area
indicates the time intervals during which the laser is on. The photocurrent response strongly
depends on the illumination position and is observed for laser illumination position up to ⇠500 µm
away from graphene. c) and d) Log-log plots of the dependence of the c) photocurrent and d)
responsivity (R) on the illumination position measured at di↵erent laser powers. The highest
responsivity of ⇠14 A/W is observed for laser illumination with a laser power of 5 µW on the
graphene (X = 0 µm).

position. Moreover, for a fixed position, responsivity can be controlled further by the
incident laser power.
To understand the dependence of photoresponse on the incident laser power, responsivity as a function of laser power is plotted for a few representative positions in
Figure 6.41a. The R vs. P plots for all the illumination positions follow a power law,
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R / ↵, where ↵ is an exponential in the range of - 0.52 to - 0.85. A non-unity exponential

is generally attributed to presence of defect states [159, 160]. Therefore, the observed a
decrease in exponential with increasing distance of the devices (Figure 6.41b) suggests
that when the illumination positions are far away from graphene, more charge carriers
are trapped by a large number defect states. This is also in consistent with a longer
response time ⌧ (⇠100 s) for a larger distances (> 500 µm), as shown in Figure 6.41d.
The response time is calculated by fitting the photocurrent versus time data to an exponential function. However, the response time of the device is small (< 1 s) for short
distance (< 100 µm), because in this case the photo-generated carriers in SiC travel a
shorter path to reach the location underneath graphene. In addition, for a short distance
(closer to the graphene), the electric field is also higher, which induces a large number
of photo-modulated carriers in the graphene.
In summary, the study undertaken by colleagues at Purdue University demonstrate
photoresponse in the graphene field e↵ect transistors, which can be achieved even when
the illumination occurs at far away from graphene. By measuring the electronic transport properties while illuminating the laser at di↵erent positions on the device, positionsensitive photodetection with a controllable responsivity has been demonstrated. The
results of this study are important not only for understanding the photodetection mechanism of the novel device architecture, but also for predicting the performance of practical
graphene photodetectors for future devices. In addition, a numerical model has also been
developed, explaining the observed experimental position-dependent photocurrent characteristics. The model is described in Section 6.4.

6.4

Simulation of the GFET Spatially Dependent Response

To improve the understanding of the experimental observations of the position studies in Sections 6.3.3 and 6.3.2, a model was developed to aid in the understanding of
mechanism(s) that lead to position sensitive graphene response to the micro-beam laser
and micro-beam X-ray. The model assess the responsivity of the GFET as a function
of lateral position (X- and Y-axis) and depth (Z-axis) of radiation energy deposition.
Illustrated in Figure 6.43 for X-rays, the model assumes: 1) graphene current response
occurs when the ionization-produced charge carriers in the SiC substrate are transported
to the vicinity of graphene; 2) the graphene response is non-linearly dependent on the
number of charge carrier in the vicinity of graphene; 3) as charge carriers are transported,
a fraction of them becomes trapped at defect and impurity sites and eventually recom-
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Figure 6.41.
a) Log-log plot of responsivity (R) as a function of an incident laser power
(P ) for a few illumination positions on the GFET. The solid line is a power law fit (R / ↵) to
the experimental data (markers). (b) The extracted power ↵ values from the fits in panel a)
as a function of illumination positions is superimposed with a dashed line to guide the eye. c)
Representative plots of photocurrent (Iphoto ) as a function of time for laser illumination with a
laser power of 5 µW on the graphene (X = 0 µm) of a GFET. Shaded region is the time interval
during when the laser is turned on. The red circles represent measured data points, whereas solid
lines represent the exponential fits to the measured data. d) Photocurrent rise time (⌧rise ) as a
function of laser illumination positions (X), showing a dramatic reduction of the response time
at short distance and a saturation behavior at large distance.

bine with their opposite charge; 4) an equilibrium is achieved during which the number
of generated charge carriers transported toward graphene is equal to the number being
captured and subsequently recombined.
~ the charge
Under the influence of the electric field between graphene and the gate, E,
carriers are transported at a velocity
~
~v (x, z) = µE(x,
z),

