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ABSTRACT
Graphene’s unique and extraordinary electronic, thermal, mechanical, and chemical
properties give it incredible potential for nanotechnology applications. The electronic properties
in particular are very sensitive to the graphene’s geometry and size, providing nanostructured
graphene with great potential for device applications. This study explores how epitaxial graphene
can be patterned into quantum dot devices that function as highly responsive bolometers. By
utilizing quantum confinement effects to create an energy barrier requiring thermal activation to
conduct across the device, nanostructured graphene gains massively temperature-dependent
resistance. Graphene’s nature as a broadband absorber allows for these bolometers to function
for regions of the electromagnetic spectrum that are ordinarily difficult to work with. These
properties give graphene quantum dot bolometers the potential to be used in combination with
another fascinating nanomaterial: single molecule magnets.
Single molecule magnets are versatile nanomagnets with potential applications in quantum
computing, spintronics, and high-density data storage, but these applications require the
molecules to be isolated in monolayers, which are difficult to characterize. This study
iii

investigates how graphene quantum dot devices can be used to measure properties of single
molecule magnets, even in thin layers. We take advantage of nanostructured graphene
bolometers’ high responsivity to create devices that could be used for electron paramagnetic
resonance spectroscopy of monolayer single molecule magnets. The interactions between single
molecule magnets and graphene also creates spin valve interactions that could be used to read the
spins of a single molecule magnet qubit in a quantum computer. This spin valve effect was
observed at temperatures in excess of 50 K, much higher than has been observed for other
molecular spin valve devices. This work also includes investigations of other phenomena that
arise in graphene quantum dot devices, such as the effects of graphene defects on electron
cooling processes and negative magnetoresistance based on Dirac Landau level formation. These
results provide insights into the fundamental physics of graphene and promote the development
of nanostructured graphene devices.

iv

ACKNOWLEDGEMENTS
I would first like to extend my most sincere thanks to my advisor Professor Paola Barbara.
She has provided me with an incredible level of support in my research and I never would have
gotten this far without her. She has provided both advice and hands-on assistance, and has been
unbelievably understanding when setbacks have arisen.
There are so many people I’d like to thank. The other grad students in my lab, Eli, Yijing,
DaVonne, Amjad, you have been a joy to work with, and special thanks to past members of the
lab, Peize and Abdel, for showing me the ropes when I first joined. Thanks to Dr. Jasper Nijdam
for helping me in the clean room, for pushing me to finish my dissertation, and for all the
laughter he brings to the department. Thanks to Mr. Leon Der for making new equipment for our
lab and for helping us repair equipment when we (repeatedly) break it. Thank you to all my
committee members for their advice, helping me look at the topic from new angles. Thank you to
my collaborators at NIST, NRL, and especially CEITEC, who showed me unbelievable
hospitality when I visited. And thank you to my family and friends, for keeping me happy and
sane all throughout grad school.
Finally, I want to thank my partner, Hannah. I can’t even describe how much you have
supported me these last few years. I feel like I can accomplish anything with you beside me.
Thank you.

v

TABLE OF CONTENTS
1.

Introduction ............................................................................................................................. 1

2.

Graphene ................................................................................................................................. 3

3.

2.1

Graphene Physics ............................................................................................................. 4

2.2

Graphene Synthesis .......................................................................................................... 7

2.2.1

Mechanical Exfoliation ............................................................................................. 7

2.2.2

Chemical Vapor Deposition ...................................................................................... 9

2.2.3

Epitaxial Graphene.................................................................................................. 11

Bolometer Physics ................................................................................................................ 14
3.1

4.

Bolometer Fabrication .......................................................................................................... 19
4.1

Device Material .............................................................................................................. 20

4.2

Electron Beam Lithography ........................................................................................... 23

4.3

Metal Deposition ............................................................................................................ 25

4.4

Etching ........................................................................................................................... 27

4.5

Fabrication Process ........................................................................................................ 28

4.5.1

Pre-fabrication Processing ...................................................................................... 28

4.5.2

Electron-beam Lithography .................................................................................... 32

4.5.3

Quantum Dot Metal Layer Deposition ................................................................... 33

4.5.4

Plasma Etching........................................................................................................ 34

4.5.5

Contact Pad Electron Beam Lithography ............................................................... 34

4.5.6

Contact Pad Metal Layer Deposition ...................................................................... 36

4.5.7

Aqua Regia Etch ..................................................................................................... 36

4.5.8

Final Steps............................................................................................................... 36

4.6

5.

Graphene Bolometers ..................................................................................................... 15

Bolometer Characterization............................................................................................ 38

4.6.1

Room Temperature Resistance Measurements ....................................................... 38

4.6.2

Temperature Dependent Resistance Measurements ............................................... 40

4.6.3

Low Temperature Current-Voltage Measurements ................................................ 42

4.6.4

Low Temperature Bolometric Response Measurements ........................................ 42

Effect of Graphene Defects on Bolometers .......................................................................... 45
5.1

Electron Cooling Processes in Graphene ....................................................................... 45

5.2

Device Fabrication and Defects ..................................................................................... 47
vi

6.

5.3

Defects and Bolometer Performance.............................................................................. 54

5.4

Summary ........................................................................................................................ 55

Spectroscopy of Single Molecule-Magnets Using Graphene Quantum Dot Bolometers ..... 57
6.1

Background: Single-Molecule Magnets ......................................................................... 57

6.2

Spin Hamiltonian Modeling ........................................................................................... 59

6.3

EPR of Single Molecule Magnets .................................................................................. 64

6.4

EasySpin ......................................................................................................................... 67

6.5

SMM Species Used ........................................................................................................ 69

6.6

Experimental Motivation................................................................................................ 72

6.7

SMM Monolayer Deposition and Characterization ....................................................... 74

6.8

EPR Measurements Results and Discussion .................................................................. 76

6.8.1

Initial Measurements ............................................................................................... 76

6.8.2

Field-Dependent EPR Measurements Conducted at Georgetown University ........ 81

6.9
7.

8.

9.

Chapter Summary........................................................................................................... 89

Negative Magnetoresistance in a Graphene Quantum Dot ................................................... 91
7.1

Experimental Results and Discussion ............................................................................ 92

7.2

Chapter Summary......................................................................................................... 100

Molecular Spin-Valve Effects Using Graphene Quantum Dots ......................................... 102
8.1

Experimental Results and Discussion .......................................................................... 104

8.2

Chapter Summary......................................................................................................... 111

Conclusions ......................................................................................................................... 112
9.1

Future Research ............................................................................................................ 113

Appendix: Investigation of Deposition Methods ........................................................................ 115
References ................................................................................................................................... 130

vii

LIST OF FIGURES
Figure 1: Scanning electron microscope images of a graphene quantum dot device. .................... 2
Figure 2: Graphene lattice and Brillouin zone. ............................................................................... 6
Figure 3: Electronic dispersion in graphene. .................................................................................. 6
Figure 4: Optical image of exfoliated graphene and graphite flakes on SiO2. ............................... 9
Figure 5: SEM image of CVD-grown graphene on SiO2. ............................................................ 10
Figure 6: Epitaxial graphene growth setup. .................................................................................. 12
Figure 7: Schematic of graphene growth on SiC. ......................................................................... 13
Figure 8: Zoomed-in SEM image of terraces on epitaxial graphene on SiC. ............................... 13
Figure 9: Model bolometer schematic. ......................................................................................... 14
Figure 10: SEM image of nanostructured graphene quantum dot. ............................................... 16
Figure 11: Schematic of electron transport across graphene quantum dot bolometer. ................. 18
Figure 12: Diagram of bolometer fabrication steps. ..................................................................... 19
Figure 13: SEM image of CVD graphene on SiO2 substrate. ...................................................... 21
Figure 14: SEM image of terraces on SiC with epitaxial graphene. ............................................. 23
Figure 15: Problems seen during fabrication of graphene quantum dots. .................................... 33
Figure 16: SiC chip mounted on chip expander............................................................................ 37
Figure 17: Temperature versus resistance plots. ........................................................................... 40
Figure 18: IV curves of graphene bolometers............................................................................... 42
Figure 19: Resistance vs temperature dependence for three graphene quantum dot bolometers. 48
Figure 20: Current vs. voltage curves for two devices at 3 K....................................................... 48
Figure 21: Electron temperature and cooling rates. ...................................................................... 49
Figure 22: Raman spectra of sputtered samples. .......................................................................... 51
Figure 23: Raman spectra for samples treated with different fabrication processes. ................... 52
Figure 24: Thermal conductance plot. .......................................................................................... 55
Figure 25: Spin energy states of Mn12. ......................................................................................... 58
Figure 26: Energies of spin states of S = 10 SMM. ...................................................................... 62
Figure 27: Diagram of the Zeeman effect lifting degeneracy. ...................................................... 66
Figure 28: EasySpin simulation of DM15 SMM. ......................................................................... 66
viii

Figure 29: Simulation of EPR absorption of 184 GHz radiation for DM15 SMM powder. ........ 69
Figure 30: Illustration of DM15 SMM. ........................................................................................ 70
Figure 31: Illustration of Mn12 SMM............................................................................................ 71
Figure 32: EPR of Mn12 pellet conducted using graphene quantum dot bolometer. .................... 77
Figure 33: EasySpin simulation of absorption for Mn12 molecules and 310 GHz radiation. ....... 78
Figure 34: Frequency-dependent absorption spectrum of Mn12 powder measured with a graphene
quantum dot bolometer. ................................................................................................................ 80
Figure 35: Optical cryostat with 7 T magnet. ............................................................................... 81
Figure 36: Effect of B-field on current-voltage curves. ................................................................ 82
Figure 37: Lock-in signal. ............................................................................................................. 83
Figure 38: Mn12 powder EPR. ..................................................................................................... 85
Figure 39: EPR measurement of Mn12-CHCl2 powder. ................................................................ 86
Figure 40: IV curve of bolometer with Mn12-CHCl2 powder. ...................................................... 87
Figure 41: Resistance of graphene quantum dot bolometer vs temperature, with and without a
magnetic field applied. .................................................................................................................. 93
Figure 42: Magnetoresistance of a clean quantum dot. ................................................................ 94
Figure 43: Measurements of magnetoresistance in a graphene quantum dot. .............................. 95
Figure 44: Current-voltage curve with magnetic field applied at different directions. ................ 96
Figure 45: Formation of Dirac Landau levels for graphene in a magnetic field........................... 97
Figure 46: Molecular spin valve consisting of two SMMs grafted to a CNT............................. 103
Figure 47: Graphene quantum dot device with deposited SMM powder switching between two
conductance states. ...................................................................................................................... 104
Figure 48: Illustration of magnetization switching mechanisms. ............................................... 106
Figure 49: Change in conductance state behavior under different conditions.. .......................... 107
Figure 50: Shifts between conductance states at various temperatures. ..................................... 108
Figure 51: Plot of conductance switching between three levels. ................................................ 109
Figure 52: Optical image of coffee-ring effect. .......................................................................... 116
Figure 53: Optical image of dropcast deposition of DM15 in chloroform while spinning
substrate. ..................................................................................................................................... 117
ix

Figure 54: Microdroplets of DM15 on CVD graphene after dropcasting while spinning. ......... 118
Figure 55: Spinning dropcasting results. .................................................................................... 118
Figure 56: SEM image of rod-like crystals. ................................................................................ 119
Figure 57: EDX spectrum of 5 mM DM15 solution dropcast on CVD graphene. ..................... 120
Figure 58: EDX spectrum of crystal formed after rinsing dropcast DM15 with methanol. ....... 120
Figure 59: XPS spectrum of DM15 SMM deposited on CVD graphene by dropcasting. .......... 121
Figure 60: UV-Visible spectroscopy of DM15 powder used in thermal evaporation. ............... 124
Figure 61: UV-Visible spectra of attempted deposition of DM15 onto glass by thermal
evaporation. ................................................................................................................................. 124
Figure 62: Evaporation chamber. ................................................................................................ 126
Figure 63: SEM image of SiO2 substrate after thermal evaporation of DM15 SMMs using
evaporation chamber with tungsten heating stage. ..................................................................... 127
Figure 64: SEM images of DM15 deposited by thermal evaporation. ....................................... 128

x

1. Introduction
Three decades ago, in 1991, carbon nanotubes were discovereda, spurring a rush of interest
for the nascent field of nanotechnology. Over the next thirty years, the excitement for
nanotechnology has only grown as more nanomaterials have been discovered and created. The
discovery of graphene caused a “gold rush” as researchers leapt to study this monoatomically
thin material and other two-dimensional materials that followed. Another area within the
nanotechnology field generating a great deal of excitement over potential applications is that of
nanomagnets. Single molecule magnets (SMMs) bypass the size limits of conventional magnets
and could allow data storage density to increase thousandfold, or lead to advances in quantum
computing and spintronics. However, despite the immense potential of nanomaterials, practical
applications of nanomaterials have been slow to appear. For all the attention graphene receives
for its unique properties and revolutionary potential applications, there are few realized products
utilizing graphene so far. Graphene has had some success in composite materials, where a small
amount of graphene is mixed in with plastic or rubber to produce stronger sports equipment and
tires. But electronic applications of graphene are rare: Xiaomi has launched a phone which uses
graphene electrodes to improve battery cooling, but they are the exception. This work presents a
potential application of graphene which takes full advantage of graphene’s electronic properties
and expands graphene’s capabilities by combining it with SMMs to form a hybrid material that
could accelerate research of new SMMs and their manipulation.
Sumio Iijima’s 1991 article in Nature, titled Helical microtubules of graphitic carbon, is not actually the first
publication to discuss carbon nanotubes, with prior discoveries occurring as early as 1952, but it wasn’t until 1991
that an article about Iijima’s independent discovery brought the concept of single-walled carbon nanotubes to the
attention of the scientific community at large61.
a
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This work will investigate the properties of nanostructured graphene quantum dots and how
devices using these quantum dots can be applied as detectors for spectroscopy of SMMs. An
example of these devices is shown in Figure 1. To provide a foundation for this investigation,
this work starts with an overview of the fundamentals of graphene and bolometer physics. Next,
I will discuss how graphene quantum dot bolometers are fabricated and characterized, before
moving on to an investigation of how defects created in graphene during the device fabrication
process affect the device performance. The following chapter starts with an explanation of
SMMs and how they can be characterized using electron paramagnetic resonance (EPR)
spectroscopy before discussing my experiments using the graphene bolometers for detectors for
conducting EPR measurements of SMMs. The following two chapters discuss properties of
graphene nanostructures that I initially observed during the SMM EPR experiments, but later
investigated further: magnetoresistance effects in graphene and spin valve behavior in grapheneSMM hybrid devices. The final chapter will present conclusions as well as discuss the
unanswered questions raised by this study and the future work being planned to address them.

Figure 1: Scanning electron microscope images of a graphene quantum dot device. A dark gray
graphene “bowtie” is surrounded by light gray gold antennas, all on a background of SiC.
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2. Graphene
Graphene has been touted as a “wonder material,” stronger and lighter than steel, more
conductive than copper, and flexible and transparent as well. This chapter serves as a review of
graphene’s mechanical, electronic, and optical properties and the physics that gives it these
properties. This chapter will also briefly discuss the history of graphene and why the material is
relevant for applications in future technologies.
While we typically think of graphene as exploding onto the scene in 2004, graphene’s origins
stretch back decades earlier. Graphene was conceived of as early as the 1940’s as a theoretical
exercise in solid state physics. Even while it was still an entirely hypothetical material, scientists
were interested in the unique properties it would exhibit if it were to exist, such as P. R.
Wallace’s derivation of graphene’s linear dispersion relation in 1947, and the derivation of the
wave equation in graphene by J. W. McClure in 19561.
However, graphene and other two-dimensional crystals were expected to remain strictly
hypothetical. Landau theorized that atomic displacement caused by thermal fluctuations would
tend towards infinity in a two-dimensional crystal as the area increased. At temperatures above 0
Kelvin, long range thermal displacement fluctuations would form with little energy costs,
causing the carbon atoms to be displaced into the third dimension beyond their bond lengths, and
the graphene would tear itself apart2.
Despite these predictions, several groups attempted to experimentally realize graphene.
Attempts were made at growing graphene on metal surfaces using chemical vapor deposition in
the 1990s3, and mechanical exfoliation of tiny flakes of graphene, only a few nanometers in size,
was achieved in 19994. However, it was A. K. Geim, K. Novoselov, and their group at
3

Manchester University who received the fame of graphene’s “discovery” when they invented the
Scotch tape method of exfoliating graphene from highly order pyrolytic graphite by using
ordinary tape to strip layers from the graphite until only a monolayer was left, and published
their results in Science in 20045. The simplicity of the method meant that any research group
could easily create their own graphene, and graphene research exploded in popularity. Just six
years later in 2010, Geim and Novoselov received the 2010 Nobel Prize in physics for bringing
graphene to the masses.

2.1

Graphene Physics

Graphene is composed of covalently bonded carbon atoms in a two-dimensional hexagonal
structure. Carbon, the sixth element in the periodic table, has six electrons in the configuration
1s22s22p2. However, the tendency for the 2s and p orbitals to mix, due to their small energy
difference, gives different carbon-based materials a wide range of properties. Although it is
energetically favorable for a lone carbon atom to fill the 2s subshell before the 2p subshell, in the
presence of other carbon atoms, one electron is excited from the 2s subshell to the 2p subshell to
form spx hybridized orbitals. These hybridized orbitals form covalent bonds with the neighboring
carbon atoms. In diamond, hybridized bonds are formed from all three electrons in the 2p orbital,
as well as the one in the 2s orbital, so it is referred to as sp3 hybridization, and four hybridized
bonds are produced in a tetragonal formation. However, in graphene, only two electrons from the
2p orbital are involved in hybridized bonding, so it is sp2 hybridized. This produces three bonds,
forming a plane, with the remaining 2pz orbital perpendicular to the plane. This gives graphene
its characteristic strength, with strong σ bonds between carbon atoms in the plane, and weak π
bonds between the 2pz orbitals of carbon in neighboring sheets of graphene. In single-layer
4

graphene, these 2pz orbitals overlap, forming a filled valence band of bonding π orbitals and an
empty conduction band of anti-bonding π orbitals, giving graphene its exotic electronic
properties. And because in single layer graphene these π bonds which govern electronic transport
extend above and below the graphene lattice, electronic transport is greatly affected by its
environment. By placing graphene on atomically flat surfaces with no dangling bonds, such as
hexagonal boron nitride (h-BN), the perturbation of the π bonds is minimized and high carrier
mobilities are maintained. Or, the presence of molecules deposited on the graphene’s surface can
be detected by how they affect the graphene’s transport properties.
Understanding graphene’s electronic band structure starts with graphene’s physical lattice in
real-space. While graphene forms a hexagonal or “honeycomb” structure, not all six atoms in the
hexagonal structure are equivalent through translation. Instead, the Bravais lattice consists of
rhombic unit cells with two inequivalent atoms per cell, as shown in Figure 26. All equivalent
𝑎

𝑎

atoms in the lattice can be related by the lattice vectors 𝑎⃗1 = 2 (3𝑥̂ + √3𝑦̂) and 𝑎⃗2 = 2 (3𝑥̂ −
√3𝑦̂), where 𝑎 ≈ 0.142 nm is the carbon-carbon distance.
We can use the physical lattice to calculate the reciprocal lattice in reciprocal space, which
allows us to further analyze how graphene’s periodic structure produces its electronic properties.
The real lattice vectors 𝑎⃗𝑖 and reciprocal lattice vectors 𝑏⃗⃗𝑖 are related by the equation 𝑎⃗𝑖 ∙ 𝑏⃗⃗𝑗 =
2𝜋𝛿𝑖𝑗 where 𝛿𝑖𝑗 is the Kronecker delta. For graphene, this produces the reciprocal lattice vectors
2𝜋
2𝜋
𝑏⃗⃗1 = (𝑥̂ + √3𝑦̂) and 𝑏⃗⃗2 = (𝑥̂ − √3𝑦̂ shown in Figure 26.
3𝑎

3𝑎
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Figure 2: Graphene lattice and Brillouin zone. Left: lattice structure of graphene,
⃗⃗𝟏 and
made of rhombic unit cells with two atoms (A and B) per cell, with unit vectors 𝒂
⃗⃗𝟐 . Right: Brillouin zone of graphene with unique points labeled. Dirac cones occur at
𝒂
K and K’. Image adapted from Castro Neto (2009).

⃗⃗ and 𝐾
⃗⃗ ’, the energy dispersion relation
At certain points in the Brillouin zone, labeled 𝐾
forms a conical band structure touching at the Dirac points, as shown in Figure 36. Thus,
graphene is referred to as a zero-bandgap semiconductor. At the Dirac points, the density of
states is zero, and thus graphene would have zero charge carriers and infinite resistance at 0 K,
with no excitations above EF. For about 1 eV above and below these points, the dispersion

Figure 3: Electronic dispersion in graphene. Energy spectrum of
graphene, with zoom in at one of the Dirac points. Figure adapted
from Castro Neto (2009).
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relation is linear This causes the charge carriers to behave as massless quasiparticles called Dirac
fermions, in the low energy limit, leading to interesting physical phenomena such as the
anomalous integer quantum Hall effect and the Klein paradox6.