(6.1)
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where µ is the mobility for the electron or hole [161]. A map of the electric field along
the X-axis and Z-axis is simulated within the substrate for a magnitude of gate voltage
|Vg | = 40 V (for X-ray study) and |Vg | = 30 V (for micro-beam laser study) with

COMSOL Multiphysics. The gate voltage polarity determines the charge carrier type to
be transported (electrons toward graphene for negative gate voltage and holes toward
graphene for positive gate voltage). The sample charge is transported to a new location
within a predefined time step, ts :
xi = ts vx (xi , zi ),

(6.2)

zi = ts vz (xi , zi ),

where i is the iteration number. The total distance traveled from the initial position to
near graphene is calculated as
dtot =

Xp

x2 +

z2.

(6.3)

While undergoing transport, the electron or hole may become captured at impurity and
defect sites within the substrate. Once captured, the charge is no longer transported and
is assumed to recombine with the opposite charge [162]. The average distance a charge
is transported before capture is the characteristic recombination length:
=
where

1
,
⇢

(6.4)

is the charge capture cross-section of the impurity/defect and ⇢ is the density

of impurities/defects. The fraction of charge carriers that avoid defect/impurity capture
and that are transported from location (x, z) to the vicinity of graphene (0, 0) is given
by the transport factor T :
T (x, z) = exp( dtot / ).

(6.5)

The radiation interaction with the substrate as a function of depth must also be considered,
Ft (z) = exp( z),

(6.6)

where Ft (z) is transmission factor, and  is the attenuation coefficient for each radiation
type in the SiC (see Figure 6.42). The photocurrent generated in graphene, Iphoto , is
non-linearly dependent on the total number of charges, Q, that are transported to the
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vicinity of graphene,
TF (x) =

z=416
Xnm

T (x, z)Ft (z),

z=0 nm

(6.7)

Q(x, P ) = TF (x)P,
Iphoto (x, P ) = Q↵ ,

where P is the incident power of the radiation, ↵ is the non-linearity of graphene response,
and

is a normalization constant. The graphene photocurrent is then converted to

responsivity by dividing by P ,
Rmod (x, P ) = TF↵ (x)P ↵

1

.

(6.8)

For the case of the X-ray beam experiment, power is held constant and absorbed by the
constant,
Rmod (x, P ) = TF↵ (x).

(6.9)

The model responsivity, Rmod , is fitted by non-linear least squares regression (using
MATLAB) to experimentally measured responsivity obtained in the micro-beam laser
and micro-beam X-ray experiments. Once the fit parameters are obtained, they are
reapplied to the model to predict the responsivity of the GFET as a function of lateral
position (X- and Y-axis) and depth (Z-axis).
1.0

Transmission Factor

0.9

Laser (λ = 532 nm)

0.8
0.7
0.6

X-Rays (E = 15 keV)

0.5
0.4
0

100

200

300

400

Depth into SiC Substrate (µm)

Figure 6.42. The transmission of the laser ( = 532 nm) and X-ray (E = 15 keV) beams
is calculated for SiC as a function of substrate depth. The attenuation coefficient for the laser
beam is  = 9 cm 1 (measured using power meter); for the X-ray beam,  = 23 cm 1 [163].

The model fit for the GFET exposed to the X-ray beam compared to experimental
data is shown in Figure 6.43a. The fit parameters for this model are given in Table 6.1.
The transport factor map, shown in Figure 6.4b, may be used to predict the number of
charge carriers transported to near graphene. The comparison of the model fit for the
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GFET exposed to the micro-beam laser and the experimental data is given in Figure 6.45,
which also includes the values of the fit parameters.
The general conclusion of the GFET model of responsivity to both micro-beam laser
and X-ray beam is that GFET responsivity rapidly decreases as a function of distance
from graphene and that higher responsivity may be achieved along the surface of the
GFET, likely due to a combination of the electric field within the substrate and the
attenuation of incident radiation as a function of depth into the GFET. The non-linearity
of graphene response, as determined by the model, generally fits that observed in the
micro-beam laser study and the values of

obtained (for application of the model to

both micro-beam laser and X-ray beam experimental responsivity data) give a reasonable
range of possible values of
and ⇢ = 1014