2.2

Graphene Synthesis

Graphene can be synthesized in several different ways. The three main methods of
synthesizing sheets of monolayer graphene are mechanical exfoliation, chemical vapor
deposition (CVD), and epitaxial growth on silicon carbide (SiC). Other methods exist, such as
sonication of graphite or acidic dissolution of graphite, but these have significant drawbacks,
such as the submicron size of the graphene flakes produced or producing many-layer graphene
instead of monolayer flakes, making these methods generally unsuitable for producing graphene
for electronics use. The three main methods have advantages and drawbacks as well but are
capable of producing monolayer or few layer graphene on the scale of microns or centimeters.
Below is a brief description of these three methods, with extra focus placed on epitaxial growth
on SiC, as that was the main method used in this study.
2.2.1

Mechanical Exfoliation

Bulk graphite can be thought of as many layers of graphene stacked together. The large
spacing between the sheets (0.334 nm, more than twice as much as the intralayer carbon-carbon
distance) and the weak van der Waals interlayer forces holding the sheets together make it easy
to separate the sheets, requiring only 300 nN/μm2 of force to separate a layer from the bulk7.
Mechanical exfoliation usually starts with highly ordered/oriented pyrolytic graphite (HOPG),
although single crystal graphite or natural graphite are sometimes used. In HOPG, each layer is

7

made of regions with lattices very closely aligned to each other, reducing the effects of grain
boundaries.
Layers can be cleaved from the bulk HOPG using a variety of techniques. The most common
method is to use scotch tape, just like when graphene was first isolated. Scotch tape is pressed to
the HOPG surface, and some flakes of many-layer graphene adhere to the tape when it is peeled
off. By repeatedly pressing fresh tape to these flakes, layers are stripped from the flakes, thinning
them further. The tape is then pressed against a substrate, usually 300 nm thick SiO2 on silicon as
that thickness causes interference effects to make monolayer graphene easily visible under an
optical microscope (although 90 nm thick SiO2 on Si provides superior contrast)8. This leaves
flakes of graphene on the substrate, although few will actually be monolayers, with most of the
deposited material consisting of many layered graphite or several layered graphene, as can be
seen in Figure 4.
Mechanical exfoliation is very simple to perform and produces the highest quality graphene
of any method, with electron mobility as high as 230,000 cm2 V-1 s-1 for suspended graphene9.
However, the graphene flakes are small, with dimensions usually in the tens of microns, and their
position is not controlled10. Additionally, as so few usable monolayer graphene flakes are
produced among so many flakes of graphite or multilayer graphene, finding usable flakes is a
tedious and time-consuming task not unlike searching for a needle in a haystack. As such,
mechanical exfoliation was not used to produce graphene for this study.

8

Figure 4: Optical image of exfoliated graphene and graphite flakes on
SiO2. Arrows point to light purple flakes of monolayer graphene. The
darker flakes are many-layered graphene, and the flakes of other colors are
so thick as to be graphite instead of graphene. All the flakes are on a
substrate of 300 nm SiO2 on Si.

2.2.2

Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is a thin film growth process in which a catalytic
substrate is exposed to heated precursor gases, which deposit the desired material on its surface.
CVD of graphene usually uses a transition metal substrate, such as Cu, Ni, Pt, etc., and a gas
flow of a hydrocarbon such as methane (CH4) or acetylene (C2H2), although other carboncontaining gases can be used10. Additionally, there are many variations of CVD graphene
growth: plasma-enhanced CVD, low pressure CVD, cold walled CVD.
The most common CVD systems consist of a tube placed within a furnace. Inside the
tube are the substrates, usually copper foil. CVD growth of graphene was first demonstrated on
copper foil11, and remains popular due to its low cost, the ease of removing the graphene from
9

the foil by dissolving the copper with etchants, and the low solubility of carbon in copper. At
elevated temperatures, carbon will dissolve in the substrate in addition to depositing on the
surface. As the substrate cools after growth is completed, the solubility decreases and the
dissolved carbon precipitates out, adding additional layers to the graphene formed on the surface,
as can be seen in Figure 5. The solubility of C in Cu at 1000 °C is 0.04%, significantly lower
than that of Ni (2.03%) or Pt (1.76%)12, which are other metals suitable for graphene CVD
growth. This is because Cu has no d-orbital electron vacancies, and transition metals typically
interact with carbon by overlapping their d-orbitals with the carbon’s p-orbitals. This weak

Figure 5: SEM image of CVD-grown graphene on SiO2. This is a small area of a
graphene sheet about 1 cm2 in size. The graphene has been transferred from the copper
foil on which it was grown to a SiO2/Si substrate. PMMA residue from the transfer
procedure is visible as small light-colored flecks. The regular shapes in the center are gold
alignment marks, added after the transfer. The rows of dark spots are areas of bilayer
graphene where excess carbon precipitated out during growth.
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bonding also allows the graphene to grow continuously over defects in the copper foil, forming a
continuous film centimeters in dimension despite steps and irregularities in the copper foil.
However, this weak bonding means the growth is not epitaxial: the graphene lattice orientation is
not strongly correlated to that of the copper, so the graphene sheet is made up of many domains
with different orientations, forming grain boundaries between them13. The resulting graphene can
be high quality, with electron mobility as high as 40,000 cm2 V-1 s-1 for graphene transferred
onto hexagonal boron nitride14, but generally, CVD graphene is lower quality than mechanically
exfoliated graphene.
2.2.3

Epitaxial Graphene

Epitaxial growth of graphene on silicon carbide (SiC) allows for the growth of large (cmscale) monolayer graphene directly on a semiconducting substrate. SiC is a wide-bandgap (2.33.3 eV) semiconductor consisting of closely packed alternating layers of Si and C. SiC has some
properties that make it an excellent semiconductor, used in high power, high temperature, and
high frequency devices, but its high cost makes its use in electronics rare. SiC comes in many
forms, differing in the way the layers are stacked, ranging from the 2H polytype with a simple
AB stacking sequence (2H is the Ramsdell notation of the polytype, where 2 is the number of
layers needed for one sequence of the pattern and H refers to the hexagonal crystal system) to the
6H polytype with ABCACB stacking sequence. The graphene samples used in this work were
grown on 6H SiC with a 3.0 eV bandgap.
Graphene is grown on SiC through a sublimation process. A SiC substrate is placed in a
graphite crucible inside a furnace, as shown in Figure 6. At high temperature, the Si sublimates
faster than the C, leaving a graphene film formed on the surface. It takes about three Si-C
11

Figure 6: Epitaxial graphene growth setup. Epitaxial
graphene on SiC is grown inside a furnace heated by RF.
Image adapted from Gholam Reza Yazdi (2016).

bilayers to sublimate to leave behind the C needed for one graphene layer. By controlling the Si
background pressure, by using a buffer gas of Ar or disilane or by using a small chamber so the
sublimated Si creates a significant pressure, the rate of Si sublimation can be manipulated to
produce better graphene morphology, with large domains of uniform graphene.
The SiC substrate will have steps on its surface where different layers end. During the
sublimation process, Si sublimates more quickly from the edges of these steps. The different
layers in the stacking sequence have different decomposition energies, so the steps will bunch up
and merge, forming larger terraces, as depicted for 4H (ABCB stacking sequence) SiC substrate
in Figure 715. The steps are clearly visible in SEM images of epitaxial graphene on SiC, as
shown in Figure 8. The graphene crossing these terrace edges can display different properties to
the rest of the graphene, so the orientation of these terraces can create anisotropic characteristics
in the graphene film. Although the sublimation of three layers is sufficient to produce a layer of
graphene, this step bunching causes four-layer sublimation to happen preferentially. The excess
carbon from the extra layer sublimated forms a carbon-rich buffer layer between the SiC and the

12

Figure 7: Schematic of graphene growth on SiC. Terrace bunching can be observed as Si desorbs from
certain terraces faster than others. The 4H SiC has stacking sequence ABCB and the “B” layers have a
lower decomposition energy than the others. Image adapted from Gholam Reza Yazdi (2016).

graphene. This buffer layer is strongly bound to the Si atoms beneath but only weakly bonded
through van der Waals interactions with the graphene layer. However, by intercalating hydrogen
atoms between the buffer layer and the SiC substrate, the buffer layer will form a graphene layer,
yielding high quality bilayer graphene15.

Figure 8: Zoomed-in SEM image of terraces on epitaxial graphene on SiC.
Height differences of terraces are visible at this magnification.
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3. Bolometer Physics
Bolometers are detectors which utilize a temperature-dependent resistance. Incident radiation
is absorbed and causes the bolometer to heat up, and the change in temperature causes a
measurable change in resistance.
Figure 9 is a diagram of a traditional bolometer. Incident radiation with power Pin falls on an
absorber, increasing the absorber’s temperature. The absorber is linked to a thermistor, a material
with a resistance that changes with temperature. The absorber and thermistor are also linked to a
heat sink through a thermal conductance Gth,. As the temperature of the absorber and thermistor
change, the resistance of the thermistor is measured to determine the temperature from the
thermistors temperature dependent resistance R(T).
One measure of a bolometer’s performance is its responsivity r, the measured voltage signal
divided by the incident power.
𝑟=

∆𝑉
∆𝑅
∆𝑅 1
=𝐼
=𝐼
𝑃𝑖𝑛
𝑃𝑖𝑛
∆𝑇 𝐺𝑡ℎ

Figure 9: Model bolometer schematic.
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where ΔV is the voltage signal, Pin is the incident power, ΔR is the change in resistance of the
material, ΔT is the change in temperature of the material, and Gth is the thermal conductance of
the material. A device’s responsivity can be based off the total power incident on the device, in
which case it is referred to as optical responsivity, or the responsivity can be based off the power
absorbed by the device, which gives a higher value for the responsivity and is referred to as
electrical responsivity.

3.1

Graphene Bolometers

In the graphene bolometers used in this study, the graphene serves as both the absorber and
the thermistor. As an absorber, graphene has the benefit of extremely wideband absorption, due
to its gapless nature. At THz frequencies and below, absorption occurs by intraband carrier
scattering, and at higher frequencies, the main contributions are from interband carrier
transitions16. Graphene has both an extremely small volume due to its two-dimensional nature
and a low electron density of states because of its Dirac fermion electronic structure. These
properties give graphene a very low heat capacity, which allows for a large change in electron
temperature. Additionally, the small Fermi surface makes for a weak electron-phonon coupling
at low temperatures, further improving the responsivity.
Graphene exhibits bolometric behavior even at room temperature, due to the temperature
dependence of the carrier mobility. However, this causes only a very weak temperature
dependence of electrical resistance, with measured responsivities below 1 mV/W for room
temperature graphene bolometers17. Various methods of increasing the temperature dependence
of the resistance have been studied. A dual-gated bilayer-graphene device was used to open a
band gap and improve performance at a temperature of 5 K18, at which a responsivity of 105 V/W
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was achieved. Another method involved using disorder to force the electronic system into the
strong localization regime by using defective graphene19 to create bolometers with 106 V/W
responsivity. However, by nanostructuring graphene into quantum dots, confinement effects
create a band gap allowing for bolometers with much higher responsivity20.
By fabricating quantum dot nanostructures with graphene, we take advantage of the quantum
confinement effects to greatly increase the temperature dependence of the electrical resistance.
Figure 10 shows an example of a graphene quantum dot nanostructure, with dark gray graphene
narrowing in the center to a small dot less than 100 nm in diameter. When the size of the dot is
small, a band gap is created with confinement energy 𝑈𝑐𝑜𝑛 = ℎ𝑣𝐹 /𝐷, where ℎ is the Planck
constant, 𝑣𝐹 = 106 m/s is the Fermi velocity in graphene, and 𝐷 is the diameter of the quantum
dot. For a 50 nm dot, the confinement energy is about 80 meV. However, as the fabrication
process produces rough edges, it is unlikely that such a clean confinement band gap will be

Figure 10: SEM image of nanostructured graphene quantum dot.
The dark gray is graphene, and the background is the SiC substrate.
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produced. Nonetheless, the narrow constrictions around the dot can still serve to create a
Coulomb blockade effect.
The structures we use include constrictions connecting the dot to the rest of the structure.
These constrictions can be less than 20 nm in width, which is small enough that the resistance is
much larger than the resistance quantum ћ/e2 , about 4 kΩ. The constrictions form tunneling
barriers, and even though electrons can tunnel through the barrier, the capacitance of the dot is
small enough that the tunneling electron can cause a build-up in potential large enough to
prevent additional electrons from tunneling. The small self-capacitance of the dot yields a large
charging energy that is needed to add an electron to the dot, as given by the formula 𝑈 = 𝑒 2 /𝐶,
where 𝐶 is the self-capacitance of the quantum dot21. An estimate of the self-capacitance of the
dot can be given by the classical formula22 𝐶 = 8𝜀0 𝐷, where 𝐷 is the dot diameter. For a dot
with a diameter of 50 nm on silicon carbide, the self-capacitance is approximately 8 aF,
corresponding to a charging energy of 20 meV. This Coulomb blockade effect is what gives us
the strong temperature dependence we need for high responsivity. If the thermal energy is below
the charging energy 𝑘𝐵 𝑇 < 𝑒 2 /𝐶 (20 meV or T=232 K for the 50 nm dot), the current across the
dot is limited by thermal activation over this energy barrier, as illustrated in Figure 11. This
produces a temperature dependence of the electrical resistance above 100 M K-1 at 4 K for a
dot smaller than 100 nm20. The smaller the dot, the smaller the self-capacitance, and thus the
higher the energy barrier, so by fabricating the smallest dots possible, we can increase the
temperature dependence and thus improve the performance of the dot.
The other factors that contribute to the high responsivity of our devices are the graphene’s
small electronic heat capacity and weak electron-phonon coupling23. The electronic heat capacity
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in graphene is given by 𝐶𝑒 = (2𝜋 3/2 𝑘𝐵 2 𝑛1/2 𝑇𝑒 )/(3𝑣𝐹 ), where 𝑘𝐵 is the Boltzmann constant, 𝑛
is the carrier density, and 𝑇𝑒 is the electron temperature20. For a typical device, with an estimated
carrier density of 𝑛 = 1012 cm-2, the electronic heat capacity is less than 9 ×10-22J K-1m-2 at
temperatures below 9 K, thus very little incident radiation is needed to cause a large change in
electron temperature20. Because the electrons cannot effectively cool through phonon
interactions with the lattice, the electron temperature can be much higher than the lattice
temperature. Even incident radiation at extremely low power can sufficiently thermalize the
electrons above the energy barrier caused by the dot, causing a substantial increase in current.

Figure 11: Schematic of electron transport across graphene quantum dot bolometer.
For an electron to be pushed from the source onto the Coulomb blockaded island formed by
the dot, it must be thermally activated over a barrier determined by the charging energy
𝑼 = 𝒆𝟐 Τ𝑪 where 𝑪 is the capacitance of the dot.

18

4. Bolometer Fabrication
Quantum dot hot-electron bolometers are fabricated through a conceptually simple process.
However, the small scale of the quantum dots makes the realization of the devices challenging,
and significant refinements to the process were necessary to develop a fabrication procedure that
produced devices with the properties needed for this project. This chapter will explain the steps
of the fabrication procedure, as well as the materials, methodologies, and variations explored
during the fabrication of quantum dot bolometers. A brief overview of the fabrication process is
provided below and illustrated in Figure 12.
Fabrication begins with a sample of epitaxial graphene on a silicon carbide (SiC) chip. The
chip is imaged by scanning electron microscopy to determine the orientation of terraces of the
SiC surface. The chip is then coated with a protection layer of metal, either sputtered palladium
or thermally evaporated gold. The chip is spin-coated with electron beam resist, then electron

Figure 12: Diagram of bolometer fabrication steps.
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beam lithography is used to pattern the resist with the quantum dot patterns and alignment marks.
A metal layer is deposited onto the chip by thermal evaporation, then the excess metal is
removed by a lift-off process to leave a thicker metal layer only in the pattern of the quantum
dots and alignment marks. The chip then undergoes a plasma etching step, removing the
graphene from around the quantum dot patterns. The spin-coating and electron beam lithography
process is then repeated, but this time antennas and electrodes are patterned into the resist. A
chromium/gold bilayer is sputtered, then lifted-off to produce the metal antennas and electrodes.
The chip is then put in a timed etchant solution to remove the protection layer of metal from the
graphene surface. At various times throughout the entire process, SEM imaging may be used to
confirm that the results of certain processes are satisfactory. After this, the device is ready for
electrical characterization.

4.1

Device Material

The materials used during device fabrication determine many important parameters,
including performance and reliability of the finished device, and also informs what processes
may be used during device fabrication. For these reasons, material selection is an important
consideration for device design. The next section will discuss the materials used for the
fabricated devices and the effects of the materials on the device properties.
The quantum dot bolometers depend on the unique characteristics of graphene for their
functionality, but graphene can be synthesized in a variety of ways. The different mechanisms of
producing graphene vary in the quality of the graphene produced, the cost required, and
scalability, in terms of individual graphene sheet size and overall yield. As discussed in a
previous section, some common methods of graphene synthesis used for research purposes
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Figure 13: SEM image of CVD graphene on SiO2 substrate. Light gray
area is monolayer graphene. Darker gray islands are regions of bilayer or
multilayer graphene. Large white T-shaped objects are gold alignment marks.
Small white spots are PMMA residue.

include mechanical exfoliation, CVD growth, and epitaxial growth on SiC. In this study,
graphene grown on SiC was used for the fabrication of bolometric devices, although CVD
graphene was used for some other purposes.
Graphene grown from SiC was used for devices for several reasons. Growth of graphene on
SiC can create large cm-scale sheets of monolayer graphene. This allows us to create large arrays
of many devices on each chip. While our group was able to grow large graphene films on Cu
foils using a CVD process, the resulting graphene had many islands of bilayer graphene, and the
process of transferring the graphene from the Cu foil on which it is grown to a substrate suitable
for device fabrication leaves polymethyl methacrylate (PMMA) residue on the surface of the
graphene. This can be seen in Figure 13.
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Our group’s collaboration with the Naval Research Center (NRL) and the National Institute
of Standards and Technology (NIST) gave us access to a supply of graphene on SiC of suitable
quality. While graphene on SiC cannot reach the extremely high carrier mobilities that the best
mechanically exfoliated graphene can, which can be in the tens of thousands of cm2 V-1 s-1 for
exfoliated graphene on a substrate or in the hundreds of thousands of cm2 V-1 s-1 for suspended
exfoliated graphene9, graphene on SiC can have mobility of several thousand cm2 V-1 s-1, which
is more than sufficient for the bolometers.
The bolometers were typically fabricated from graphene with mobility of less than 1000 cm2
V-1 s-1, as the fabrication process adds defects to the graphene anyway. Graphene quality and the
effects of defects are discussed in detail in Chapter 5.
As the epitaxial graphene used for bolometers was grown elsewhere, there was little we had
to do to process it before device fabrication could begin. The only pre-fabrication step necessary
was to determine the terrace direction. The SiC chip is covered with terraces, usually 2-3 μm
wide, with their step edges all parallel. Device performance is enhanced when current flow
across the device was perpendicular to the step edges20. To ensure that fabricated devices would
be oriented perpendicularly to the terraces, the SiC chips would be SEM imaged and the terrace
orientation noted, as shown in Figure 14. The imaging was performed at a low SEM accelerating
voltage, 1-5 kV, to avoid damaging the graphene, and using the secondary electrons detector
(SE2) to best see the three-dimensional structures of the terraces.
Although epitaxial graphene on SiC was the primary material for bolometer fabrication,
graphene grown by CVD was used for testing fabrication procedures and for other purposes. The
graphene on SiC was better for bolometers, but our supply was limited to the chips that NRL and
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Figure 14: SEM image of terraces on SiC with epitaxial graphene. The angle
of the terrace steps with respect to the edges of the chip was noted during a prefabrication processing step. Here, the steps are at an angle of approximately 68
degrees from the horizontal.

NIST could provide for us, so when trying a new modification to the device fabrication process,
we would often first test it on blank SiO2 chips or CVD graphene on SiO2 chips, so that valuable
graphene on SiC wouldn’t be wasted if the procedure failed.