= 10

14

10

18

cm2 (references [164, 165, 166, 167, 168])

1019 cm3 (references [169, 170]). The model does not adequately describe

the behavior of graphene responsivity as a function of distances larger than 100 µm for
micro-beam laser data. This discrepancy may be due to the high density of electrons and
holes created along the path of the laser beam, which modifies the electric field within
the substrate and alters the transport path of the electrons and holes. The discrepancy
may also be caused by scattering or reflection of the primary beam. With otherwise
relatively good fit of both micro-beam laser and X-ray beam responsivity data, the
developed model has been shown to be suitable in aiding the understanding of physical
mechanisms of GFET response. The model is also flexible and can be applied for a
variety of gate voltages, energy of the incident radiation, and GFET dimensions.
Table 6.1. Parameters of Graphene Response Model as Fitted to Responsivity Data to X-rays

X-axis,
X-axis,
Y-axis,
Y-axis,

Vg
Vg
Vg
Vg

= +40
= 40
= +40
= 40

V
V
V
V

↵
3.36
2.34
3.18
1.62

(µm)
1908
743
1708
486
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Figure 6.43.
a) The applied gate voltage induces an electric field in the substrate (E),
which funnels to the much smaller graphene electrode. The model assumes impurity and defect
sites (black circles in SiC substrate) that exist within the substrate. b) When the device is
exposed to the X-ray beam, electron-hole pairs are generated, which modifies the conductivity
~ 0 . The electrons and holes are subsequently
of the substrate and changes the electric field to E
transported. Graphene conductivity is modulated by the change in electric field, or the field e↵ect.
The relative intensity as the X-rays are attenuated into the depth of the SiC substrate is shown on
the right. The X-ray intensity depth profile shows the density of charge carrier generation along
the Z-axis. As the charge carriers are transported by the electric field, they become trapped at
pre-existing impurity and defect sites. The trapped charges then recombine with their opposite
charge, allowing the same impurity/defect site to again capture charge. Charges that become
trapped and subsequently recombined are assumed by the model not travel to graphene and
contribute to responsivity. An equilibrium is reached in which the rate of generation of charge
carriers becomes equal to their recombination rate, which leads to the saturation of responsivity
over time for the given exposure position and X-ray beam power.
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Figure 6.44. a) The fit of the model (dashed lines, unfilled markers) to experimental data of
graphene responsivity (solid lines, filled markers) is given for X- and Y-axis (inset). The model
is fitted to the data using least square regression. b) The transport factor within the GFET
as a function of position (X- or Y-axis) and depth (Z-axis) in the substrate is mapped with
graphene at position = depth = 0 µm (upper left). The color and contour scheme is given as the
fractional number of generated charge carriers expected to reach near graphene from the given
position/depth (darker color indicates regions of lower contribution).
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Figure 6.45. The model (dotted line with unfilled markers) is fitted to experimental responsivity data (solid lines with filled markers) by the fit of the recombination length, = 8.9 µm,
normalization constant, = 88.7 A/W, and the non-linearity of graphene response, ↵ = 0.135.

Conclusion

The current research in the field of radiation detection is, in large part, driven by the
need to tackle the pressing challenges, such as the interdiction of nuclear and radiological
materials. Detectors and detector systems are needed which are highly sensitive to Xrays,