4.2

Electron Beam Lithography

To fabricate devices from graphene, the graphene must be patterned into the desired shapes,
including the quantum dot at the center of the bolometer. The graphene quantum dots, with
diameters in the tens of nanometers, are too small to be patterned using standard
photolithography techniques. Instead, a scanning electron microscope is used to perform
electron-beam lithography (EBL), which allows the user to create patterns with nanometer-scale
resolution.
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A scanning electron microscope (SEM) is a microscope that produces images using electrons
instead of light. A focused beam of electrons is directed across the sample in a raster scan
pattern, and interactions between the electrons and the sample produce a signal whose intensity
varies with the sample’s topography, as well as with other properties of the sample. As the beam
can be focused to just a few nanometers, far smaller than the diffraction limit of light-based
microscopes, extremely small features can be imaged, or created using EBL.
Traditional photolithography uses a layer of light-sensitive polymer resist on top of the chip,
which has light selectively applied to it by shining the light onto the resist through a patterned
mask. The resist is altered by the exposure to light, so when it placed in a developer solution, the
resist that was exposed to the light dissolves away, while the resist that was shaded by the mask
remains, thus transferring the pattern of the mask to the layer of resist on the chip. EBL works in
a similar fashion but uses the focused electron beam of a SEM instead of light. Instead of
rastering across the entire area to form an image, as in scanning electron microscopy, the
electron beam is directed by software to scan in the shape of the desired pattern. The areas of the
resist exposed to the electron beam are then removed when the chip is placed in developer
solution. Once the pattern has been written in the resist layer, other fabrication techniques, such
as etching or metal deposition, will only affect the exposed areas of the pattern, while the rest of
the surface is protected by the remaining resist.
EBL provides much higher resolution lithography than photolithography, as the electron
beam can be focused to a spot smaller than the wavelength of the UV light used in
photolithography, which is a limiting factor in photolithography resolution. Additionally,
photolithography requires a physical mask to be created for each different pattern, while EBL
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uses a software-controlled beam that can write any pattern that the user inputs, making it easy for
the user to try a variety of patterns. The main downside of EBL is the process’s slow speed.
Where photolithography exposes the entire pattern at once, the electron beam of EBL only
exposes a tiny area at a time and must slowly scan over the entire pattern. This makes EBL
unsuitable for mass production of microchips, but the speed is reasonable for research use.

4.3

Metal Deposition

Several steps in the fabrication of graphene quantum dot bolometers involve depositing thin
layers of metal onto the device. By combining the deposition of metal layers with EBL, the metal
layer can be created in any desired pattern. In the patterned holes of the resist layer, the deposited
metal will be in contact with the chip. Elsewhere, the metal will be on top of the resist, and when
the resist is removed by soaking the chip in a solvent, this unwanted metal will be unattached and
lift off from the chip. The remaining patterned metal layers can protect regions of the graphene
from processes used in other fabrication steps or serve as the contact electrodes which serve as
the electrical interfaces between the graphene device and measurement equipment. The two
methods used for metal deposition onto the graphene quantum dot bolometers included thermal
evaporation and magnetron sputtering.
Thermal evaporation is a process where a sample of metal is heated in a vacuum chamber.
The metal evaporates, and the metallic vapor condenses on the chip. Our process primarily
involved the thermal evaporation of gold. Gold pellets were placed in a tungsten boat, which was
connected to electrodes at each end. As high current was run through the resistive tungsten boat,
it was heated to temperatures above the melting point of gold. The gold pellets melted and
emitted gaseous gold atoms. As this takes place in vacuum of 10-6 torr, the gold atoms can travel
25

the 30 cm to the substrate without colliding with any background gas. The gold atoms radiate
from the melted gold, coating the chip, as well as the walls of the chamber, in a uniform layer.
However, the straight paths of the evaporated gold mean that elevated features on the chip may
cast a shadow, blocking certain areas from the gold. The sample is continuously rotated during
evaporation to reduce this effect. The evaporation chamber will also contain a quartz crystal
thickness monitor. As the metal is deposited on the quartz crystal and its vibrational frequency
changes, the thickness of the metal layer on the quartz crystal can be measured, which is used to
determine the thickness of the metal layer on the sample.
Magnetron sputtering is a somewhat similar process, but instead of heating the metal sample,
ions from a magnetically confined plasma collide with the metal sample, ejecting metal atoms
from the sample, which condense on the sample, as well as the walls of the chamber. We used
sputtering to deposit layers of palladium, chromium, and gold. Unlike thermal evaporation,
which is done under vacuum, the sputtering chamber is first pumped to high vacuum but is then
filled with a sputtering gas, argon in our case, at a millitorr level. A cathode behind the metal
target ionizes some of the argon into a plasma, which is kept close to the target by magnets. The
cathode accelerates ionized argon atoms towards the metal target, ejecting metal atoms when
they collide. Due to the gas pressure, the metal atoms travel diffusively through the chamber to
reach the sample. As the deposited atoms do not travel in straight lines to reach the sample, the
shadowing effect is diminished. While this is sometimes desirable, this can also make it more
difficult to fabricate small features, as a layer of metal will form on the sidewalls of the patterned
resist which may remain on the chip after the resist is removed. Sputtering also has the
significant drawback of causing damage to the sample, due to the energetic plasma involved.
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Also, the ejected metal atoms are more energetic than those produced by evaporation, which
follow a Maxwellian distribution determined by the source’s temperature. However, our
sputtering equipment was able to achieve much higher deposition rates than we could achieve
with thermal evaporation, so sputtering remained a valuable technique.

4.4

Etching

Sometimes, instead of adding layers to the sample, it is necessary to remove material. The
process of removing unwanted material is called etching, and in the fabrication process of
graphene quantum dot bolometers, two forms of etching are involved: plasma etching and wet
etching.
Wet etching is the process of applying a liquid solvent to the chip, which dissolves the target
material. As the materials used in these devices are typically not very soluble, aggressive
chemicals are often required to convert the material into soluble compounds. We often use aqua
regia, a mixture of concentrated hydrochloric and nitric acid, to etch gold from devices.
However, aqua regia is very corrosive towards many materials, limiting the situations where it is
useful. Wet etching has other drawbacks, such as the isotropic nature of the etching. When a
patterned mask is being used, the wet etch will not just etch the exposed area but will also seep
under the edges of the mask pattern and begin to etch there, changing the size and shape of the
patterned features. A more directional, anisotropic etch can be achieved through plasma etching.
Plasma etching is similar to sputtering, but instead of directing energetic ions to a metal
target that we want deposited on our sample, an electric field accelerates ions towards the sample
itself, knocking off material as they bombard it. As the particles have lots of kinetic energy, they
can interact chemically in ways that would otherwise require extremely high temperatures, or
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physically knock off atoms of unreactive materials. The gas used for the plasma can be selected
to react with the material being etched, which can increase the etch rate or make the etching
more anisotropic. However, as we mostly used plasma etching to remove gold from the chip, and
gold is not very reactive, so we used an argon plasma to physically remove the gold. This meant
the etch rate was fairly slow and isotropic, but that was not a significant issue for our process.
Another drawback of plasma etching is that the material being removed doesn’t just disappear.
The ejected material will coat not just the chamber, but elsewhere on the chip, especially the
sides of the patterned mask being used. However, this drawback was again not a significant
problem for the process we were doing.

4.5

Fabrication Process

The previous sections described the primary techniques used in the fabrication of graphene
quantum dot bolometers, as well as their advantages and disadvantages. This section will
describe the details of using these processes to fabricate the graphene quantum dot bolometers
used in this work.
4.5.1

Pre-fabrication Processing

The majority of the graphene quantum dot bolometers were fabricated from epitaxiallygrown graphene on a silicon carbide substrate. Monolayer graphene covers the silicon-terminated
SiC(0001) face, with a carbon-rich buffer layer between the graphene and the silicon carbide
substrate. The graphene is grown on wafers of silicon carbide, which are cut to squares
approximately 7.6 mm to a side. After receiving the silicon carbide graphene samples from our
collaborators at NRL or NIST, we perform several pre-processing steps to ready the chips for
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device fabrication. These steps include cleaning, terrace orientation determination, and protective
layer metallization.
The first step is to clean the chips to remove grease and other contaminants. The chips are
soaked in acetone, then isopropyl alcohol (IPA) before being blown dry with nitrogen. However,
the solvents used in this procedure can leave behind some residue of their own. As the chips
were already quite clean when we received them from our collaborators, we started skipping the
cleaning process unless we had reason to suspect the chip needed additional cleaning.
Next, we imaged the chip to determine the terrace orientation. Atomic terraces are present
across the face of the silicon carbide crystal, and although the graphene layer is continuous over
these steps, the properties of the graphene do change at these boundaries. This causes anisotropic
conductivity, with higher resistance when current flows perpendicular to the step edges. This is
due to local scattering at the step edges, possibly caused by silicon atoms trapped at the step
edges24. For our graphene quantum dot bolometers, we measured an increase in the activation
barrier for thermally activated electrical current for devices with current flowing perpendicular to
the step edge20. As the device performance is enhanced by increasing the activation barrier for
current flow, we chose to fabricate devices oriented so that current flows perpendicular to the
terraces. Before fabricating the devices, we determine the terrace orientation by imaging the
graphene. This can be done using SEM or AFM. Figure 14, shown earlier in this chapter,
demonstrates what the terraces look like in an SEM image. While SEM is easier and quicker, the
electron beam can damage the graphene and cause defects, so brief exposures are used in areas
that will not be part of the final devices. By working with the electron beam at lower voltages,
such as 1 kV instead of the 30 kV used for EBL, less damage is done. The damaging effects of
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the SEM can be avoided entirely by using AFM instead. However, AFM is slower, and careful
use of the SEM produces minimal damage, so the SEM was primarily used.
After the graphene has been imaged, a protection layer of metal is deposited. The main
purpose of this metal layer is to protect the graphene from contamination from the chemicals and
processes used in fabrication. The next step is e-beam lithography, which involves coating the
surface of the chip in a layer of e-beam resist. For our resist, we use polymethyl methacrylate
(PMMA), which has a tendency to leave behind significant amounts of residue. This residue is
very difficult to remove from graphene. By depositing a metal layer on top of the graphene, the
PMMA coats the metal instead. The PMMA leaves less residue on the metal, and this residue is
removed when the metal is etched away. The metal layer also protects the graphene from the
electron beam used in EBL, which can cause defects in the graphene. However, graphene defects
can have some benefits, which gave the metal layer a secondary purpose.
When depositing the metal layer using sputtering, the graphene can be damaged by either the
plasma or the fast-moving ejected metal particles. The presence of defects changes the
mechanisms of electron cooling in the graphene, which can enhance the sensitivity of the
quantum dot bolometers fabricated from it. Details of this are discussed in Chapter 5. By
adjusting the parameters used for sputtering the metal protection layer, the defect density can be
controlled and kept at a level that produces the best performing devices. The sputtering was
performed with an AJA-brand magnetron DC sputterer. Palladium was sputtered at low power,
ranging from 15 to 30 W, to a thickness of 10 nm. This was the method used while studying the
effects of defects on graphene properties and for the fabrication of some of the graphene
quantum dot bolometers. However, the sputterer used had mechanical issues at one point, leading
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us to start depositing the protection layer through thermal evaporation. Gold was evaporated in a
Denton-brand thermal evaporator to a thickness of 10 nm onto the graphene. While the devices
fabricated this way did not benefit from the modified electron cooling effects of defective
graphene, they still showed sufficient bolometric performance for our purposes.
It is also important to note that this metal layer forms a graphene-metal interface. Later metal
deposition steps to produce the metal electrodes and contact pads will be on top of this first metal
layer, so this first metal layer is the only place where a graphene-metal junction is formed. This
junction can significantly affect the performance of the device by determining the contact
resistance between the metal and graphene and modifying the work function of the graphene
beneath the metal. Some metals, such as Ti and Cr, lower the work function of the graphene to
that of the metal, which increases contact resistance and gives the contact resistance and strong
dependance on the applied gate voltage25. Pd and Au contacts both pin the work function of the
graphene underneath to 4.62 eV, close to the approximately 5 eV work function of exposed
graphene, reducing contact resistance25. While work function is not the only factor in
determining contact resistance, Au and Pd have been shown to be superior choices for metalgraphene contacts over metals such as Ti, Ni, and Cr26. In our samples, the resistance is
dominated by the quantum dot, therefore the contact resistance does not significantly affect the
device performance. Whether the protection layer was deposited by thermal evaporation or by
sputtering, the chip was now ready to be fabricated into quantum dot bolometers, or any other
desired device.
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4.5.2

Electron-beam Lithography

The next step is to pattern the chips using EBL. The chips are first spin-coated with e-beam
resist. The resist used is Microchem 950 PMMA C2, consisting of 2% PMMA dissolved in
chlorobenzene. The resist should be taken directly from the fridge and used immediately to
achieve the smallest features during EBL. The standard practice of leaving small dropper bottles
of resist on the spin coater bench to be used over weeks or months results in degraded resist that
cannot produce features smaller than 50 nm. The PMMA solution is deposited on the chip, which
is then spun at 4500 RPM to coat the chip with a thickness of about 100 nm. Using a thin single
layer of resist produces the highest resolution features during the EBL. The coated chip is then
put on a 180 C hotplate for 2 minutes to pre-bake the resist.
The chip is then placed in the SEM used for EBL, a Zeiss Supra 55 SEM with integrated
nanopattern generation system. The chip is then patterned with the bow-tie shapes that will form
the graphene quantum dots, as well as alignment marks. These bow-ties are laid out in a grid,
separated by 400 microns horizontally and 1000 microns vertically, with a chip typically
containing 30-50 bow-ties. The SEM’s smallest aperture is used and must be optimally focused
to achieve the small features of the quantum dot. After writing the patterns, the chip is developed
by placing it in a solution of methyl isobutyl ketone (MIBK) and IPA in a 3:1 IPA:MIBK ratio
for 70 seconds. It is then rinsed with IPA to stop the development and dried with nitrogen spray.
It is inspected under an optical microscope to verify there were no major issues with the pattern
writing. However, the optical microscope cannot see the small features, which are more likely to
have problems. The chip can be imaged under the SEM at this point to see the small features
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Figure 15: Problems seen during fabrication of graphene quantum dots. Left: Ill-defined dot due to
expired photoresist. Right: excess gold deposition due to overheating during thermal evaporation.

written in the resist, but even then, what appears under the SEM to be a well-defined feature in
the surface of the resist may result in a badly defined feature once metal is deposited, as shown
in Figure 15. As such, this inspection is typically skipped.
4.5.3

Quantum Dot Metal Layer Deposition

Now that the bow-tie shapes that form the quantum dots have been written in the resist, a thin
layer of metal is deposited. The best results were achieved by depositing gold using thermal
evaporation. The tool used is a Denton DV-502A thermal evaporator. The chip is affixed to a
holder above a tungsten boat containing gold pellets. Approximately 180 amperes of current is
applied to the boat, melting the gold and depositing it on the chip at a rate of 2-3 angstroms per
second. Depositing at two slow a rate or for too long causes problems with the deposited gold, as
the PMMA resist overheats and excess gold is able to infiltrate the pattern, as shown in Figure
15. After the chip is coated with a gold layer 25 nm thick, the evaporation is stopped and the chip
removed. The chip is then soaked for at least an hour in acetone warmed to 65 C to dissolve the
resist, releasing the gold on top of the resist to float away from the chip in a process called lift33

off. The gold deposited through the patterned holes in the resist remains on the chips surface,
producing the desired pattern written in gold. At this point, the pattern is typically imaged using
the SEM to verify that the small features are well-defined.
4.5.4

Plasma Etching

While the top layer of the chip has the bow-tie pattern written in gold, graphene still covers
the entire surface. Next, plasma etching is used to shape the graphene, using the gold layer as a
mask. The plasma will etch material from all over the chip, but the thin metal protection layer
will be etched through entirely before the thicker layer of patterned gold is fully etched. Thus,
the graphene below the patterned gold will be protected, while the graphene everywhere else on
the chip will be exposed and etched away by the plasma. This corresponds to the sixth step
shown in the illustration in Figure 12, shown at the beginning of this chapter. A Plasmalab
Reactive Ion Etch instrument is used for the plasma etch. A 150-watt argon plasma etch is used
to etch away the gold protection layer. Once that layer is fully etched, a 10-watt oxygen plasma
etch is used to remove the now exposed graphene. The duration of each etch is variable. The etch
rates of this process are not always consistent, so the chip is etched in multiple steps, stopping
once the gold has been removed. As the etch also removes material from the thicker gold layer
that forms the bow-tie pattern, over-etching will destroy the small features of the device.
4.5.5

Contact Pad Electron Beam Lithography

EBL is now used again to write the pattern for the antennas and contact pads that will
connect to the graphene bow-tie structures, although the process is somewhat different from the
first EBL step. This time, multiple layers of resist are used. First, a layer of methyl methacrylate
(MMA) is dropped onto the chip while it spins at 4500 RPM, then the chip is put on a 180 C hot
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plate for 2 minutes. This creates a layer of MMA resist 500 nm thick. Then, the process is
repeated with PMMA resist, and then repeated with PMMA again to form a 200 nm thick layer
of PMMA. The reason for this MMA/PMMA bilayer is to form an undercut. The critical dose for
MMA is significantly less than that of PMMA, so when a region is exposed to the electron beam,
there will be some “bleed” in the MMA layer, where the MMA just outside the perimeter of the
exposed region has received enough electrons to be removed by the developer as well. This
means the pattern written in the lower MMA layer will be slightly larger than the pattern in the
upper PMMA layer, so that the PMMA overhangs the MMA by a few tens of nanometers. This
“undercut” will be useful when gold is sputtered in the next step of fabrication. Without an
undercut, the sputtered gold will coat not only the horizontal surfaces of the chip, but also the
sidewalls of the resist. This will connect the gold in the pattern with the unwanted gold on top of
the resist layer, inhibiting the liftoff process. With the undercut, the overhang will shadow the
sidewalls below it, protecting them from the gold deposition and thus keeping the patterned gold
separate from the unwanted gold on top of the resist.
With the MMA/PMMA bilayer of e-beam resist prepared, e-beam lithography is used to
write the patterns for contact pads and antennas. Alignment marks, written at the same time as
the quantum dot bowties, are used to align these patterns with the previously written designs.
The e-beam writing uses different parameters as the first e-beam step, such as using a larger
beam aperture to deliver more current and thus expose larger areas more quickly. After writing,
the pattern is developed with the same procedure as before.
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4.5.6

Contact Pad Metal Layer Deposition

The next step is to deposit metal onto the patterned chip to form the contact pads and
antennas. For this, we use a CVC magnetron sputterer to deposit a layer of Cr and a layer of Au.
The thin layer of Cr, about one nm thick, is used as an adhesion layer. As these metal layers do
not directly contact the graphene, and instead sit on top of the Au or Pd protection layer, the
effects of the sputtering or the metal choice on the graphene is not a concern. A layer of Au
about 300 nm thick is sputtered, and liftoff of excess Au is then conducted by soaking the chip in
acetone.
4.5.7

Aqua Regia Etch

After the contact pads are patterned and sputtered onto the chip, there are no more
lithography steps. Now, the metal protecting the graphene quantum dot can be removed, and the
graphene can be exposed. To remove the Au or Pd covering the graphene without damaging the
graphene, an aqua regia etch is used. Aqua regia is a mixture of hydrochloric acid and nitric acid
in a 3:1 ratio. To etch Au, the nitric acid dissolves Au, forming gold ions, while the hydrochloric
acid reacts with the gold ions to form chloroaurate anions, removing the gold ions from the
solution and allowing the nitric acid to dissolve more gold. Aqua regia also works in a similar
way for Pd. We prepare a diluted mixture of 4 parts water, 3 parts hydrochloric acid, and 1 part
nitric acid. This diluted aqua regia has a slower etch rate, giving us enough control to etch the Au
or Pd covering the graphene (approximately 10 nm thick) without significantly etching the gold
contact pads (approximately 300 nm thick). The chip is placed in the aqua regia solution for 30
seconds, then placed in water baths before being rinsed with IPA.
4.5.8

Final Steps

After the aqua regia step, the graphene quantum dot bolometers are complete. However,
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before they can be used, they must be mounted such that they can interface with the instruments
used to take measurements. A chip expander is prepared, which consists of a circuit board with
soldered pin connectors. The pins are connected to gold pads on the chip expander’s surface. The
silicon carbide chip with the graphene devices is mounted to the chip expander using GE varnish,
an adhesive that provides good thermal anchoring between the chip and expander. The gold pads
on the chip are wirebonded to the pads on the chip expander, providing an electrical connection
to the devices through the pins on the chip expander. Figure 16 shows a SiC chip with quantum
dot bolometers mounted and wirebonded on a chip expander. The chip is now ready to be placed
in the probe, with thermal anchoring mediated by thermal paste and hooked up to the electrical
transport measurement instruments through pin connectors.