-rays, and neutrons, and can efficiently discriminate among di↵erent radiation

types. Other desirable characteristics of detector systems are that they be lightweight,
inexpensive, and consume little power. In order to address these requirements and meet
desired characteristics, and to advance the field of radiation detection as a whole, it is
essential to take advantage of ongoing advances made in the fields of physics, electrical,
and materials science and engineering. The goal of this dissertation research was to
investigate the properties of radiation detection architectures that incorporate thin-film
materials, particularly the novel nanomaterial graphene, and to explore the potential
for them to deliver significant advances to ionizing radiation detection. To this end,
a comprehensive modeling and experimental e↵ort on prototyping graphene-based and
thin-film radiation detectors has been pursued and been described in this dissertation.
Investigations conducted in this dissertation include experimentation and analysis of
the relevant physics occurring in the GFET architecture, including its response characteristics to visible and UV light, X-rays, -rays, and ↵ particles. A particular emphasis
of the research was to experimentally characterize the position/area sensitivity of GFET
devices and the hysteretic behavior of graphene in a GFET system. In addition to the
experimental investigations, simple models and simulations were developed to aid in the
understanding of physical mechanisms that dictate the GFET device response. In a related e↵ort, Monte Carlo simulations were also used to examine the efficacy of thin-film
neutron detectors. Significant findings of this research can be summarized as follows.
GFET devices exhibit response sensitivity that depends on both the energy and flux
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of incoming radiation. Greater GFET response was observed for higher radiation flux
until a saturation of response is reached, as expected. Lower responsivity for higher
energy photons was measured, however, due to the generally decreasing probability of
photon interaction with the substrate as energy of the photon increases. While charge
carrier transport and graphene electrical modulation occurs on timescales of µs or faster,
electrochemical doping under graphene can act to slow GFET response. Electrochemical doping also leads to GFET hysteresis, by which GFET behavior is dependent on
past conditions, such as gate voltage or irradiations. Studies on the position/area sensitivity of GFETs show that GFET responsivity decreases and time response increases
with increasing distance between graphene and the point of irradiation. A model and
simulation of the electrical response of the GFET suggests that the decrease in response
with distance is likely due to the capture and recombination of charge carries at defect
and impurity sites within the substrate as they are transported by the electric field to
the vicinity of graphene.
Monte Carlo simulations were also conducted on gadolinium-oxide as converter films
on a multichannel plate (MCP), where the generated charges are multiplied in the MCP
channels. This study showed that modest increases in MCP neutron detection efficiency
can be achieved with the use of a gadolinium-oxide converter film but that self-shielding
becomes an issue for thicker films (& 4 µm).
The major result of this research is that it provides a better insight into the prospects
for use of GFETs as lightweight, low power consuming detectors for a variety of radiation
types (photons and heavy charged particles) and energies (eV–MeV range). Future work
with GFETs and thin-film device architectures for radiation detection architectures are
recommended to focus on several key limitations, including (1) e↵ective area of device,
(2) speed of response, and (3) device sensitivity to the level of single particle/event
detection. These limitations represent challenge areas that may be overcome with additional characterization and understanding of GFET and thin-film device architecture
response and physics, specifically (1) the relatively small volume of the substrate with
which incoming radiation interacts and from which response can be derived (GFETs
studied exhibit a position sensitivity that is dependent on distance between irradiation
position and graphene; the area of sensitivity is relatively large, < 1 cm2 , compared to
graphene area of < 100 µm2 ), (2) the electrochemical properties that reduce response
speed and a↵ect the reproducibility of response (for GFETs) and the relatively large
capacitive time constant (for thin-films), and finally (3) the deposition of energy, concentration and collection of charge carriers, and reduction of electrical noise in the device
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and measurement system.
Several steps of the future work that are recommended to overcome the stated challenges are outlined. First, the detection efficiency of the device may be increased by
increasing radiation interaction efficiency by use of semiconducting substrate materials
of high density (for GFETs) and use of thicker (or multi-layered films) containing higher
densities of neutron sensitive nuclides (for thin films). Large-area, position sensitive
implementation of GFETs and thin-film detectors may be realized by operating an array of devices, where each device acts as a pixel within the detection array. Second,
electrochemical properties can likely be avoided by operation of the GFET in vacuum
conditions and undergoing annealing processes, thereby increasing response speed and
consistency. For thin films, long capacitive time constants can be avoided by use of
smaller electrode areas or relatively small thickness of films. While both these solutions
decrease detection efficiency, the e↵ective volume may be increased through pixelization
or multi-layering. Third, the goal of single particle/event detection will be more readily
achievable with faster response times and increased device sensitivity. Device sensitivity
may be increased through noise reduction by shielding of electrical connections/lines
employed by the measurement system. For thin films, noise may be reduced by utilizing
films of high resistivity.
With further research focusing on the stated challenges, a fast, low-weight, wide-area,
position sensitive, highly responsive radiation detector based on the GFET architecture
may be realized. As a result of the in-depth examinations undertaken, this dissertation
provides components of foundational knowledge needed to make future contributions to
the field of radiation detection with regard to the design and efficacy of graphene-based
and thin-film radiation detection architectures.
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[55] K. Ünlü, V. Narayanan, S. M. Çetiner, V. Degalahal, and M. J. Irwin, “Neutroninduced soft error rate measurements in semiconductor memories,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 579, no. 1, pp. 252–255, Aug. 2007.
[56] C. Çelik, K. Ünlü, V. Narayanan, and M. J. Irwin, “Soft error modeling and
analysis of the neutron intercepting silicon chip (nisc),” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, vol. 652, no. 1, pp. 370 – 373, 2011. Symposium on
Radiation Measurements and Applications (SORMA).
[57] D. Neamen, Electronic Circuit Analysis and Design. McGraw-Hill, 2nd ed., 2001.
[58] M. Foxe, G. Lopez, I. Childres, R. Jalilian, A. Patil, C. Roecker, J. Boguski,
I. Jovanovic, and Y. P. Chen, “Graphene field-e↵ect transistors on undoped semiconductor substrates for radiation detection,” Nanotechnology, IEEE Transactions
on, vol. 11, no. 3, pp. 581–587, May 2012.
[59] International
Organization
for
Standardization,
“ISO
definitions
of
solar
irradiance
spectral
categories,”
http://www.spacewx.com/pdf/SET 21348 2004.pdf.