Figure 16: SiC chip mounted on chip expander. The graphene
devices are too small to see, but gold contact pads are visible on
the chip, with thin wires connecting them to soldered pin
connectors on the chip expander.
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4.6

Bolometer Characterization

The fabrication of the graphene quantum dot bolometers was not always successful. The
difficulty of creating the nanometer-scale quantum dots meant not all fabrication attempts
resulted in bolometers with the sensitivity necessary for this study. Although some fabrication
issues were obvious, such as lift-off failures that left large areas covered by a metal film, others
could not easily be detected during the fabrication process. The small size of the quantum dots
meant that even a small variation in the shape of the nanostructure could have large effects on
the performance of the device. Thus, even if several bolometers were fabricated simultaneously
on the same chip, the devices would exhibit different performance characteristics, despite their
identical design. As such, characterization of bolometer performance was necessary to find
which bolometers performed best before the bolometers could be used in the actual SMM
spectroscopy measurements or other experiments. This characterization consisted of four parts:
room temperature resistance measurements, temperature dependent resistance measurements,
low temperature current-voltage measurements, and low temperature bolometric response
measurements. These measurements also allowed us to determine properties of the devices, such
as the responsivity, absorbed power, and quantum dot charging energy.
4.6.1

Room Temperature Resistance Measurements

Near the end of the fabrication process, once the aqua regia etch had stripped the metal
protection layer from the graphene quantum dots but before the chip was mounted and
wirebonded, the bolometers were considered complete. The nanofabrication steps that directly
created the devices were finished and the characterization of the bolometers could begin. More
devices were fabricated on a chip than could be wirebonded (30 to 40 devices would be
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fabricated on a single chip, but the chip mount only had the pins to provide wirebonded
connections to about 10 devices at a time), so it was important to ascertain which devices were
most promising before wirebonding, so only the best devices would be wirebonded. At this
stage, room temperature resistance measurements were conducted to find these promising
devices.
Room temperature measurements were performed using a probe station. A manual threepoint probe station was connected to a voltage source and measurement setup controlled by a
custom Labview application. The chip would be placed on the probe station, at room temperature
and exposed to ambient air. The probes would be maneuvered onto the contact pads of each
device, then a voltage sweep between -100 mV and 100 mV would be applied. The currentvoltage curve would be recorded, with a note taken of the resistance at 50 mV. This resistance
would be one characterization used to determine whether a device was promising. Devices that
performed well in later measurements typically had a room temperature resistance between 500
kΩ and 2 MΩ. Lower resistance values suggested that the constrictions between the quantum dot
and the rest of the graphene structure were too large, reducing the size of the confinement gap
created and worsening the bolometric performance. Higher resistance values caused
measurement problems; as the temperature decreased and resistance increased, a high starting
value of the resistance lead to extremely high cryogenic resistance values, with extremely small
currents that were difficult to measure precisely. The higher resistance value also indicated
fabrication problems, such as an overly high concentration of defects in the graphene. So, only
devices with room temperature resistances in the desired range are wirebonded.
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4.6.2

Temperature Dependent Resistance Measurements

After wirebonding, devices can be characterized in one of the cryostats. Before conducting
spectroscopy measurements, the electrical properties of the devices need to be characterized,
starting with the temperature dependence of the resistance, which is necessary for bolometric
detection. The device is placed inside the cryostat, and electrical measurements are taken using a
custom voltage source and Labview application. For the temperature dependent resistance
measurements, the voltage source applies 5 mV across the device. This voltage is low enough to
prevent joule heating from substantially affecting the bolometer temperature. The resistance of
the device is recorded as the cryostat cools the device from room temperature to approximately
1.5 K. As the device cools, the resistance increases as described in Chapter 3.
As shown in Figure 17, the increase in resistance spans several orders of magnitude. Below
10 K, the resistance increases at rates as high as 109 Ω/K. However, the very steepest part of the

Figure 17: Temperature versus resistance plots. Left: temperature dependence of the resistance for a
graphene quantum dot bolometer with bias voltage 5 mV, with resistance changing at rates over 109 Ω/K at
temperatures below 10 K. Right: same data as an Arrhenius plot, with approximate slope line added. From
the slope, the activation energy can be calculated: 3 eV for this device.
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curve, where the resistance reaches over 1010 Ω, is possibly inaccurate. At 5 mV bias voltage, a
resistance of 109 Ω results in a current of 5 pA. At lower temperatures, as resistance increases
beyond 109 Ω, the sub-picoamp currents become too small to precisely measure with our
equipment. Resistance vs temperature curves such as these are thus useful in determining
whether a certain device will be suitable for use in experiments. If the rate of change of the
resistance with respect to temperature is not sufficiently high, the bolometric responsivity will
not be high enough for our purposes. As such, we look for bolometers with temperature
dependencies of approximately 108-109 Ω/K at low temperatures. On the other hand, if the
resistance is too high, and the current will be too small and difficult to measure at low
temperatures, the device will mostly be usable only for measurements at higher temperatures,
such as 10 K to 30 K. Measurements with these devices can still be taken at low temperatures by
using higher bias voltage, but the effects of joule heating become significant then. Given these
effects on device performance, the resistance vs temperature characterizations are important to
determine which devices will be suitable for certain experiments.
Temperature-dependent resistance measurements are also useful for determining the
activation energy of the quantum dot. By plotting the data in an Arrhenius plot, as shown on
right side of Figure 17, we see a straight line in the data. According to the Arrhenius equation
𝐸

1

ln 𝑅 Τ𝑅𝑅𝑇 = − 𝑘𝐴 (𝑇), the slope of this line gives the activation energy 𝐸𝐴 divided by the
𝐵

Boltzmann constant. For the device measured in Figure 17, we calculate an activation energy of
3 eV. We have found that the activation energy varies with the size of the quantum dot, ranging
from 0.5 to 4 eV, and is also affected by the graphene properties, including the alignment of
terraces on the SiC surface relative to the direction of current flow27.
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4.6.3

Low Temperature Current-Voltage Measurements

The behavior of devices at low temperature is investigated further by generating currentvoltage (IV) curves. As Joule heating changes the temperature of the device as a higher sourcedrain voltage is applied, the temperature-dependent resistance gives the device’s IV curve a
distinctive nonlinearity, as can be seen in the left graph in Figure 18. At higher voltages, the
Joule heating increases the electron temperature, allowing electrons to be thermally excited over
the barrier caused by the quantum dot’s Coulomb blockade, increasing the conductivity and thus
the current, producing an IV relationship with an upward curve.
4.6.4

Low Temperature Bolometric Response Measurements

The final characterization measurement is to measure the bolometric response of the device.
From measurements like these, device properties like the responsivity and noise equivalent
power (NEP) can be extracted. One method to measure the bolometric response is to conduct
current-voltage measurements with and without THz radiation. We apply radiation to our

Figure 18: IV curves of graphene bolometers. Left: IV curves at different temperatures, with
upwards curve due to Joule heating. Right: Red IV curve is from bolometer exposed to 150 GHz
radiation. Black IV curve has no radiation applied. By comparing differential resistances of each
curve, the power absorbed by the bolometer can be extracted. Plot from El Fatimy (2016).
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samples using a Virginia Diodes (VDI) solid-state THz source or a backwards wave oscillator
while sweeping the bias voltage. The VDI source is capable of outputting radiation between
82 GHz and 125 GHz, and can be fitted with frequency multipliers that double or triple the
frequency of the output radiation, extending the range of possible frequencies to between
165 GHz and 375 GHz. The backwards wave oscillator can be tuned to emit radiation at
frequencies ranging from 100 to 180 GHz and can be fitted with a frequency doubler or both a
frequency doubler and tripler, allowing us to work with radiation from 200 GHz to 360 GHz or
600 GHz to 1080 GHz. An example of using the backwards wave oscillator is shown in Figure
18. The black curve shows the current without radiation, and the red curve shows the current
with 150 GHz radiation applied using the backwards wave oscillator. The bolometer absorbs the
radiation and the electron temperature is increased, which increases the current as electrons are
thermally activated across the quantum dot. The signal voltage ∆𝑉 is the difference in voltage for
a point on each curve with the same current. The power absorbed by the bolometer can also be
extracted from these curves. The behavior of the device is the same whether it is absorbing
power from incident radiation or from Joule heating. So, we find two points that have the
differential resistance, one on each curve. We use the differential resistance of the irradiated
curve, given by the curve’s slope, as measured at low bias voltage, where Joule heating is
minimal and all absorbed power is from the THz radiation. Then, we find a point on the dark
curve that has the same differential resistance, and as there is no incident radiation, the power
must all come from Joule heating. So, the Joule power at that point is thus equal to the power
absorbed by the device during measurement of the irradiated curve. From the measured signal
voltage and absorbed power, we can determine the electrical responsivity, given by 𝑟 =
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∆𝑉
𝑃𝑎𝑏𝑠

,

which has been measured as high as 1010 V/W-1. By dividing the input noise by the responsivity,
we can calculate the noise equivalent power, 𝑁𝐸𝑃 = 𝑃𝑆𝐷 Τ𝑟, where 𝑃𝑆𝐷 is the power spectral
density. For our devices, the NEP has been measured as low as 2 × 10−16 W Hz-0.5 at 2.5 K20.
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5. Effect of Graphene Defects on Bolometers
The performance of the graphene hot-electron bolometers used in this study is fundamentally
tied to the electron temperature in the graphene. All bolometers work by changing temperature
upon absorbing incident radiation, and hot-electron bolometers such as these achieve greater
sensitivity by concentrating the change in temperature to the electrons. The sensitivity of these
devices to changes in electron temperature made them well-suited to the study of how defects in
graphene affect electron cooling processes. Studying charge carrier cooling improves our
understanding of basic graphene physics, but it is also important for bolometric and
photodetection applications of graphene. Although some observations of normal and defectmediated cooling have been made in other studies28,29, they have not been measured in the same
temperature range, so it was not before possible to directly compare the effects of different types
of charge carrier cooling. The results described in this section are adapted from our published
work30. The quantum dot bolometers measured in this section were fabricated by A. El Fatimy.
My contribution was in the fabrication and characterization of the graphene samples SA, SB, and
SC used to determine the parameters necessary for the data analysis of this work.

5.1

Electron Cooling Processes in Graphene

When electrons in graphene absorb energy, they thermalize by electron-electron collisions
with tens of femtoseconds and by emission of optical phonons with hundreds of femtoseconds,
and reach temperatures substantially higher than that of the lattice31,32. Cooling via emission of
acoustic phonons is much slower, in the tens or hundreds of picoseconds33. The amount of
energy that can be dissipated in a collision process is small, due to momentum conservation and
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the small Fermi surface of a two-dimensional material like graphene. The most energy that an
electron with energy E can lose by emitting an acoustic phonon is given by
∆𝐸𝑝ℎ = 𝐸

𝑣𝑠
𝑣𝐹
𝑣

1

where 𝑣𝑠 is the sound velocity and 𝑣𝐹 is the Fermi velocity. In graphene, 𝑣 𝑠 ≈ 50, so only a few
𝐹

percent of the electronic energy is lost in each collision33. This energy transfer defines the BlochGrüneisen temperature,
𝑇𝐵𝐺 = 2𝐸𝐹 𝑣𝑠 /(𝑣𝐹 𝐾𝐵 )
a characteristic temperature marking the limit between different cooling regimes. Below 𝑇𝐵𝐺 , the
rate at which energy can be dissipated this way is given by
𝑃 = 𝐴Σ1 (𝑇𝑒4 − 𝑇04 )
where A is the graphene area and 𝑇0 is the lattice temperature. Σ1 is a coupling constant given by
𝜋 2 𝐷2 |𝐸𝐹 |𝐾𝐵4
Σ1 =
15𝜌𝑀 ℏ5 𝑣𝐹3 𝑣𝑠3
where 𝐷 is the deformation potential of graphene and 𝜌𝑀 is its charge density34. At higher
temperatures, significantly above 𝑇𝐵𝐺 , power dissipation depends linearly on temperature
𝑃 ∝ 𝑇𝐸 − 𝑇0 .
In the presence of defects, defect-mediated collisions known as supercollisions can occur,
where phonons with higher energy and momentum can be emitted. Due to these supercollisions,
the power dissipated is given by the cubic relation
𝑃 = 𝐴Σ2 (𝑇𝑒3 − 𝑇03 )
with the coupling constant Σ2 given by
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𝜁(3)𝐷2 |𝐸𝐹 |𝐾𝐵3
Σ2 = 2
𝜋 𝜌𝑀 ℏ4 𝑣𝐹3 𝑣𝑠2 𝑙𝑚𝑓𝑝
where 𝑙𝑚𝑓𝑝 is the mean free path and the Riemann zeta function 𝜁(3) ≈ 1.2. In the
supercollision regime, there is a cubic dependence on temperature, instead of the quartic
dependence of pristine graphene. This supercollision regime holds above for temperatures above
𝑇𝐵𝐺 . Below 𝑇𝐵𝐺 , normal collisions with the quartic power law dominate, until reaching an even
lower temperature 𝑇𝑋 . Below this crossover temperature given by
𝑇𝑋 =

30 ℎ 𝑣𝑠 𝜁(3)
𝜋 2 𝐾𝐵 𝑙𝑚𝑓𝑝

the cooling power regains a cubic temperature dependence35
𝑃 = 𝐴Σ3 (𝑇𝑒3 − 𝑇03 )
but with Σ3 = 2Σ2 .

5.2

Device Fabrication and Defects

As described in Chapter 4, we have fabricated quantum dot bolometers from epitaxial
graphene on SiC with very strong temperature dependence of the resistance, over 100 MΩ/K. At
low temperatures, the quantum dot has an extremely high resistance due to quantum and
capacitive effects, and a strong temperature dependence arises as electrons require thermal
excitation to cross the barrier. Figure 19 shows resistance vs. temperature curves for three sample
devices. The electron temperature can change when the entire device is externally heated but can
also be increased by absorbing incident radiation or by Joule heating. Figure 20 shows currentvoltage (IV) curves of two of the devices. As the bias voltage increases, Joule heating increases
the temperature of the device, reducing its resistance and producing the non-linearity present in
the curve. The inset shows the differential resistance 𝑑𝑉/𝑑𝐼 vs. Joule power 𝑃 = 𝐼 ∙ 𝑉, computed
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Figure 19: Resistance vs temperature dependence for three graphene
quantum dot bolometers. Inset: SEM image of graphene quantum dot bolometer.

from the IV curves. By comparing differential resistance data derived from IV curves to the
differential resistance from resistance versus temperature measurements, we can obtain the
relationship between electron temperature and Joule heating power. We can use this powertemperature relationship to investigate what type of cooling is occurring under different
conditions.

Figure 20: Current vs. voltage curves for two devices at 3 K. Inset shows
differential resistance vs. Joule power, calculated from the IV curves.
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Figure 21: Electron temperature and cooling rates. Left: Electron temperature vs. Joule
power relationship for four devices fabricated by metal sputtering (black) and one device
fabricated using overdosed PMMA (red). Right: The same data but showing that electron
temperature scales linearly with 𝑷𝟏/𝟑 for sputtered devices. Inset shows that electron
temperature scales linearly with 𝑷𝟏/𝟒 for overdosed PMMA devices.

To study the different cooling processes that occur in defective graphene compared to
undamaged graphene, we fabricated devices with each type of graphene. As described in
Chapter 4, one device fabrication step involved depositing a thin layer (5-30 nm) of metal (Au or
Pd) onto the graphene, which would protect the graphene from contamination with photoresist
residue. If this metal layer is sputtered onto the graphene, it produces defects in the graphene. To
produce devices without defects, we used overexposed PMMA as a mask instead of metal. The
overexposed PMMA becomes crosslinked and very tough, and while this means the PMMA
cannot be removed, making the device unsuitable for some purposes, the device still functions
and the graphene remains undamaged.
Several devices were fabricated, some using the metal sputtering method and some using the
overexposed PMMA method. The graph in Figure 21 shows data from these devices, with four
defective graphene devices in black (labeled S1, S2, S3, and S4) and one undamaged graphene
device in red (labeled S5). The left graph shows electron temperature 𝑇𝑒 vs. Joule power 𝑃, and
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the right graph shows the same data, but plotted against 𝑃1/3 for the defective graphene devices
and against 𝑃1/4 for the inset plot of the undamaged graphene device. For the defective graphene
devices, we see that, above 7.5 K, the 𝑇𝑒 vs. 𝑃1/3 curves appear linear, showing good agreement
with the cubic power law predicted for supercollision cooling. For the undamaged graphene, we
see agreement with the quartic power law predicted for normal collision cooling. Thus, different
fabrication methods can affect the cooling mechanisms of the graphene.
However, supercollision cooling can occur in two different temperature regimes. The cubic
power law is expected to be present at temperatures below the crossover temperature 𝑇𝑋 or above
the Bloch-Grüneisen temperature 𝑇𝐵𝐺 . As 𝑇𝐵𝐺 depends on graphene charge density via 𝐸𝐹 , and
different fabrication methods produce different charge densities, it is not immediately clear
which regime is occurring. As-grown graphene on SiC typically exhibits n-type doping, with a
charge density near 1012 cm-2, which corresponds to a 𝑇𝐵𝐺 around 70 K. However, the fabrication
of defective graphene devices by using a sputtered metal layer also involves an aqua regia
treatment in order to remove the metal layer later in the fabrication process, which p-dopes the
graphene significantly. So, we made additional measurements to investigate how the different
fabrication processes doped the graphene. These measurements also quantified the defect density
caused by the fabrication processes.
Raman spectroscopy was used to characterize the graphene before and after fabrication.
Figure 22 show the Raman spectra of graphene samples after undergoing different fabrication
procedures. The pink and green curves (corresponding to samples S3 and S4) show the Raman
spectra for two samples where a metal layer was sputtered, then removed with aqua regia. For
these samples, a Palladium layer was sputtered using argon-plasma magnetron sputtering at 60
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Figure 22: Raman spectra of sputtered samples. Samples are S3 (pink) and S4 (green). Inset are
Raman spectra of sample S5, with the PMMA protected region in purple and a region exposed to
sputtering in blue. All spectra taken with 532 nm wavelength.

W. In the inset plot, data from two different regions of one sample (S5’) are shown. Part of this
sample was protected with overdosed PMMA, and the rest was processed with sputtered metal
and aqua regia etch, in the same manner as the other samples. The purple curve is the data from
the PMMA protected region, and the blue is from the region exposed to metallization. All curves
had the background spectrum of the SiC substrate subtracted. In all the spectra of samples where
metal was sputtered, a large D peak is present. This D peak is absent from the purple curve of the
PMMA protected region. This shows that the metal coated graphene has defects present, which
cause a reduction in sp2 symmetry, creating the D peaks. Further comparing the purple and blue
curves from the sample with differently fabricated regions, we see that the metal-sputtered region
has a significantly reduced 2D peak.
We also tested the effects of different metal layer deposition methods. The previously
mentioned metallized samples had a sputtered Pd layer. Sputtering deposits metal atoms with
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Figure 23: Raman spectra for samples treated with different fabrication processes.
Curves are: no treatment (black), thermal evaporation of Au and aqua regia (blue), and
sputtered Au and aqua regia (red).

much more force than does thermal evaporation of metal. To test if sputtering resulted in higher
levels of defect density compared to thermal evaporation, several samples of CVD-grown
graphene transferred to 300 nm SiO2/Si substrate had metal layers deposited. Figure 23 shows
the Raman spectra for these samples. The black curve represents a sample that did not have any
metal layer deposited. The spectra of the graphene that had an Au layer deposited by thermal
deposition (blue) is qualitatively similar to that of the unprocessed graphene. However, the
graphene that had Au sputtered has a spectrum with a greatly increased D peak and a severely
diminished 2G peak. This indicates that is specifically the sputtering step that creates the defects
in the graphene, not just any metallization step or the aqua regia etch.
The effects of the fabrication process on doping were also measured. A sample of epitaxial
graphene on SiC was divided into three regions, SA, SB, and SC. Region SA underwent metal
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sputtering and aqua regia etch, in the same way as samples S1, S2, S3, and S4. Region SB was
patterned with overdosed PMMA, just as sample S5 was. Region SC was exposed to oxygen
plasma, which etched away the graphene, leaving the SiC substrate exposed. Each section had
Raman spectra measured, but Hall effect measurements were also taken in order to extract carrier
densities and mobilities. The region exposed to sputtered metal and aqua regia, region SA, was
hole doped to 5.6 × 1012 cm-2, while the PMMA-protected region SB was electron doped to
−3.4 × 1012 cm-2, which is typical for epitaxial graphene on SiC. Region SA also had low
mobility at 51 cm2V-1s-1, while region SB had a significantly higher mobility of 260 cm2V-1s-1.
From the mobility and carrier density, we can also calculate the mean free path 𝑙𝑚𝑓𝑝 from
𝑙𝑚𝑓𝑝 = 𝜇 √𝜋𝑛

ħ
𝑒

where 𝑛 is the carrier density and 𝜇 is the mobility. This gives a mean free path of 1.3 nm for
region SA and 5.3 nm for region SB.
From these values, we can estimate the characteristic temperatures 𝑇𝐵𝐺 and 𝑇𝑋 to discern
what cooling regime applies in each region. For sputtered region SA, 𝑇𝐵𝐺 = 128 K and 𝑇𝑋 =
42 K. This suggests for the bolometers fabricated using sputtered metal and aqua regia, the
measurements in Figure 21 took place below 𝑇𝑋 , meaning they did occur in the supercollision
regime where the cubic power dependence is expected. Calculating the characteristic
temperatures for PMMA-protected region SB gives 𝑇𝐵𝐺 = 100 K and 𝑇𝑋 = 10 K. This would
place the measurements in Figure 21 for the bolometer fabricated with overdosed PMMA at
temperatures close to or above 𝑇𝑋 , where the quartic power relation of the normal collision
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regime is predicted. Thus, the regimes corresponding to the characteristic temperatures estimated
here agree with the power law relations observed in Figure 21.