21348
2007,

105
[60] K.
Lawler-Sagarin,
“The
chemistry
http://www.elmhurst.edu/⇠ksagarin/color/discussion8.html.

of

color.”

[61] “General chemistry textbook: Spectra and structure of atoms and molecules.”
http://chempaths.chemeddl.org/services/chempaths.
[62] F. H. Attix, Introduction to Radiological Physics and Radiation Dosimetry. Wiley,
1986.
[63] R. F. K. Shultis, Radiation Shielding. American Nuclear Society, 2000.
[64] J. E. Turner, Atoms, Radiation, and Radiation Protection. WILEY-VCH Verlag,
3rd ed., 2007.
[65] University
of
Oxford,
“Raman
scattering:
Section
http://mackenzie.chem.ox.ac.uk/teaching/Raman%20Scattering.pdf.

6.”

[66] J. Hubbell, “X-ray cross-sections and crossroads,” Radiation Physics and Chemistry, vol. 59, no. 2, pp. 113 – 125, 2000.
[67] E. Baum, H. Knox, and T. Miller, Nuclides and Isotopes: Chart of the Nuclides.
Lockheed Martin, 16th ed., 2002.
[68] J. F. Ziegler, “The stopping and
http://www.srim.org/. User guide.

range

of

ions

in

matter,”

2014,

[69] F. R. E. Shultis Kennith J., Fundamentals of Nuclear Science and Engineering.
CRC Press, 2nd ed., 2007.
[70] B. A. J. Lamarsh John R., Introduction to Nuclear Engineering. Prentice Hall,
3rd ed., 2001.
[71] J. Duderstadt James J., Hamilton Louis, Nuclear Reactor Analysis. John Wiley
and Sons, Inc., 1976.
[72] Amptek Inc.,
“Mini-X X-Ray Tube System
http://www.amptek.com/minix.html. Specification sheet.

for

XRF,”

2014,

[73] Microtivity, “5mm LEDs,” 2014, http://www.microtivity.com/catalog/led. Catalog.
[74] Los Alamos National Laboratory, “A general monte carlo n-particle (MCNP) transport code,” 2010, https://mcnp.lanl.gov/. Abstract and guide.
[75] National
Institute
of
Standards
and
Technology,
“ESTAR
:
Stopping
Power
and
Range
Tables
for
Electrons,”
2014,
http://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html.
[76] National Institute of Standards and Technology, “Computational chemistry comparison and benchmark database.”