5.3

Defects and Bolometer Performance

Once we had established it was possible to access different cooling regimes through different
fabrication processes, we investigated which cooling mechanism yield devices with the best
bolometric performance. An important measure of bolometer performance is the responsivity.
The responsivity 𝑟 is the change in voltage ∆𝑉 across the device divided by the absorbed power
∆𝑃, and can also be written as
𝑟=

∆𝑉 𝐼 ∆𝑅
𝐼 ∆𝑅
=
=
∆𝑃
∆𝑃
𝐺𝑇𝐻 ∆𝑇

where ∆𝑅 is the change in resistance caused by a change in temperature ∆𝑇 while ∆𝑉 is
measured at a constant current 𝐼, and 𝐺𝑇𝐻 is the thermal conductance. While the relationship
between ∆𝑅 and ∆𝑇 is primarily governed by the size and shape of the quantum dot
nanostructure, the quality of the graphene and the cooling processes affect 𝐺𝑇𝐻 and how 𝐺𝑇𝐻
changes with temperature.
We can extract the thermal conductance from the 𝑃 vs 𝑇𝑒 graphs in Figure 21 by using
𝐺𝑇𝐻 = 𝑑𝑃/𝑑𝑇𝑒 . Figure 24 shows 𝐺𝑇𝐻 as a function of temperature for the five devices discussed
previously, with S5 in red exhibiting normal collision cooling and the other devices in black
exhibiting supercollision cooling. Below 5 K, the value of thermal conductance is low for all
devices, but the thermal conductance rises more quickly as temperature increases for the
overdosed PMMA device undergoing normal collision cooling, as one would expect from the
quartic relationship between power and temperature compared to the cubic relationship for the
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Figure 24: Thermal conductance plot. Thermal conductance per area
over a temperature range for sputtered devices (black) and a PMMA
protected device (red), derived from IV curve data in Figure 21.

metal sputtered devices with supercollision cooling. As the equation for responsivity is inversely
proportional to thermal conductance, the sputtered devices that are more defective will yield
higher responsivity over a wider range of temperatures.
Our collaborators at UMD also used pump-probe measurements to probe our graphene
samples at room temperature, where defective graphene is predicted to undergo supercollision
cooling and yield faster cooling times than pristine graphene. This behavior was confirmed with
our samples and the fit to the data was in agreement with the values of doping and mobility we
had used in our analysis for the low-temperature defect-induced cubic power law dependence.

5.4

Summary

By conducting Raman measurements, transport measurements, and pulse-probe
measurements on graphene subjected to different fabrication processes. These measurements
showed that metal sputtering produce graphene with substantially increased defect density, and
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aqua regia strongly p-dopes the graphene. The defective graphene has a faster response time and
a lower thermal conductance over a range of a temperatures, making it a better material than
undamaged graphene for bolometric applications.
This is beneficial because the thermal conductance is related to the power dissipated by
𝐺𝑡ℎ = 𝑑𝑃/𝑑𝑇𝑒 . Thus, with defect-assisted collision, the thermal conductance is lower over a
larger range of temperatures30. As the responsivity of a bolometer is inversely proportional to the
thermal conductance, the defective graphene has a higher responsivity over a larger range of
electron temperatures. This effect allows our nanostructured graphene quantum dot bolometers to
achieve electrical responsivities as high as 1010 V/W-1 and noise-equivalent powers (NEP) below
10-15 W/Hz1/2, where the NEP is the signal power that gives a signal-to-noise ratio of one for a
one Hz output bandwidth. These sensitivity characteristics are orders of magnitude better than
those of other graphene bolometers. This ultra-high sensitivity is needed for applying these
devices in the study of small amounts of single-molecule magnets.
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6. Spectroscopy of Single Molecule-Magnets Using Graphene
Quantum Dot Bolometers
This chapter will provide background information on SMMs and a description of our
experiments involving SMMs. The background will briefly explain the fundamental physics of
SMMs, as well as how electron paramagnetic resonance (EPR) spectroscopy can be used to
investigate SMM properties and how EPR spectra of SMMs can be numerically simulated. The
discussion of our experimental results will include details of the SMM species we investigated,
the motivation behind our experiments, how the SMMs are deposited on our graphene
bolometers, and how we used our graphene bolometers to take EPR measurements of the SMMs.

6.1

Background: Single-Molecule Magnets

Everyday ferromagnetism, like that found in a refrigerator magnet, arises from the bulk
ordering of magnetic dipole moments of unpaired electrons. Exchange interactions between
electrons in overlapping orbitals of adjacent atoms promote parallel alignment of their spins, and
the magnetic anisotropy of the material’s crystallographic lattice provides the bulk material with
a preferred spin orientation. As the lattice structure provides the necessary anisotropy to hold the
spin orientations fixed, conventional ferromagnetism has minimum crystal sizes, below which
superparamagnetism is observed as the aligned spins change direction in response to thermal
fluctuations. However, it is possible to create smaller magnets by exploiting different sources of
magnetic anisotropy.
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SMMs are molecules that exhibit magnetic hysteresis on an individual basis without needing
bulk collective ordering of magnetic moments. Instead of intermolecular coupling, the
superparamagnetic behavior arises from intramolecular coupling between the spins of metal ions
within the SMM, or from interactions between a metal ion and the surrounding ligand field.
With sufficient magnetic anisotropy, an energy barrier is produced such that the spin energy
levels form a “double well potential,” as shown in Figure 25. The degeneracy of states with
different quantum number ms is lifted by the interaction with the ligand field. If the thermal
energy is higher than or comparable to the energy barrier, particles can switch their
magnetization, either by thermal excitation over the barrier or by thermally assisted tunnelling
through the barrier. However, if the system is cooled below a characteristic blocking
temperature, the magnetization has relaxation times as long as several hours36, and the system’s
magnetization is essentially frozen. If an external magnetic field is applied to the system before
cooling down, the degeneracy of the states with opposite spins, ±ms, is removed. The energy of

Figure 25: Spin energy states of Mn12. Mn12 is a single-molecule magnet with ms = 10, zerofield splitting parameter D = -0.5 cm-1, and blocking temperature as high as 10 K62. In zero
magnetic field, the energy states form a symmetric double-well potential. When a magnetic
field is applied, the energy levels shift, as shown by the center illustration. At low
temperatures, electrons can be trapped in one well by the energy barrier, producing magnetic
remanence and the hysteresis of the magnetization shown in the rightmost graph.
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one well will decrease and the other well’s will increase, which leads to an imbalance in the
populations of the spin energy wells, such that the system behaves like a paramagnet. If the
system is kept below the blocking temperature, the electron spins will not be able to transition
over the barrier, even when the magnetic field is removed. While tunneling through the barrier is
possible, certain alignments of the energy levels can make this less likely, and the magnetization
can be preserved for longer37.

6.2

Spin Hamiltonian Modeling

The magnetic interactions in SMMs can be modeled using the spin Hamiltonian approach. In
this section we will briefly introduce the spin Hamiltonian model.
𝑛

A magnetic center with n unpaired electrons will have a spin 𝑆 = 2, and will have 2𝑆 + 1
energy levels associated with this multiplet. These energy levels will split due to interactions
including the Zeeman effect, the zero-field splitting effect, and spin-spin coupling. These
interactions can be described using matrix operators.
We start by describing the spin of a particle using spin operators, as shown below for the 𝑆𝑧
operator, which gives the eigenvalue m when applied to a wavefunction 𝛹.
𝑆𝑧 |𝛹 > = ℏ𝑚|𝛹 >
The 𝑆𝑥 and 𝑆𝑦 operators can be derived from the commutator relations
[𝑆𝑥 , 𝑆𝑦 ] = 𝑖ℏ𝑆𝑧
[𝑆𝑦 , 𝑆𝑧 ] = 𝑖ℏ𝑆𝑥
[𝑆𝑧 , 𝑆𝑥 ] = 𝑖ℏ𝑆𝑦
From the eigenvalue equation, 𝑆𝑧 takes the form of a matrix with the values of m across the
diagonal, so for a spin S=1/2 system, the spin matrices are thus the Pauli matrices
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ℏ
ℏ 0
𝜎𝑥 = (
2
2 1
ℏ
ℏ 0
𝑆𝑦 = 𝜎𝑦 = (
2
2 𝑖
ℏ
ℏ 1
𝑆𝑧 = 𝜎𝑧 = (
2
2 0

1
)
0

𝑆𝑥 =

−𝑖
)
0
0
)
−1

Next, let us examine the spin Hamiltonian, which is composed of several parts
𝐻 = 𝐻𝑍 + 𝐻𝑧𝑓𝑖 + 𝐻𝑠𝑠
The Zeeman Hamiltonian 𝐻𝑍 describes the interaction between the external magnetic field and
the magnetic moment, and is given by
𝐻𝑍 = 𝜇𝐵 𝑩 ∙ 𝒈 ∙ 𝑺
where 𝜇𝐵 is the Bohr magneton, B is the applied magnetic field, and S is an electron spin
operator. The electron-spin tensor g, which links the magnetic field and the spin vectors, is
similar to the Landé g-factor, but also takes into account the way the anisotropy of the molecule
changes the effective magnetic field on the electrons. For a free electron, the g-factor has a value
of 2.0023, but a matrix g is needed to describe the anisotropic influence of a SMMs ligands. The
values of g are very important, as they describe the environment that the electron effectively sees
and are related to the transition energy between energy levels.
The zero-field interaction Hamiltonian 𝐻𝑍𝐹𝐼 (sometimes called the crystal field splitting
Hamiltonian) accounts for splitting of the spin energy levels by interactions with the electric field
of neighboring ions in the system. It is given by
𝐻𝑧𝑓𝑖 = 𝑺 ∙ 𝑫 ∙ 𝑺
where D is a tensor called the zero-field splitting (ZFS) parameter. The ZFS parameter describes
how the geometry of the molecule cause the degeneracy of the energy states to be lifted, even
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without the presence of an external magnetic field and the Zeeman splitting. In its eigenframe,
the D tensor is diagonal and the expression becomes
𝐻𝑧𝑓𝑖 = 𝐷𝑥𝑥 𝑆𝑥2 + 𝐷𝑦𝑦 𝑆𝑦2 + 𝐷𝑧𝑧 𝑆𝑧2
1

If we define the parameters 𝐷 = 𝐷𝑧𝑧 − 2 (𝐷𝑥𝑥 + 𝐷𝑦𝑦 ) and 𝐸 = 𝐷𝑥𝑥 − 𝐷𝑦𝑦 , we can rewrite the
Hamiltonian as
𝐻𝑧𝑓𝑖 = 𝐷𝑆𝑍2 + 𝐸(𝑆𝑥2 − 𝑆𝑦2 )
and the D tensor is38
1
− 𝐷+𝐸
3
𝑫=
(

0

0

0

1
− 𝐷−𝐸
3

0

0

0

2
𝐷
3 )

The D parameter describes the axial component of the interaction, and E describes the
transversal component. D is a very important parameter for characterizing SMMs, as it governs
the height of the energy barrier that must be overcome to switch from parallel to anti-parallel
alignment. Figure 26 illustrates an example of the spin states for a system with 𝑆 = 10 and 𝐷 <
0. The energy barrier height is given by
𝑈𝑒𝑓𝑓 = 𝐷𝑆𝑧2
for systems with integer spin and
1

𝑈𝑒𝑓𝑓 = 𝐷(𝑆𝑧2 − 4)
for half integer spin SMMs. As this barrier height determines the length of the relaxation time of
the spins, the pursuit of SMMs with higher D values is a prominent research topic. While it
would seem that increasing the barrier by synthesizing SMMs with higher total spin S could be
fruitful, research has shown that the systems with high S values have very low axial ZFS
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Figure 26: Energies of spin states of S = 10 SMM.

parameter D, so the best route to achieving high double well barrier values is to use low total
spin systems with geometry designed to enhance D values39. The double well potential arises
from the 𝑆𝑧2 term, as selection rules only allow switching between states with a change in spin
projection |∆𝑚𝑠 | equal to the order of the ladder operator (in zero field)40. For a 𝑆 = 10 system
like the one illustrated in Figure 26, phonon-induced transitions between states are only allowed
for |∆𝑚𝑠 | = 1 or |∆𝑚𝑠 | = 2, so this creates an energy barrier to the thermally-driven inversion
of the magnetic moment41. However, in a magnetic field, there is a mixing of spin states that
allows for quantum tunnelling directly through the barrier. Quantum tunneling is affected by the
E parameter, which describes the mixing of spin states.
In systems where 𝐷 < 0, like the system illustrated in Figure 26, the ground state is
degenerate, as it includes the states with the highest absolute values of 𝑚𝑠 . The system has easy
axis anisotropy, as the spin aligns along the principal symmetry axis. In systems where 𝐷 > 0,
the energy levels are flipped. The states with the lowest absolute values of 𝑚𝑠 form the ground
state, and the system has hard axis anisotropy, with the spin alignment is orthogonal to the
principal symmetry axis.
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The final component of the spin Hamiltonian is the spin-spin Hamiltonian 𝐻𝑠𝑠 which
describes the coupling interactions between electron spins in the system. This takes the general
form
1
𝐻𝑠𝑠 = ∑ 𝑺𝒊 ∙ 𝑱𝒊𝒋 ∙ 𝑺𝒋
2
𝑖,𝑗

where the coupling matrix 𝑱𝒊𝒋 includes contributions from both symmetric and asymmetric
exchange coupling, as well as isotropic dipole-dipole coupling.
Exchange coupling, also known as Pauli repulsion, involves the interactions between two
electron spins due to the Pauli exclusion principle. As no two fermions, such as electrons, can
occupy the same state, the overall wave function must be asymmetric under exchange of both
spatial and spin coordinates. The coupling energy is approximated by the exchange integral
formula
𝐽𝑖𝑗 = ∫ 𝜑𝑖∗ (𝑟𝑖 )𝜑𝑗∗ (𝑟𝑗 )

𝑒2
|𝑟𝑖 − 𝑟𝑗 |

𝜑𝑖 (𝑟𝑗 )𝜑𝑗 (𝑟𝑖 )𝑑𝑟𝑖 𝑑𝑟𝑗

where 𝜑𝑖 and 𝜑𝑗 are the wave functions of the electrons and 𝑟𝑖 and 𝑟𝑗 are their positions38.
While the overall spin-orbital wave function must be antisymmetric, this can occur in one of
two ways. The spins can be aligned, with the spatial wave function asymmetric, or the spins can
be antiparallel and the spatial wave function symmetric. If the preferred case is for aligned spins,
this causes a ferromagnetic effect. This typically occurs when the electrons are on the same atom
or sometimes on nearest-neighbor atoms, as direct exchange will occur when electron orbitals
overlap. If the interaction favors antiparallel spins and symmetric wave functions, then
antiferromagnetism may occur. This situation allows for the electrons to be closer and form
tighter bonding orbitals between atoms. This can happen through direct exchange but can also
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occur through mediation by neighboring nonmagnetic atoms, creating a longer range
superexchange phenomenon.
Dipole coupling involves the interaction between two magnetic moments through their
magnetic fields. For two dipoles with magnetic moment 𝜇𝐵 at distance R, the magnitude of the
energy of the interaction is approximately
𝐸=

𝜇0 𝜇𝐵2
.
4𝜋𝑅 3

This interaction drops off quickly with distance and is much weaker than the exchange coupling.
As such, it is sometimes neglected. However, the numerical simulations of SMM
characterizations discussed later in this study do account for these interactions within the 𝑱𝒊𝒋
matrix.

6.3

EPR of Single Molecule Magnets

For typical SMMs, the energy barriers and transitions are on the order of a few meV. This
corresponds to the energy of photons in the 100-1000 GHz frequency range. The oscillating
magnetic field of electromagnetic radiation at these frequencies can thus interact with the
magnetic dipole of these SMMs. Thus, by conducting spectroscopy with high-frequency
radiation (100s of GHz to THz), we can experimentally probe the energy levels of these
molecules and characterize how the energy levels shift as a magnetic field is applied. This
technique is called Electron Paramagnetic Resonance (EPR) spectroscopy. This section will
explain the basics of EPR spectroscopy and how it can be applied to SMMs.
Electron paramagnetic resonance spectroscopy, also referred to as electron spin resonance
spectroscopy, is a spectroscopic technique based on observing resonant absorption of irradiated
power by unpaired spins in an external magnetic field. EPR spectroscopy was developed in the
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1950s, following the discovery of the electron resonance absorption phenomena in 1945, which
in turn was based on experiments on nuclear magnetic resonance42. EPR spectroscopy is today a
commonly used tool to identify paramagnetic species.
EPR spectroscopy works by interacting with electron spins. Generally, an electron has two
spin energy levels associated with spin up and spin down. In the absence of a magnetic field,
these energy levels are degenerate. Applying an external magnetic field 𝐵 lifts the degeneracy, as
an electron with magnetic moment aligned with the magnetic field will have a lower energy level
and an anti-aligned spin will have a higher energy level, a phenomenon known as the Zeeman
effect. The energy difference between the levels is proportional to the applied field:
∆𝐸 = 𝑔𝜇𝐵 𝐵
Thus, by varying the applied field, one may change the energy level difference. In the case of
SMMs, additional energy levels are created due to other interactions, but the general principle of
changing the energy level spacing by varying an external magnetic field holds for both EPR
spectroscopy of SMMs and EPR spectroscopy of other materials.
If radiation is applied to the system, resonant absorption will occur when the energy level
spacing is equal to the energy of the radiation
∆𝐸 = ℎ𝜈 = 𝑔𝜇𝐵 𝐵
where ℎ is Planck’s constant and 𝜈 is the frequency of the radiation, as illustrated in Figure 27.
Thus, the value of an electron’s g-factor 𝑔 can be determined by applying radiation of a fixed
frequency 𝜈 and varying 𝐵 until absorption occurs, or by holding the field fixed and varying the
radiation frequency.
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Figure 27: Diagram of the Zeeman effect lifting
degeneracy. Absorption corresponding to a transition
between these energy levels is shown.

An example of EPR spectra of a SMM is shown in Figure 28. This shows four field-sweep
measurements, where the frequency of incident radiation was held at fixed values (380 GHz, 360
GHz, 320 GHz, and 270 GHz) while the magnetic field was swept from 0 T to 15 T. The curves
show the derivative of the absorption of the radiation. So, the spike in the curve at 4 T for 380
GHz suggests that absorption greatly increases at 4 T. Other peaks in the spectra are due to the

Figure 28: EasySpin simulation of DM15 SMM. Simulation is compared to
EPR measurements of bulk DM15 SMM taken with a commercial bolometer.
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anisotropic g-values of the system, and the mixture of molecule orientations present in the
sample being measured, causing them to interact with the magnet field differently.
Additionally, the shape and width of peaks in EPR spectra also convey useful information.
The line width of an absorption peak can be affected by a few reasons, including spin-lattice
interaction and spin-spin interaction. In spin-lattice interaction, the spin magnetic moment of the
electron can be affected by the fluctuating magnet fields inside the molecule. Energy can be
dissipated as phonons, causing the spin to return to the ground state. Due to the Heisenberg
uncertainty principle, the shorter the lifetime of a state, the less precisely we can determine the
energy of the state. These relaxation processes shorten the relaxation time before the spin returns
to the state it was in before it absorbed the incident radiation, thus broadening the line width.
Spin-spin interactions involve the random distribution of other spins producing magnetic fields
that interact with the excited spin, blurring its energy levels and thus broadening the line width.
The shape of the peak may be Lorentzian, Gaussian, or a mixture, depending on the presence of
hyperfine broadening, where nuclear spins contribute minutely to the fields experienced by the
electrons, causing a Gaussian broadening of the peak.

6.4

EasySpin

EasySpin is a collection of MATLAB-based computational tools used in this work to
simulate EPR measurements. EasySpin is a generalized and modifiable package of functions,
providing users with fundamental tools for elementary spin physics and data analysis, as well as
high level functions for the simulation of EPR spectra. Users can set up spin systems of interest
with any number of electron and nuclear spins, and simulate single-crystal, powder, liquid phase,
and many other types of EPR spectra. In this study, EasySpin EPR simulations of bulk SMM
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powders served as a baseline against which our EPR measurements of thin-film SMMs
conducted using graphene bolometers could be compared. Differences between the simulations
and our measurements provided evidence of changes to the SMMs magnetic anisotropy,
including changes caused by surface effects between the SMMs and the substrate.
EasySpin was developed in 2003 by Stefan Stoll, as a computational package of MATLAB
functions capable of performing various EPR-related tasks43. This includes basic functions that
provide foundational support for complex EPR simulations, as well as high-level functions that
use the basic functions to create simulations for common EPR measurements, including the type
of EPR used in this study: solid state EPR of powders.
EasySpin simulates EPR interactions using the spin Hamiltonian approach described
previously, and uses the same parameters such as the axial zero-field splitting parameter D, and
the electron-spin tensor g. By fitting measured EPR spectra with EasySpin, as shown in Figure
28, these parameters of the SMM can be determined, and therefore the barrier height and the
energy level spacings of the SMM can also be approximated. For example, using EasySpin
simulations, the cobalt atom in DM15 (a SMM species we used in this work, described in the
next section) is modeled as 𝑆 = 3Τ2, with 𝐷 = −11.8 cm-1, 𝐸 = 0.105𝐷, and
𝒈 = (2.22 2.25

2.34), which gives DM15N an energy barrier of 23.6 cm-1. A simulation of

DM15’s absorption of 184 GHz radiation as a function of field at 15 K is shown in Figure 29.
EasySpin also allows us to examine the effect of molecular orientations with the magnetic field
and peak broadenings caused by strain effects. In this work, EasySpin simulations are used as a
tool to analyze our measurements. We are working with SMM species that have been previously
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Figure 29: Simulation of EPR absorption of 184 GHz radiation for DM15
SMM powder. Simulated as a function of magnetic field by EasySpin.

characterized by conventional EPR, from which modeling parameters were derived. Using those
parameters, we can simulate these SMMs and use the simulations to know what radiation
frequencies and magnetic field strengths we should choose to use in order to see maximal signal
when testing our bolometers with SMMs. We can also compare our measurement results to
simulations to see if we are observing expected behavior, and thus evaluate the capabilities of
our devices as detectors for EPR measurements.

6.5

SMM Species Used

This section will provide a short description of the SMM species used in this work. The first
SMM species used was [1,1ff-Bis(diphenylphosphino)ferrocene]dibromocobalt(II) [CoBr2(dppf)], which is referred to as DM15 in this work. DM15 has chemical formula
C34H28CoFeP2, and consists of a cobalt ferrocene with two bromides bonded to the cobalt, as
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Table 1: EPR parameters of DM15.

Spin

D [cm-1]

E [cm-1]

gx

3/2

-11.8

-1.24

2.22 2.25 2.34

gy

gz

DM15
Figure 30: Illustration of
DM15 SMM.

shown in Figure 30. The cobalt atom has 3d7 octahedral high-spin configuration with three
unpaired electrons, providing DM15 with a spin number of 𝑆 = 3Τ2. Additional EPR parameters
are listed in Table 1. DM15 does not show zero-field splitting, as the energy gap between the
𝑚𝑠 = ± 3Τ2 and the 𝑚𝑠 = ± 1Τ2 states is too large. As such, EPR measurements must be
conducted in field in order to show the Zeeman splitting of the states. The energy barrier (given
1

by 𝑈 = −𝐷 (𝑆 2 − 4) is 2.9 meV. DM15 is an example of an SSM that creates a large energy
barrier despite a small spin 𝑆 by maximizing the anisotropy of the ligand field on the spin,
creating a large value for 𝐷. This is in contrast to SMMs that have a small value of 𝐷 but a large
spin 𝑆, which was the more common approach for synthesists developing new SMMs until a
study purported that 𝐷 values tend to run inversely proportional to 𝑆 2 , and that the pursuit of
larger and larger total spins is unlikely to be fruitful in generating larger energy barriers39.
The next SMM species used was [Mn12O12(CH3COO)16(H2O)4]-2CH3COOH-4H2O, which
will be referred to as Mn12 in this work (it is also commonly referred to as Mn12-acetate or Mn12ac). Mn12 was the first SMM to be discovered and has been widely studied. Mn12 consists of a
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Table 2: EPR parameters of Mn12.

Spin

D [cm-1]

E [cm-1]

gx

10

-0.46

-0.05

1.96 1.96 1.93

gy

gz

Figure 31: Illustration of Mn12 SMM.
Green circles are MnIII atoms and purple
circles are MnIV atoms.

core of Mn12O12 surrounded by 16 acetate groups, as shown in Figure 3144. The core contains 8
MnIII (𝑠 = 2) ions and 4 MnIV (𝑠 = 3/2) ions with the MnIII spins all parallel to each other and
antiparallel to the MnIV spins, providing a total spin of 𝑆 = 10. The large spin value gives it a
large energy barrier of over 6 meV. However, Mn12 is fragile, and its structures changes easily
on deposition on a surface, leading to the loss of its magnetic properties45. It is also thermally
instable, making certain deposition methods such as thermal evaporation unsuitable.
The final SMM species used substantially in this work is a modified form of Mn12. This
SMM is [Mn12O12(CHCl2COO)16(H2O)4]-2CH3COOH-4H2O and is referred to as Mn12-CHCl2 in
this work. It consists of a Mn12-acetate molecule with the acetates replaced by dichloroacetate
groups. This substitution has only a small effect on its magnetic properties, but a large change on
how the molecule affects and is affected by surfaces it is grafted on to. The new, more
electronegative ligands attract electrons from the graphene, hole doping the graphene and
increasing charge inhomogeneities44. These molecules were synthesized by our collaborator Ivan
Nemec at Central European Institute of Technology (CEITEC).
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6.6

Experimental Motivation

Magnets form the basis of countless technologies, including information storage technology
vital to modern computing. However, SMMs have the potential to revolutionize not only
information storage, but also the very fundamentals of computing through technologies like
quantum computing and spintronics. One limit on information storage is the superparamagnetic
size, below which magnetic domains cannot store information because the magnetization
fluctuates freely. For traditional magnets, this occurs in the range of 10-100 nm, but SMMs could
hurdle this limit by taking advantage of their quantum characteristics46. Other components of
computing are also approaching physical limits. Silicon-based transistors cannot be made much
smaller and tightly packed without quantum effects and heat dissipation issues becoming an
insurmountable obstacle. But by taking advantage of quantum effects and moving beyond
electron charge as the fundamental building block of computing to incorporate spin as well, it
could be possible to exceed those limits and reach otherwise unfeasible processing speeds, while
also benefiting from decreased power consumption.
To utilize spins for information storage, processing, or any form of computing, the spin must
be controllable. SMMs provide a way to integrate a spin into a molecule, with the molecule
providing a stable local environment that affects the spin’s properties in a consistent manner.
Research on SMMs has included a focus on synthesizing SMMs that provide the best
environment for controlling these spins. However, while a SMM is capable of exhibiting its
desired magnetic behavior without the involvement of intermolecular interaction, the
environment around the SMM still has a substantial effect on a SMM’s properties. Most research
on SMMs so far has been conducted on large numbers of molecules together. However, some
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SMMs have been shown to lose their paramagnetic properties when in small amounts47, or for
their properties to be substantially altered by the surface which they are attached to48. By
reducing the number of molecules down to thin layers, monolayers, or even isolated molecules,
we can better study properties that are not evident when the SMMs are in bulk.
Unfortunately, the methods available to characterize SMMs in thin layers are limited. X-ray
magnetic circular dichroism is the primary technique capable of measuring the magnetic
properties of monolayer samples, but requires access to synchrotron radiation sources, limiting
the availability of this characterization tool. High-frequency EPR spectroscopy is another
characterization technique used for SMMs, but it is not suitable for thin films. However, the
graphene quantum dot bolometers described in this work have advantages that make EPR of thin
samples possible. They exhibit ultrabroadband response, allowing them to achieve high
sensitivity in the THz range that EPR involves, but is normally a difficult region of the
electromagnetic spectrum to work with. The simple design of our photodetectors allows for the
graphene to be exposed on the surface, with no additional layers, such as a top gate or protective
encapsulation, covering it. This is advantageous because thin layers of SMMs can be deposited
directly onto the graphene surface, so that the graphene serves as both a template for deposited
material and as the detector. Most importantly, these bolometers have extremely high electrical
responsivities, as high as 109 V/W at low temperatures.
We can estimate the power absorbed by a monolayer of SMMs to assess whether the
bolometers’ high responsivity is sufficient for spectroscopy of SMMs. Using a Fe4 complexbased SMM as an example, the energy spacing between the lowest two states is 0.38 meV,
equivalent to a 92.4 GHz photon49. The power absorbed by a single photon is estimated by
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dividing the energy of an absorbed photon by the relaxation time, approximately 1 μs at 4.3 K49.
This gives an absorbed power of 6 × 10−17 W for a single molecule. For a small graphene
bolometer with an area of 20 μm2, and assuming a SMM size of approximately 1 nm, then we
can estimate a monolayer of SMMs on the graphene would include 2 × 107 molecules,
absorbing about 1.2 nW. As discussed in Chapter 4, the absorbed noise-equivalent power of
these bolometers has been measured as 2 × 10−16 W Hz-0.5 at 2.5 K, several orders of magnitude
lower than 1.2 nW, suggesting that the absorption from the SMMs should cause a change in
power absorbed by the graphene that is easily detectable. As contrast, other extremely sensitive
methods for measuring magnetic properties of materials, such as a superconducting quantum
interference device (SQUID), do not have the sensitivity to measure monolayers like this. A
typical SQUID will have a sensitivity of 1 × 10−7 emu at high fields, which corresponds to
1 × 1013 μB (Bohr magnetons), not sensitive enough to detect the 2 × 107 molecules that cover
the graphene bolometer. It would take a much larger monolayer of molecules, such as a 1 mm2
area monolayer, to reach the limit of what a SQUID could detect. A real deposition would
probably have molecules distributed more sparsely, further increasing the size of the monolayer
required. As such, the extremely high sensitivity of the graphene bolometers could provide a
significant advantage in the investigation of SMM monolayers.

6.7

SMM Monolayer Deposition and Characterization

Before we can attempt to use our graphene bolometers to conduct a novel characterization
method of SMM monolayers, we need to be able to deposit monolayers of SMMs on our devices.
We also need to characterize the SMMs using conventional characterization methods, to make
sure the SMMs are intact and functioning, and not damaged by the deposition process. We
74

experimented with three SMM deposition methods: powder deposition, solution dropcasting, and
thermal sublimation. To characterize the results of the depositions, we used SEM imaging,
atomic force microscopy (AFM), Raman spectroscopy, UV-Vis spectroscopy, X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction analysis (XRD).
The first SMM deposition method used was extremely simple. Crystalline SMMs were
ground into a fine powder, and this powder was sprinkled over the target substrate or device.
This method was obviously incapable of creating a monolayer, as the fine powder consisted of
small grains of SMM crystals. However, although our goal was to use our graphene bolometers
to conduct EPR of SMM monolayers, we first tried EPR measurements on larger samples of
SMMs, including SMM powder. Experiments involving SMM powder will be described later in
chapter.
The next method used to deposit SMMs was drop-casting. This is a simple method, where
the SMMs are dissolved in a dilute solution, then the solution is dropped on the target surface.
The solvent evaporates, leaving behind the SMMs. While this is an easy technique to perform,
drop-casting is not good for creating uniform or very thin layers, and thus not suitable for
creating monolayers. However, the amount deposited is smaller and more uniform than powder
samples, and thus serves as an intermediate method between powder depositions and monolayer
depositions. The introduction of a solvent does present the potential for the SMMs to be
changed, so characterizations of the depositions were performed.
The final method used to deposit SMM films was thermal evaporation. Deposition by
thermal evaporation is a common process in the fabrication of nanoscale electronics. Thermal
evaporation involves heating a solid substance inside a vacuum chamber to a temperature where
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the substance produces some vapor pressure. The vapor stream of traverses the chamber and
coats the substrate in a slowly growing film of material. This process is often used to deposit
elemental materials like metals, as well as molecules like oxides. Fabrication of our graphene
bolometers involves the thermal evaporation of gold, to create a thin and uniform gold layer
which serves as a mask to protect the graphene. Thermal evaporation of the SMMs would work
similarly: the SMM powder would be placed on a heated surface in a vacuum chamber, causing
vaporized molecules to deposit on a substrate suspended above. As with drop-casting,
maintaining the integrity of the molecules would be a priority.
Our work on different deposition methods and the characterization deposited SMMs is
described in the appendix.

6.8

EPR Measurements Results and Discussion

This section will describe the measurements conducted by myself and others using graphene
quantum dot bolometers to conduct EPR spectroscopy of SMMs, as well as a discussion of our
results.
6.8.1

Initial Measurements

Measurements with bolometers were first conducted at the University of Stuttgart by our
collaborators and Abdel El Fatimy. At the time, our laboratory at Georgetown University (GU)
did not have an optical cryostat with a magnet, so by taking the measurements in Stuttgart we
were able to take measurements at 1.5 K and at fields of up to 15 T. Although the eventual goal
is to use bolometers to characterize monolayers, measurements were first taken with larger
quantities of SMMs. The measurements displayed in Figure 32 were conducted as a test by our
collaborator Petr Neugebauer using our bolometers for EPR of large pellet of Mn12. A powder of
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Figure 32: EPR of Mn12 pellet conducted using graphene quantum dot bolometer. For each curve,
the pellet and bolometer were irradiated at a certain frequency as the magnetic field was swept. Dips in
the curve represent radiation being absorbed by the Mn12 pellet. For two of the radiation frequencies,
dashed lines mark the field strength where maximum absorption is theoretically predicted. These early
measurements were performed by Petr Neugebauer in Stuttgart.

Mn12 molecules was compressed into a solid disk-shaped pellet, 5 mm in diameter and 1 mm
thick. This pellet was suspended in front of a graphene quantum dot bolometer and the whole
apparatus was cooled to 2 K. The pellet and bolometer would be exposed to THz radiation of a
certain frequency, and the magnetic field swept from 0 T to 4 T. At certain combinations of field
strength and radiation frequency, the energy levels of SMMs in the pellet would match the
energy of the incident radiation, absorbing the radiation. Less radiation would pass through the
pellet to reach the bolometer, decreasing the signal and causing the dips seen in the graph. This
measurement confirmed that the bolometers work as detectors for EPR measurements of
molecules, with the minimas of the signal curves coinciding with the fields strengths
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theoretically predicted to produce maximum absorption (marked with dotted lines in Figure 32).
This absorption is associated with the transition between ms ± 10 and ms ± 9 states. These
theoretical predictions were made using EasySpin, as discussed previously. The EasySpin
simulation results for Mn12 exposed to 310 GHz radiation is shown in Figure 33. In the
simulation, peaks occur at field strengths when the molecule would absorb the specified
frequency, and thus correspond to the dips in the lock-in signal for measurements made with the
graphene bolometers.

Figure 33: EasySpin simulation of absorption for Mn12 molecules
and 310 GHz radiation. Peaks on this graph correspond to dips in
Figure 32.

After experiments with pellets of compressed SMM powder at the University of Stuttgart,
measurements were conducted by Abdel El Fatimy here at GU using smaller quantities of
SMMs. Dry Mn12 powder was placed onto a chip with graphene quantum dot bolometers, with
some clusters of powder sitting directly on top of the bolometers. These first measurements were
conducted at zero magnetic field, as we did not yet have an optical cryostat with a magnet, with
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radiation absorption measured as a function of frequency. As shown in Figure 34, the absorption
spectrum shows two distinctive dips, one at a frequency corresponding to the energy of a
transition between ms ± 10 and ms ± 9 states, and one corresponding to the transition between ms
± 9 and ms ± 8. Despite the smaller quantity of SMM powder involved in this measurement,
these absorption peaks can be seen clearly. The amount of material involved can be estimated
from optical microscope and SEM imaging. The area of the cluster is approximately 5 μm by 10
μm, with a height of less than 1 μm. If we make an upper bound estimate by considering the
cluster as having a volume of 50 μm3 and assume a molecule of Mn12 has dimensions of
approximately 1.5 nm, we estimate the cluster contains at most 1.5 × 1010 molecules. While
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Figure 34: Frequency-dependent absorption spectrum of Mn12 powder measured with a
graphene quantum dot bolometer. The signal value is given by the ratio between the lock-in
signal voltage measured with and without the molecules present. Inset: optical image of the
bolometer (center of image) covered with SMM powder.

significantly higher than the number of molecules estimated for a monolayer covering the
graphene, this is still a massive reduction compared to a bulk pellet. Additionally, the bolometer
used in this experiment was not coupled to an antenna. As there is a large impedance mismatch
between the high resistance of the bolometer and the impedance of free space, the coupling
between the radiation and the bolometer is weak.
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6.8.2

Field-Dependent EPR Measurements Conducted at Georgetown University

After the initial measurements were conducted in Stuttgart or in zero field at GU, I worked
on the installation of a new optical cryostat with a 7 T magnet, pictured in Figure 35, allowing us
to perform EPR measurements as a function of B-field here at GU. As the conductance of the
graphene can be affected by magnetic fields, such as by the formation of Landau levels50, it was
important to first characterize the effect of an applied magnetic field on the photoresponse of our
graphene bolometers. The primary mechanism behind the photodetection capabilities of the
bolometers is an energy barrier dominated by the charging energy of the quantum dot, which is
unaffected by the presence of a magnetic field, so it was expected that photodetection would be
possible even at high field strength. However, if the conductance of the bolometer was affected
by the field, it would be necessary to account for this when analyzing measurements made in a
changing magnetic field.

Figure 35: Optical cryostat
with 7 T magnet.
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The photodetection and current characteristics of one bolometer were measured at different
field strengths. Figure 36 shows the voltage-current curves for a device exposed to 100.1 GHz
radiation and different fields strengths, at 15 K. The irradiated curves at 0 T and 7 T match
almost exactly, showing no change in responsivity with the application of a strong magnetic
field. From the change in differential resistance between the irradiated and dark curves, we can
calculate the power absorbed from the THz source to be 2.4 pW, much smaller than the 1.2 nW
value estimated to be absorbed by a monolayer of SMMs, showing that these bolometers can
resolve sufficiently small values of power to measure SMM properties. Using this value of
absorbed power, we can calculate an electrical responsivity of over 1010 V/W. Although the
responsivity of the graphene bolometers decreases as temperature increases, with the highest
responsivities achieved at temperatures below 2 K, this measurement documents the ability of
these bolometers to display high responsivities at temperatures above 10 K.

Figure 36: Effect of B-field on current-voltage curves. Measured for a bolometer at with
no radiation applied (black) and with 100.1 GHz radiation at zero field (green) and 7 T (red).
The irradiated curves at 0 T and 7 T are very similar. Measurement was taken at 15 K.
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Figure 37: Lock-in signal. Measured lock-in signal (black curve) of bolometer irradiated at 99.5
GHz with magnetic field swept between 0 T and 7 T. Spikes in curve correspond to times when
radiation was blocked. Temperature of probe plotted by red curve.

The current of the same bolometer was also measured using a lock-in amplifier synchronized
to an optical chopper modulating the applied THz radiation. The lock-in signal is shown as the
black curve in Figure 37 as the field is swept between 0 T and 7 T, for a measurement at 15 K
with 99.5 GHz radiation and a fixed bias voltage of 1 V. The lock-in signal stays flat as the field
is swept, with the photoresponse independent of the magnet field. The downward spikes
throughout the measurement are when the radiation was briefly blocked, causing the signal to
drop sharply. The sample temperature was also measured during this experiment and varied by
less than 75 mK throughout. These variations did not cause any significant change in the lock-in
signal, and the photoresponse remained independent of field even at these higher field strengths.
From these initial tests, we concluded that the magnetic field effects were not a barrier to the
graphene quantum dot bolometers’ suitability for HF-EPR measurements. However, as discussed
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in detail in Chapter 7, while magnetic fields do not substantially affect the photoresponse of the
bolometers, they can affect their conductance significantly. Additionally, this magnetoresistance
effect depends on the carrier density of the graphene and other properties, so that some
bolometers may be affected significantly by magnetic fields while others are not.
We began performing EPR measurements, which still involved dry SMM powder but now
included bolometers with antennas and measurements in magnetic fields. I fabricated several
devices on one chip and wirebonded 6 of them that I believed would have the best performance.
Some devices were used for measurements using Mn12 powder and others for Mn12-CHCl2
powder. The antennas used were wideband log-periodic toothed antennas designed to focus
radiation with frequencies between 200 GHz and 1 THz. SMM powder was added in a similar
manner as previous experiments. In these experiments, a fixed frequency of THz radiation was
used, and the magnetic field strength was swept from 0 T to 7 T. Figure 38 shows the EPR
absorption spectrum for a measurement conducted using Mn12, as well as the EasySpin
simulation of the expected absorption spectrum and an SEM image of the bolometer covered in
Mn12 powder. The measurements were taken at 2 K with 228 GHz radiation, which corresponds
to the transition between ms ± 9 and ms ± 8 for Mn12.
As shown in the bottom left of Figure 38, the EasySpin simulation of this absorption predicts
a broad absorption peak from 5 T to 7 T. The measured absorption does show a broad dip
between 5 T and 7 T, but the shape of the dip is different than that of the simulated peak. The dip
seems like it may extend past 7 T, but the magnet used for this experiment had a maximum field
of 7 T, so we were not able to extend the measurement farther. The noise present in this
measurement was also significantly higher, making it difficult to discern details of the dip shape.
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Figure 38: Mn12 powder EPR. Top: field-swept EPR measurement of Mn12 powder on graphene
quantum dot bolometer at 228 GHz. The plotted value is the ratio between the lock-in signal measured
for a bolometer with Mn12 powder present (see SEM image bottom right) and the signal for the bolometer
before depositing powder. Bottom left: EasySpin simulation of absorption for the same 228 GHz
radiation, with peaks on this graph corresponding to dips in our EPR measurement.