106
[77] C. Kim and K. Shono, “Measurement of electrical resistivity of CVD-BN passivation film from gate charge decay time of a MOS transistor,” Japanese Journal of
Applied Physics, vol. 20, no. 10, p. 1901, 1981.
[78] G. W. Fraser, J. F. Pearson, O. S. Al-Horayess, W. B. Feller, and L. M. Cook,
“Thermal neutron imaging using microchannel plates,” 1993.
[79] R. A. Schrack, “A microchannel plate neutron detector,” Nuclear Instruments and
Methods in Physics Research, vol. 222, no. 3, pp. 499 – 506, 1984.
[80] H. Li, Y. Wu, C. Cao, H. Huo, and B. Tang, “Design optimization, manufacture and response measurements for fast-neutron radiography converters made of
scintillator and wavelength-shifting fibers,” Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 762, pp. 64 – 69, 2014.
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[117] R. S. Sundaram, C. Gómez-Navarro, K. Balasubramanian, M. Burghard, and
K. Kern, “Electrochemical Modification of Graphene,” Advanced Materials, vol. 20,
no. 16, pp. 3050–3053, Aug. 2008.
[118] J. G. Martı́nez, T. F. Otero, C. Bosch-navarro, E. Coronado, C. Martı́-gastaldo,
and H. Prima-garcia, “Graphene electrochemical responses sense surroundings,”
Electrochimica Acta, vol. 81, pp. 49–57, 2012.
[119] G. R. Turpu, M. W. Iqbal, M. Z. Iqbal, and J. Eom, “Relaxation in bi-stable
resistive states of chemical vapor deposition grown graphene,” Thin Solid Films,
vol. 522, pp. 468–472, Nov. 2012.
[120] J. Chan, A. Venugopal, A. Pirkle, S. McDonnell, D. Hinojos, C. W. Magnuson,
R. S. Ruo↵, L. Colombo, R. M. Wallace, and E. M. Vogel, “Reducing extrinsic
performance-limiting factors in graphene grown by chemical vapor deposition,”
ACS Nano, vol. 6, no. 4, pp. 3224–9, Apr. 2012.
[121] W. Li, C. Tan, M. Lowe, H. Abrunı̀a, and D. Ralph, “Electrochemistry of Individual Monolayer Graphene Sheets,” ACS Nano, no. 3, pp. 2264–2270, 2011.
[122] H. Wang, Y. Wu, C. Cong, J. Shang, and T. Yu, “Hysteresis of electronic transport
in graphene transistors,” ACS Nano, vol. 4, no. 12, pp. 7221–8, Dec. 2010.
[123] E. B. Song, B. Lian, S. Min Kim, S. Lee, T.-K. Chung, M. Wang, C. Zeng, G. Xu,
K. Wong, Y. Zhou, H. I. Rasool, D. H. Seo, H.-J. Chung, J. Heo, S. Seo, and K. L.
Wang, “Robust bi-stable memory operation in single-layer graphene ferroelectric
memory,” Applied Physics Letters, vol. 99, no. 4, p. 042109, 2011.
[124] S. A. Imam, T. Deshpande, A. Guermoune, M. Siaj, and T. Szkopek, “Charge
transfer hysteresis in graphene dual-dielectric memory cell structures,” Applied
Physics Letters, vol. 99, no. 8, p. 082109, 2011.
[125] Y. G. Lee, C. G. Kang, U. J. Jung, J. J. Kim, H. J. Hwang, H.-J. Chung, S. Seo,
R. Choi, and B. H. Lee, “Fast transient charging at the graphene/SiO2 interface
causing hysteretic device characteristics,” Applied Physics Letters, vol. 98, no. 18,
p. 183508, 2011.