However, despite the noise, this measurement does appear to show field dependent absorption as
expected.
While this measurement seems somewhat successful, there are clearly very significant issues.
The noise is very high and the dip we see is in the expected location but is very broad and does
not show the proper shape. Measurements were next taken using Mn12-CHCl2 powder deposited
on different devices on the same chip. We were interested in this SMM, a modified version of
Mn12 with different ligands, because it demonstrated a strength of SMMs: their tunability. In
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bulk, Mn12-CHCl2 has very similar magnetic properties to conventional Mn12, but the different
ligands cause it to interact differently with substrates. As substrate interactions changing the
properties of SMMs when they are in monolayers motivated this study, we were interested to see
if its properties would change when applied to our graphene bolometers. A study from the
Christou group at University of Florida observed that the electronegative dichloromethyl ligands
of this SMM species participate in significant charge transfer with the graphene substrate, holedoping the graphene and creating inhomogeneous electron-hole puddles that affect carrier
mobility and localization effects44. As such, the SMM could also have a large influence on the
properties of our graphene bolometer as well. Figure 39 shows a SEM image of the Mn12-CHCl2
powder on a bolometer, with the antenna of a nearby bolometer visible through a gap in the
powder coverage. The heavily coated bolometer was used to conduct a field-swept EPR
measurement at 228 GHz, shown in Figure 39. This is the same frequency that had been used for
the Mn12 measurement shown in Figure 38, and absorption was expected to appear at the same

Figure 39: EPR measurement of Mn12-CHCl2 powder. Left: field-swept EPR measurement of Mn12CHCl2 powder on graphene quantum dot bolometer at 228 GHz. The plotted value is the ratio between
the lock-in signal measured for a bolometer with Mn12-CHCl2 powder present (as shown in SEM image
on the right) and the signal for the bolometer before depositing powder.
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field range as it did in that measurement, between 4 and 7 T. However, instead of a dip at high
fields, the lock-in signal increased. This increase was not present in measurements taken for this
device before the SMMs were deposited, suggesting that the Mn12-CHCl2 is affecting the
properties of the graphene. The IV curve of this device now showed a large change in
conductance with field, as shown in Figure 40. This is discussed in more detail in Chapter 7.
We took additional measurements of EPR absorption at different frequencies, using both
Mn12 powder and Mn12-CHCl2 powder, and the issues persisted. The noise remained high, and
dips in absorption were extremely broad, even for frequencies where simulations predicted sharp
absorption peaks. Although the EPR measurements present a number of unanswered questions,
such as the cause of the extremely broad absorption peaks we observed, we have plans for future
experiments to resolve the issues and to demonstrate the full capabilities of the graphene
quantum dot bolometers as detectors for EPR measurements. One advantage of graphene

Figure 40: IV curve of bolometer with Mn12-CHCl2 powder. Unlike
the measurement for this device taken without the SMMs present, the IV
curve measured after Mn12-CHCl2 was deposited shows a large change in
conductance when a magnetic field is present.
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bolometers is that the graphene is exposed, with no top gate or encapsulation necessary, and thus
can serve as a substrate onto which to graft SMMs, however, this can also be a disadvantage in
certain situations. While a substrate can affect the properties of a SMM, the presence of SMMs
can also affect the properties of a graphene substrate, such as we observed for Mn12-CHCl2.
Although measurement of these molecules in contact with the graphene substrate is still of
interest, we plan to next take measurements of Mn12-CHCl2 such that it is separated from the
graphene, so that our results are determined by only the SMM’s properties and not the hybrid
graphene-SMM system’s properties. We have several possible methods of attempting this,
including using a pellet of SMMs or by encapsulating the graphene. By pressing Mn12-CHCl2
powder into a pellet and suspending it in front of the graphene bolometer, we can take a
measurement of bulk Mn12-CHCl2 EPR spectra. Although this by itself does not demonstrate the
thin film measurement capabilities of the bolometers, it can serve as a preliminary baseline
measurement for future experiments. After that, we can reduce the amount of SMM involved by
using small amounts of powder or a thin film deposited on encapsulated graphene. Our current
fabrication process produces devices with exposed graphene, but this is not necessary for the
bolometers to function, and it would not be difficult to encapsulate the graphene, either in an
oxide layer fabricated using EBL and atomic layer deposition, or by transferring a flake of
insulating two-dimensional material such as hexagonal boron nitride (hBN) on top of the
graphene. The encapsulated graphene devices could also have a top gate added, giving us more
control over the properties of the device.
Another change we plan to make is to add a small wire coil to our probe, allowing us to apply
a small AC magnetic field to our device. This will let us modulate the magnetic field felt by our
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device during EPR measurements, just like how conventional EPR instruments typically use a
Helmholtz coil to conduct field modulation. By modulating the field, we can use a lock-in
amplifier tuned to the modulation frequency to increase our signal to noise ratio. We have
attempted some preliminary experiments using magnetic field modulation, but our setup needs a
few changes before we start seeing improvements to our signal. These changes include replacing
the coil with one with a larger inductance to increase the maximum amplitude of the modulation
and optimizing the parameters of the modulation to obtain the best signal without distortion. If
the modulation frequency or amplitude are too high, the lineshapes of the signal will be distorted,
so we will take into account the expected widths of the absorption peaks of our samples to
determine what modulation parameters will be most effective.

6.9

Chapter Summary

A variety of experiments were conducted with three species of SMMs. Methods of depositing
SMMs were investigated, primarily dropcasting and thermal evaporation. Dropcasting was found
to be a useable method for depositing DM15 molecules without damaging them, but they tended
to agglomerate in microdroplets instead of uniformly covering the substrate. Deposition by
thermal evaporation is also possible but requires precise control over deposition parameters to
avoid damaging the molecules. The thin layers produced by these deposition methods were
intended to be used for EPR experiments once experiments with larger quantities of SMMs were
complete, but in the course of conducting these experiments with powdered SMMs, unexpected
behavior was observed, raising new questions. Some of these new questions have been
investigated with additional experiments and are discussed in the next two chapters of this work.
Other questions are still to be answered, such as why our EPR measurements are showing such
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broad absorption. These topics will be addressed in future experiments, which will include
changes to the experimental setup that will improve the sensitivity of our measurements and will
eliminate interactions between the SMMs and graphene that are obscuring the absorption
properties that we are investigating.
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7. Negative Magnetoresistance in a Graphene Quantum Dot
In this study, I have observed negative magnetoresistance in structures containing a single
graphene quantum dot, possibly demonstrating a new behavior different from other forms of
magnetoresistance previously observed in graphene device. Understanding magnetoresistance,
the change in a material’s electrical resistance in the presence of an applied magnetic field, is
important to both our fundamental knowledge of materials and for technological applications.
One type of magnetoresistance, called giant magnetoresistance, won its discoverers a Nobel prize
and was used to create substantial improvements in computer hard disk drives51.
Magnetoresistance is typically found in ferromagnetic materials or structures utilizing
ferromagnetic materials, but graphene has shown promise in demonstrating ferromagnetism in
certain conditions52,53.
Magnetoresistance can be positive, where resistance increases in the presence of a magnetic
field, or negative, where resistance decreases. Positive magnetoresistance is more common than
negative magnetoresistance and can be found in a wide variety of materials, including both
magnetic and non-magnetic metals. Magnetoresistance is typically quantified using the following
equation:
𝑀𝑅 =

𝜌(𝐻) − 𝜌0
× 100%
𝜌0

where 𝜌0 is the resistivity without an applied magnetic field and 𝜌(𝐻) is the resistivity in the
presence of a magnetic field 𝐻. There are many phenomena that can cause magnetoresistance, so
magnetoresistance can be found in many different materials and structures with a wide range of
parameters. Non-magnetic bulk metals can display positive magnetoresistance due to
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geometrical effects; ferromagnetic materials can exhibit positive magnetoresistance due to the
interactions between magnetization and spin-orbit coupling or negative magnetoresistance due to
suppression of spin disorder; and multilayer materials consisting of layers of semiconductors and
metals have demonstrated incredibly high levels of magnetoresistance for reasons specific to the
combination of materials, garnering names such as giant magnetoresistance and extraordinary
magnetoresistance. The many causes of magnetoresistance make studying novel forms of
magnetoresistance very important, as new phenomena are regularly discovered and could lead to
new applications.

7.1

Experimental Results and Discussion

While characterizing bolometers in preparation for utilizing them for EPR spectroscopy, as
described in Chapter 6, we conducted measurements of the devices’ transport properties in an
applied magnetic field. These measurements included characterizing the electrical resistance and
bolometric response at a range of temperatures and field strengths. While some of our initial
measurements suggested that magnetoresistance effects in our devices were small, we later
discovered evidence of large negative magnetoresistance.
We measured the electrical resistance of a graphene quantum dot bolometer as a function of
temperature, both without a magnetic field and with an external magnetic field applied, as shown
in Figure 41. The resistance of the device was lowered by the presence of the 7 T magnetic field,
but the temperature dependence of the resistance showed little change, with the slope of the

92

Figure 41: Resistance of graphene quantum dot bolometer vs temperature, with
and without a magnetic field applied. Resistance is lowered in the presence of a
magnetic field, although the slope of the curve remains the same, keeping the
bolometric response unchanged with field.

curve remaining very similar with and without the magnetic field. This is because the
temperature dependence is caused by thermal excitations increasing transport through the
quantum dot’s energy barrier, which is unaffected by the magnetic field. The unchanging
bolometric response can also be seen in Figure 37, as discussed in Chapter 6.
The magnetoresistance of 6 graphene quantum dots was characterized by measuring the
current through the bolometer as the magnetic field was varied. 5 of these samples were the same
samples described in the previous section and were covered with Mn12 or Mn12-CHCl2, and one
of them was a clean device with no molecules. The IV curve of the clean quantum dot device
with and without a B-field applied is shown in Figure 42. The conductance of the device changes
significantly when the magnetic field is present. This demonstrates that the observed
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Figure 42: Magnetoresistance of a clean quantum dot. This IV curve of a clean quantum dot
device exhibits a change in conductance with a field applied, demonstrating that SMMs are not
necessary for magnetoresistance in our quantum dot devices.

magnetoresistance is a property of the quantum dot and not of the SMMs interacting with the
quantum dot. Figure 43 shows an example of a measurement of a quantum dot device that was
coated with molecules, conducted at 1.3 K, with a 1 V bias voltage, with the magnetic field
swept between -5 T and 5 T. The current increases as the magnitude of the magnetic field
increases, reaching a magnetoresistance of nearly -40% at 5 T. Measurements were also taken at
higher temperatures. At 100 K, the negative magnetoresistance was still present, but weaker,
reaching -5% at 5 T. The results were similar at 150 K, with a magnetoresistance of nearly -5%
at 5 T. At temperatures above 200 K, the magnetoresistance effect became very small. It was
clear from these measurements that a significant negative magnetoresistance is arising in the
graphene quantum dot, but additional experiments were necessary to determine the origin of the
effect.
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Figure 43: Measurements of magnetoresistance in a graphene quantum dot. Top left:
current increases with an applied magnetic field at 1.3 K. Bottom left: same measurement
expressed as magnetoresistance percentage. Top right: magnetoresistance at 100 K. Bottom
right: magnetoresistance at 150 K.

Magnetoresistance in graphene comes in many different forms. In multilayer epitaxial
graphene on SiC, positive magnetoresistance has been observed, arising from a situation where
the energy associated with the cyclotron frequency exceeds the Fermi energy, causing the lowest
Landau level to become highly degenerate54. In graphene nanowires, extremely large
magnetoresistance has been predicted to occur for zig-zag-edged nanowires which have spin
states at their edges55. By manipulating the system with magnetic fields, the nanowire could be
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turned into a spin-valve device, with either metallic or semiconductor behavior depending on the
field applied. Other forms of magnetoresistance in graphene have been observed and theorized,
so we took additional measurements to discover the origin of the behavior we were seeing.
To determine the cause of the negative magnetoresistance, we applied magnetic fields to the
sample from different directions. Some mechanisms causing magnetoresistance require fields
from a certain direction. The spin-gating seen in graphene nanowires occurs when in-plane fields
(parallel to the surface of the graphene) align the spins within the nanowire’s edges. Conversely,
mechanisms involving cyclotron orbits require magnetic fields perpendicular to the graphene
surface. As shown in Figure 44, we measured current-voltage curves across a graphene quantum
dot bolometer while applying magnetic fields in different directions, and only observed
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Figure 44: Current-voltage curve with magnetic field applied at different
directions. When the field was applied parallel to the graphene surface (blue), the
current was the same as when no field was present (black). The negative
magnetoresistance was only seen when the field was applied perpendicular to the
graphene surface (red).
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magnetoresistance for a field perpendicular to the graphene surface, with no change in resistance
for a parallel field. This narrowed the field of possible mechanisms behind the
magnetoresistance.
Our proposed explanation is that the perpendicular magnetic field produces quantized
cyclotron orbits according to Landau level behavior. In graphene, Landau levels are not spaced
evenly, but instead form Dirac Landau levels with energy spacings given by
𝐸𝑁 = ±√2𝑒ℏ𝑣𝐹2 |𝑁|𝐵
where 𝑒 is the electron charge, 𝑣𝐹 is the Fermi velocity, and 𝑁 is the Landau quantum index, as
illustrated on the left side of Figure 45. These states are highly degenerate, with the largest
density of states for the levels with the smallest magnitude quantum index. If the magnetic field
creates highly degenerate Dirac Landau levels such that the Fermi energy lies at a level with a
high density of states, conduction is increased, producing the observed negative
magnetoresistance. However, as the energy barrier of the quantum dot remains constant, the

Figure 45: Formation of Dirac Landau levels for graphene in a
magnetic field. Left: Dirac Landau levels form peaks in the density of
states. Right: energy level diagram of the quantum dot device.
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thermally activated current across the barrier maintains its temperature dependence, as illustrated
on the right side of Figure 45. Which Dirac Landau levels are filled depends on the charge carrier
density 𝑛, as well as the field strength. The filling factor is given by 𝑛

𝑛

, where 𝑛0 (𝐵) is the

0 (𝐵)

degeneracy per area, which can be rewritten as 𝑔

𝑛

𝑣 𝑔𝑠 𝐵𝑒/ℎ

, where 𝑔𝑣 and 𝑔𝑠 are the valley

degeneracy and spin degeneracy, both equal to 2. The devices used in these experiments had no
gating, and we had little control over the doping of the graphene. We had previously measured
the charge carrier density of graphene after our device fabrication procedures to be
approximately 5 × 1012 cm-2, as although the as-grown epitaxial graphene on SiC is electron
doped, the aqua regia process compensates this and further hole dopes the graphene30. This
𝑛
0 (𝐵)

charge carrier density value produces a filling factor of 𝑛

5×1012

= 𝐵[𝑇]×1011 , so at 7 T, we have a

filling factor of 7. This means the 𝑁 = 7 Dirac Landau level is filled, with energy spacing ∆𝐸 ≅
18.5 meV, which is equivalent to a temperature of 215 K, close to the temperature in our
experiments where the magnetoresistance effect becomes very small. This is consistent with our
proposed explanation that the Dirac Landau levels are causing the negative magnetoresistance.
The influence of doping also explains why magnetoresistance effects were not seen in every
device, such as the device used in the preliminary measurement discussed in Chapter 6. The
doping level can vary depending on the specific parameters used during the fabrication process,
and the device used for that experiment may have been more strongly hole doped, with a Fermi
energy in a region where the Dirac Landau levels were more closely packed, with smaller peaks
in the density of states, minimizing their effects on the conductance of the graphene. Some
measurements were also taken with SMMs on the device, and the presence of SMMs can change
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the doping of the graphene. Mn12-CHCl2 in particular has electronegative ligands that attract
electrons from the graphene to hole dope it44. Unfortunately, due to equipment failure affecting
both device fabrication and measurement, I was not able to conduct further experiments with
gated devices and better control over the graphene doping. If measurements were conducted with
the Fermi level closer to the Dirac point, the Fermi level would lie within larger Dirac Landau
level peaks in the density of states, which would cause larger changes in the conductance and
allow these changes to persist to temperatures as high as room temperature, as the spacings
between the Dirac Landau levels near the Dirac point are larger.
The quantum dot structure of the graphene may have also contributed to the observed
negative magnetoresistance. Studies of magnetotransport in large graphene flakes have shown
small values of positive magnetoresistance, due to transport through inhomogenously distributed
electron and hole puddles56. On the other hand, studies of narrow graphene nanoribbons have
observed negative magnetoresistance52. Like the effect we observed, this magnetoresistance is
strongest at low temperatures, but remains significant even at room temperature. The suggested
mechanism involves cyclotron orbits of similar sizes as the nanoribbons’ widths. At zero or low
fields, the cyclotron orbit lengths, given by 𝑙𝐵 = √ℏΤ𝑒𝐵, are significantly larger than the
nanoribbon, and electrical transport is dominated by the ribbon’s quantum confinement. At
higher fields, the cyclotron length is smaller than the nanoribbon width, causing the influence of
confinement to diminish. At 1 T, the cyclotron length is 26.6 nm, similar to the widths of the
constrictions around the graphene quantum dot in our devices. These constrictions range between
20-30 nm in width. At 5 T, the cyclotron length is 11.5 nm. Returning to the measurements in
Figure 43, we see the magnetoresistance curves remain flat below 1 T, only trending downward
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at higher fields, possibly suggesting the magnetoresistance only appears once the associated
cyclotron lengths pass a threshold value. As such, this explanation appears to be another possible
contributing factor to consider in accounting for our measurements.
This theory does present some additional questions, however. The bolometric response of our
devices is influenced by thermal excitation over an energy barrier. If the confinement bandgap
shrinks with increasing magnetic field, as suggested by some theoretical papers dealing with
graphene nanoribbons57, then we may expect the bolometric response to decrease in a magnetic
field, but our measurements do not show a change in the activation energy. As such, additional
experiments are needed to fully explain the behavior observed so far.

7.2

Chapter Summary

Magnetotransport measurements were conducted for graphene quantum dot devices to
investigate the effects of a magnetic field on device properties. Significant negative
magnetoresistance behavior was observed, reaching levels of nearly -40% magnetoresistance at
1.3 K. Negative magnetoresistance was also present at smaller levels at higher temperatures. This
behavior was only present when the magnetic field was applied perpendicular to the graphene
plane and was entirely absent for fields applied parallel to the graphene surface. This suggests
that mechanism behind the negative magnetoresistance has to do with Dirac Landau levels
forming in the graphene, causing peaks in the density of states that increase conductivity. The
Dirac Landau levels mechanism is also supported by the doping levels of the graphene, which
produces energy level spacings compatible with our measurements. It is also possible that an
applied magnet field causes cyclotron orbit lengths to become smaller than constrictions in the
quantum dot geometry, the confinement bandgap may shrink, and conduction may increase.
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However, this possible mechanism has not been confirmed as the cause behind the observed
negative magnetoresistance, and further experiments with better control over device gating and
doping levels are needed to fully explore this phenomenon. Specifically, the peak if the density
of states is larger for the N=0 level and the spacing to the next level is also wider. We expect that
by shifting the Fermi energy close to the Dirac point, the effect will be enhanced and persist to
higher temperatures.
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8. Molecular Spin-Valve Effects Using Graphene Quantum Dots
Single molecule magnets have great potential for the field of quantum computing. SMM’s
spins can be tuned and manipulated by external electromagnetic fields, and could be encoded as
a quantum bit, or qubit. SMMs are extremely versatile, combining classical magnetic properties
with many quantum properties, and come in extensive forms, with magnetic ions and ligands that
can be selected to best interact with the environment they will be used in. They can also be
synthesized in sufficiently large quantities to be integrated into complex circuitry that can
implement quantum algorithms and process the information produced. How exactly to integrate
the SMMs into the circuit is a central piece of the puzzle that needs to be addressed in order to
create a quantum computer. The SMM state must be manipulable and also readable. One device
that could be used to read the spin state of an SMM is a molecular spin valve.
Spin-valves change their electrical resistance depending on the alignments of their
components, which can include magnetic molecules or electrodes. In a classical spin-valve, the
conductance of the device changes depending on whether the electrodes’ magnetizations are
parallel or antiparallel. However, a molecular spin-valve can use non-magnetic electrodes,
utilizing one or more SMMs instead. One example of a molecular spin-valve consists of a singlewalled carbon nanotube (CNT) between two electrodes, with a few SMMs (between 2 and 10)
grafted to the CNT, as shown in Figure 4658. The conduction electrons are influenced by the
SMMs by π-radical-mediated exchange with the SMM’s magnetic moment, forming a tunneling
barrier for electrons antiparallel to the SMM’s spin. As electrons pass along the CNT, the first
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Figure 46: Molecular spin valve consisting of two SMMs grafted to a CNT. Left: an energy barrier is
created when the spin of the SMMs are not aligned, increasing the resistance along the CNT. When the
spins aligned, conduction increases. Right: 11 measurements of the conductance as a magnetic field
sweep is applied. The spins start randomly aligned, causing a low conductance state, but as the increasing
field aligns the spins, a high conductance state occurs at the points marked with arrows. Images adapted
from M. Urdampilleta and W. Wernsdorfer (2011).