110
[126] W. Wu, Z. Liu, L. A. Jauregui, Q. Yu, R. Pillai, H. Cao, J. Bao, Y. P. Chen, and
S.-S. Pei, “Wafer-scale synthesis of graphene by chemical vapor deposition and its
application in hydrogen sensing,” Sensors and Actuators B: Chemical, vol. 150,
no. 1, pp. 296–300, Sept. 2010.
[127] Y. Lu, B. R. Goldsmith, N. J. Kybert, and A. T. C. Johnson, “DNA-decorated
graphene chemical sensors,” Applied Physics Letters, vol. 97, no. 8, p. 083107, 2010.
[128] Y. Ohno, K. Maehashi, and K. Matsumoto, “Chemical and biological sensing applications based on graphene field-e↵ect transistors,” Biosensors & Bioelectronics,
vol. 26, no. 4, pp. 1727–30, Dec. 2010.
[129] D. Chen, L. Tang, and J. Li, “Graphene-based materials in electrochemistry,”
Chemical Society Reviews, vol. 39, no. 8, pp. 3157–80, Aug. 2010.
[130] Z. Sun, Z. Liu, J. Li, G.-A. Tai, S.-P. Lau, and F. Yan, “Infrared photodetectors
based on CVD-grown graphene and pbs quantum dots with ultrahigh responsivity,”
Advanced Materials, vol. 24, no. 43, pp. 5878–83, Nov. 2012.
[131] N. Kurra, V. S. Bhadram, C. Narayana, and G. U. Kulkarni, “Field e↵ect transistors and photodetectors based on nanocrystalline graphene derived from electron
beam induced carbonaceous patterns,” Nanotechnology, vol. 23, no. 42, p. 425301,
Oct. 2012.
[132] M. H. Ervin, A. M. Dorsey, and N. M. Salaets, “Hysteresis contributions to the
apparent gate pulse refreshing of carbon nanotube based sensors,” Nanotechnology,
vol. 20, no. 34, p. 345503, Aug. 2009.
[133] D. Estrada, S. Dutta, A. Liao, and E. Pop, “Reduction of hysteresis for carbon
nanotube mobility measurements using pulsed characterization,” Nanotechnology,
vol. 21, no. 8, p. 85702, Feb. 2010.
[134] E. Carrion, A. Malik, A. Behnam, S. Islam, and E. Pop, “Pulsed nanosecond characterization of graphene transistors,” in 70th Device Research Conference, pp. 183–
184, IEEE, Jun. 2012.
[135] Y. Ren, C. Zhu, W. Cai, H. Li, H. Ji, I. Kholmanov, Y. Wu, R. D. Piner, and
R. S. Ruo↵, “Detection of sulfur dioxide gas with graphene field e↵ect transistor,”
Applied Physics Letters, vol. 100, no. 16, 2012.
[136] D. A. Svintsov, V. V. Vyurkov, V. F. Lukichev, A. A. Orlikovsky, A. Burenkov,
and R. Oechsner, “Tunnel field-e↵ect transistors with graphene channels,” Semiconductors, vol. 47, no. 2, pp. 279–284, 2013.
[137] Y.-J. Yu, Y. Zhao, S. Ryu, L. E. Brus, K. S. Kim, and P. Kim, “Tuning the
graphene work function by electric field e↵ect,” Nano Letters, vol. 9, no. 10,
pp. 3430–3434, Oct. 2009.

111
[138] J. Meng, H.-C. Wu, J.-J. Chen, F. Lin, Y.-Q. Bie, I. V. Shvets, D.-P. Yu, and Z.M. Liao, “Ultraviolet irradiation-controlled memory e↵ect in graphene field-e↵ect
transistors,” Small, vol. 9, no. 13, pp. 2240–2244, 2013.
[139] A. Veligura, P. J. Zomer, I. J. Vera-Marun, C. Józsa, P. I. Gordiichuk, and B. J.
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