SMM acts as a spin polarizer, and the rest act as spin analyzers, so that only if all SMMs are
aligned can current pass through. Thus, by measuring current flow through a molecular spin
valve, the spin states of the attached SMMs can be determined. The right graph in Figure 46
shows conductance measurements as the magnetic field is swept. The spins are not aligned at
low fields, causing a low conductance state. At a switching field of about 0.5 T, the spins
become aligned, allowing current through and causing a higher conductance state, marked with
red arrows. Sometimes the switch occurs at lower fields due to tunnel transitions. Another
example of this effect was demonstrated using graphene quantum dots and SMMs59. In all cases,
this effect appeared at low temperatures, below 1 K, and with a gate voltage tuned away from the
Coulomb blockade region.
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8.1

Experimental Results and Discussion

When conducting measurements for work on EPR spectroscopy of SMMs, as discussed in
Chapter 6, we observed an unexpected behavior while measuring the current through graphene
quantum dot bolometers with the SMM powder deposited on them. The current measurements
were noisier than they had been, compared to measurements made before depositing the SMMs
on the same bolometers. Upon making more measurements, we realized it was possible that the
new noise was actually new behavior. The current appeared to be switching between two states
with different conductance. Figure 47 shows a measurement of conductance through a graphene
quantum dot device with Mn12-CHCl2 powder deposited on it. The measurement was taken at
zero field and 1.3 K with a 750 mV bias voltage. The device switches between two conductance
states, one with conductance roughly 15% higher than in the other state. Unlike the fieldcontrolled switching illustrated in Figure 46, the behavior in Figure 47 is random switching as
the SMMs undergo quantum tunnelling at zero field. The device switches between the

Figure 47: Graphene quantum dot device with deposited SMM powder
switching between two conductance states.
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conductance states stochastically but spends more time in the lower conductance state. Behavior
like this had not been observed in measurements with clean devices, only in measurements after
SMMs had been deposited.
We considered the possibility that the behavior we were seeing was related to supramolecular
spin valves (SSV). In an SSV, interactions between single-digit numbers of magnetic molecules
control the current through the device58,60. Our graphene was covered in much more than a few
molecules, with the Mn12-CHCl2 powder forming grains ranging in size from nanometers to
microns, as can be seen in the SEM image in Figure 38. However, if the graphene quantum dot,
which was only about 60 nm in diameter, had a few small crystals of the SMMs on it, it seemed
possible that we could still being seeing the SSV behavior. The crystals could be small enough
to contain only a few hundreds of molecules. If only a few of these were in contact with the
graphene quantum dot, they could be influencing current through the dot as their spins became
aligned or opposite.
The rate at which the device switches between high and low conductance states has to do
with the rate at which the magnetic moment orientations of the molecules changes. As discussed
in Chapter 6, the magnetization can switch in a few different ways. At low temperatures, despite
the energy barrier of the double-well system, the magnetization can change as the spin state
tunnels to an opposite orientation with similar energy. At higher temperatures, thermal activation
above the barrier is possible, as well as thermal assisted tunnelling. These mechanisms and how
they occur at different fields are illustrated in Figure 48. To test if the conductance shifts were
caused by changes in the magnetization of the SMMs, we changed the conditions of the
measurement. The device was warmed to 70 K, then a 6 T field was applied, then the device was
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Figure 48: Illustration of magnetization switching mechanisms. At low temperatures, only
the lower states are occupied, and the magnetization switches by tunneling between states with
similar energies. As a magnetic field is applied, different states align in energy. At higher
temperatures, additional states are accessible, and thermal activation over the barrier is
possible, as well as thermal assisted tunnelling of the magnetization.

cooled back to 1.3 K with the 6 T field present. By applying a magnetic field while the SMMs
were warm, the magnetization of the SMMs could easily be thermally activated over the energy
barrier to align with the applied field. As the SMMs were cooled in field, they remained aligned
in magnetization. Once the SMMs were cold, they were unable to easily switch orientation,
either by thermal activation or by quantum tunnelling, as they would be in the lowest energy
state of the aligned magnetization, which did not have a similar energy to any state in the
opposite magnetization. So, we had created a system where the magnetization of the SMMs was
frozen, and less switching would occur. When we made conductance measurements with the
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Figure 49: Change in conductance state behavior under different conditions.
When the device is cooled in zero field, we see conductance switch between two
states. When a field is applied while the device is warm, then the device is cooled
with the field present, the switching behavior is reduced, as the SMMs have been
frozen in magnetic states where changing magnetization is rare.

system in this state, we observed different behavior, where the device appears to spend more
time in the higher conductance state, only briefly dropping into the lower conductance state, as
shown in Figure 49. This suggests the SMMs were remaining aligned with the magnetic field,
producing the high conductance state more consistently. All this suggested that we were seeing
SSV behavior with conductance modified by the spin states of the SMMs. These first tests
motivated further measurements being continued by Amjad Alqahtani using the 5 samples coated
with Mn12 and Mn12-CHCl2 described in Chapter 7.
Interesting changes in behavior can be seen at different temperatures, as shown in Figure 50.
For this set of measurements, conducted at zero field and 50 mV bias voltage, we observed a few
trends in conductance state switching behavior. At temperatures of 30 K and below, we saw
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Figure 50: Shifts between conductance states at various temperatures. Current through a device
covered with Mn12-CHCl2 powder was measured at various temperatures, all at 0 T and a 50 mV bias
voltage. At temperatures below 35 K, the system spends more time in the lower conductance state. At
temperatures of 50 K and above, the higher conductance state is more common, and as the temperature
rises, the switching rate increases.

conductance switching between two states, switching at slow rates, and spending more time in
states with lower conductance. At temperatures of 50 K and above, the system spends more time
in the higher conductance state, and the while the switching rate is slow at 50 K, it speeds up as
temperature increases. At intermediate temperatures, between 30 K and 50 K, the conductance
states are not clearly present. We do not yet fully understand these different behavior regimes,
but what we have seen so far is highly surprising. Previous studies of SSV using SMMs and
CNTs were conducted at temperatures well below 1 K and by controlling the switching of the
molecules using their hysteretic behavior as the magnetic field was varied58. Here, we are seeing
apparent SSV behavior at temperatures above 50 K with no magnetic field applied, due to the
stochastic switching of the magnetic orientation. A SMM-based spin valve that functions at such
high temperatures would be unprecedented.
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Figure 51: Plot of conductance switching between three levels. At 60 K and
in a 5 T field, this graphene quantum dot showed three levels of conductance,
spending the most time in the middle level. The changes in conductance are
large, with conductance varying by approximately 50%.

In addition to unusual behavior related to temperature, we are also seeing unusual behavior
under certain parameters where there appear to be more than two conductance levels. We
measured one device covered with Mn12-CHCl2 powder at 60 K, with a 5 T magnetic field and
50 mV bias voltage. The conductance spent most of the time at one level but would briefly
change to two other levels: one higher and one lower in conductance, as can be seen in Figure
51. This may be happening because of Mn12-CHCl2’s high intrinsic spin. Mn12-CHCl2 has 𝑆 =
10, with different energy levels associated with each 𝑚𝑆 state. At the high temperature of 60 K,
the SMMs could be thermally activated to any of these spin states. It may be possible that the
lowest conductance state occurs when the SMMs have antiparallel magnetization, whereas
different conductance levels occur depending on the different spin states of the SMMs.
Alternatively, this could be happening due to multiple Mn12-CHCl2 crystals being in contact with
the graphene quantum dot, and conductance could depend on how many of them are aligned at
each moment. Although the mechanism behind this multiple conductance levels is still uncertain,
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it is unique behavior not seen previously in SSVs. Additionally, the changes in conductance are
very large, with conductance changing by approximately 50% between the different levels. Such
a significant change in conductance at such a high temperature is also unprecedented for SSVs.
The devices that we used for these SSV measurements were graphene quantum dot
bolometers like those used in our other experiments. These devices were not optimally designed
for these measurements and lack features that could have enhanced the SSV behavior. The
devices were not gated, with no ability to apply a gate voltage. Previous studies of SSVs were
conducted at Coulomb peaks, where tuning the gate voltage could shift the conductance by as
much as 1000%60. If we added gates to our devices, we could possibly see much larger
conductance changes. However, due to problems with instruments used in device fabrication and
measurement, we have been unable to make these improved measurements yet and leave them
for future work.
The most significant unknown quality of the SSV behavior we have observed in our devices
has to do with the large amount of SMMs involved. Previous studies on SSVs have used
solutions of SMMs dilute enough (<10-6 mol/L) to avoid the SMMs agglomerating, such that the
devices have less than 10 individual SMMs in contact with them58. Our SMM powder consists of
crystals containing orders of magnitude more molecules. However, only molecules near the
surface of the quantum dot are expected to have a measurable SSV effect. If we were to reduce
the quantity of SMMs involved, we expect that the SSV behavior would persist, as long as the
molecules were placed on the quantum dot. If so, these devices would function as a very
effective and simple way to detect the magnetizations states of individual SMMs.
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8.2

Chapter Summary

Measurements of graphene quantum dot devices with deposited Mn12-CHCl2 powder
showed shifts between different conductance levels under certain conditions of magnetic field
and temperature. These changes in conductance may be caused by the devices acting as
supramolecular spin valves, with the conductance through the quantum dot being influenced by
the spin states of the molecules in contact with the device, with high conductance occurring
when the molecules are all aligned and lower conductance when their spin states are antialigned.
The changes in conductance are significantly large, ranging from changes of 10% to 50%
depending on the conditions. While we have only experimented with this with SMM powder, not
individual molecules, this may provide an effective way of detecting SMM magnetic states. We
have observed this behavior at temperatures ranging from 1.3 K to at least 60 K, which is much
higher than previous SSV studies, which were conducted at temperatures well below 1 K. We
also observed SSV behavior with more than two conductance states, suggesting we may be able
to detect more information about the SMM state than just the magnetization alignment. These
devices could also be improved by fabricating new devices with gating capabilities, which would
allow us to conduct measurement at Coulomb peaks at low temperature where the conductance
changes would be larger.
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9. Conclusions
This work was motivated by idea of making spectroscopy of thin layers of SMMs more
accessible by using graphene quantum dot bolometers as detectors. The capability to deposit
monolayers of SMMs and understanding how SMMs interact with substrates are critically
important for the development of any technology utilizing SMMs, as many of the advantages
SMMs have over conventional magnets occur when they are able to be individually addressed.
Unfortunately, most SMM work is focused on SMMs in bulk forms, not directly interacting with
a substrate. Our aim is to make it easier to characterize SMMs in monolayer forms by developing
a new way to conduct EPR spectroscopy. We investigated depositing SMMs on graphene and on
our bolometers, and started spectroscopy studies of the SMMs. The results of the measurements
displayed unexpected features. Some of these, such as how the observed absorption peaks were
much broader than predicted, are not yet unexplained, so additional work will be necessary
before the goal of using these bolometers for SMM EPR is achieved. However, we made a lot of
progress in discovering how SMMs interact with graphene.
We demonstrated that SMMs in contact with a graphene quantum dot device produce a spin
valve effect. The conductance of these SMM-graphene hybrid devices changes depending on the
alignments of the SMMs present. This could potentially be used to easily read the magnetic
states of SMMs being used for qubits or other purposes. This spin valve behavior persisted to
temperatures much higher than has been shown by other supramolecular spin valves.
Additionally, more than two conductance levels were observed in certain conditions, suggesting
it may be possible to use these devices to discern not only between SMMs in parallel and
antiparallel states, but to determine their specific magnetic states.
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Throughout this work, we have optimized the fabrication procedures used to create our
graphene bolometers. We have investigated how fabrication procedures can create defects in
graphene, how these defects effect electron cooling processes in graphene, and how these defects
can improve device performance.
We have shown negative magnetoresistance in graphene quantum dot devices. The
magnetoresistance appears only with magnetic fields perpendicular to the graphene surface and
decreases with temperature. This suggests that the negative magnetoresistance is caused by the
formation of Dirac Landau levels in the graphene, such that peaks form in the density of states,
increasing conductance when the Fermi energy lies in one of these peaks. This also consistent
with the observation that the negative magnetoresistance was not present in certain devices, as
heavily doped devices would have the Fermi energy fall in a region with small, densely packed
Dirac Landau levels, lessening the effect. We also showed that SMM change the activation
energy of the dots through doping the graphene.

9.1

Future Research

While this work has explored new aspects of graphene quantum dot devices, the central
question still holds some mysteries. We attempted to develop a method of using graphene
bolometers to characterize SMMs using EPR, but EPR conducted this way showed some strange
features, such as extreme peak broadening. Further experiments are required to ascertain the
nature of these features. Changes to the graphene devices, such as encapsulation of the graphene,
could elucidate the origin of the peak broadening: by isolating the SMMs from the graphene, we
could discern whether this phenomenon originates with the device itself or is caused by an
interaction between the graphene and the molecules. Changes to the measurement setup, such as
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adding AC field modulation, could also improve the signal to noise ratio of our measurements,
providing us with more clarity as to what is occurring. Once these questions are answered, work
can continue on conducting spectroscopy of thin layers of SMMs.
The supramolecular spin valve behavior also has room for further investigation. Deeper
analysis of the way the shifts in conductance change with temperature and field would require
additional measurements. These were intended to be completed for this work, but damage to our
cryostat forced us to postpone the measurements. The most significant question is whether the
behavior we have seen will persist if the amount of SMMs applied to the graphene is greatly
reduced. If so, then this may represent a new way to read the spins of SMMs. If not, the new
question will be to determine what about the SMM crystallites causes the spin valve behavior.
Despite the unanswered questions, this work has shone new light on the properties of
nanostructured graphene. The way that defects, magnetic fields, and SMMs influence carrier
transport through graphene nanostructures is relevant not just to graphene bolometers, but other
devices that include graphene structures. Hopefully, better understanding of the physics of
graphene nanostructures can lead to the development of devices that take full advantage of
graphene’s unique and extraordinary properties.

114

Appendix: Investigation of Deposition Methods
Early drop-casting experiments used the SMM we referred to as DM15. Powdered DM15
would be dissolved in chloroform or dichloromethane, with dissolution aided by ultrasonication.
The concentration of the DM15 in solution would be as high as 1 millimolar to as low as 1
nanomolar. Initial experiments with drop-casting DM15 showed issues with this method. As the
DM15 solution evaporated, the DM15 would not coat the substrate uniformly, and instead
produced concentric rings of material. This phenomenon is known as the coffee-ring effect, due
to its visual similarity to the coffee ring produced by a messy coffee cup. The solvent evaporates
most quickly from the three-phase interface at the edge of the drop, where the solid substrate,
liquid solvent, and gaseous air meet. As this solvent evaporates, it stimulates flow of solvent
towards the edge. This flow carries along the dissolved particles, increasing the solute
concentration at the edge of the drop and producing a ring of deposited material. An example of
the coffee-ring effect resulting from one of our depositions can be seen in Figure 52, where
DM15 solution was dropcast onto CVD graphene. On the left of the image, the ring is especially
thick, while successively smaller rings can be seen on the right. This extremely non-uniform
deposition would be unsuitable for depositing molecules on our bolometers, as it would not be
possible to control where the rings appear, making it very difficult to deposit molecules on the
small area covered by graphene. Some methods of avoiding the coffee-ring effect include
adding agents to the solution which promote gelling of the solvent or cross-linking between the
dissolved particles, thus keeping the particles from moving to the edge of the droplet as easily.
However, we were concerned with the possibility of the additives remaining on the substrate
after deposition and affecting our characterization of the SMMs. Instead, we tried mechanical
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1600 x 1280 um
Figure 52: Optical image of coffee-ring effect. Shown occurring
for DM15 deposited by dropcasting on CVD graphene.

methods of preventing the coffee-ring effect, such as spreading the droplet across the chip using
a glass rod or spinning the chip during the dropcasting process.
Of these mechanical methods, spinning the chip during dropcasting proved more effective.
The glass rod method tended to create many small droplets on the substrate which each exhibited
their own coffee ring effects. Although the spinning method is not considered optimal for low
viscosity solvents, such as the dichloromethane used to dissolve the DM15, it did successfully
prevent the coffee-ring effect. While there is still nonuniformity present, the coffee ring effect is
greatly reduced. Figure 53 shows an optical image of a dropcast deposition of DM15 in
chloroform utilizing the spinning method. Although there is clear boundary with heavy
deposition, there majority of the substrate shows a uniform layer of deposition, visible on the left
side of the image. This deposition used a DM15 solution with a high concentration, producing a
layer hundreds of nanometers thick. Spinning dropcast depositions with lower concentrations had
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800 x 640 um
Figure 53: Optical image of dropcast deposition of
DM15 in chloroform while spinning substrate. The
left side is fairly uniformly coated.

minimal coffee ring effects, and would produce a large area, about 1 cm2, with deposition of
SMMs consistent over the whole area. However, the deposition was not truly uniform on the
micron scale. Instead, the SMMs formed “microdroplets”, small blobs that dotted the substrate,
which can be seen in Figure 54. In this SEM image, small dark gray microdroplets of DM15 are
distributed over the light gray background of monolayer CVD graphene. The microdroplets seem
to form around defects, irregularities, and wrinkles in the graphene. There is a higher
concentration of droplets on bilayer graphene regions, visible as middle-gray islands in the SEM
image. The droplets range in size from about 1 micron in diameter to tens of nanometer in
diameter. AFM measurements show the height of the droplets range from 60 nm to 5 nm, as
shown in Figure 55. Assuming each SMM molecule takes up approximately 1 cubic nanometer,
these microdroplets could contain 104 to 107 molecules each. Experiments with different
concentrations of solution and different spinning parameters produced some variation in the size
and density of the microdroplets, but a uniform thin layer of SMMs was never achieved.
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Figure 54: Microdroplets of DM15 on CVD graphene after
dropcasting while spinning. Dark gray dots are DM15, light
gray background is monolayer graphene, and middle-gray
islands are bilayer graphene. White objects are PMMA residue.

Figure 55: Spinning dropcasting results. SEM and AFM images of DM15 microdroplets
deposited on CVD graphene by spinning dropcasting. Left: SEM image showing
microdroplets congregating around wrinkles in graphene sheet. Top right: AFM image
showing three medium microdroplets and many small microdroplets, as well as graphene
wrinkles. Line profiles along the white lines are plotted in lower right.
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In addition to issues with the uniformity of layers produced by dropcast depositions, there
were difficulties in keeping the SMMs intact and undamaged by the process. If the deposited
SMMs are damaged, they will likely lose their magnetic properties, and thus our EPR
measurements would show nothing. So, after depositing SMMs by dropcasting, we used several
methods to characterize the SMMs and verify they were intact.
Our earliest problems with damage to the DM15 molecules were visible by SEM. One
attempted method to achieve thin, uniform depositions was to dropcast a high concentration
solution of DM15 in chloroform, and then rinse the chip with methanol. The intent was that the
initial deposition would deposit a thick layer of the SMMs, and the rinse would wash away the
SMMs except a thin layer that was actually grafted to the surface. However, after rinsing, the
depositions showed large crystalline structures on the graphene surface, as seen in Figure 56, an
SEM image of 5 mM DM15 in chloroform solution dropcast on CVD graphene, then rinsed with

Figure 56: SEM image of rod-like crystals. The crystals formed after dropcasting 5 mM
DM15 in chloroform onto CVD graphene and then rinsing with methanol.
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Figure 57: EDX spectrum of 5 mM DM15 solution dropcast on CVD graphene. Peaks
corresponding to Co, Br, Fe, and P are all present, suggesting that molecules may be intact. Inset:
SEM image of area analyzed.

methanol. We used energy-dispersive X-ray (EDX) spectroscopy to probe the atomic makeup of
these crystals, and of the thick DM15 depositions on unrinsed samples. In the unrinsed samples,
we saw peaks corresponding to Co, Br, Fe, and P, which are all components of DM15, as shown
in Figure 57. However, EDX of the crystals showed the presence of Fe and P, but not Br or Co,
as shown in Figure 58. As Co forms the paramagnetic center of the SMM, and Fe and P are only

Figure 58: EDX spectrum of crystal formed after rinsing dropcast DM15 with methanol. Peaks
corresponding to Fe and P are present, but Br and Co are missing, suggesting that the crystals are
composed only of the ligands from decomposed SMMs. Inset: SEM image of the crystal analyzed.
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found in the molecules’ ligands, it seems that the methanol rinse was causing the molecules to
break down, with the ligands detaching from the paramagnetic center and joining together in
these rodlike crystals.
These crystals were found frequently when methanol was used but were also in present to a
lesser degree in other cases. Our investigation revealed this degradation of the SMMs was caused
by water. The bottle of methanol we had been using was old and had absorbed water from the
air. The presence of the water in the methanol rinse was sufficient to break down the SMMs.
Using new anhydrous chemicals ended the appearance of the large rodlike crystals. However,
even if large crystals were not forming, it is possible that the SMMs were still being damaged by
the presence of moisture. We found that even if no large crystals were present, the SMMs
showed signs of degradation when characterized by XPS. An XPS spectrum of a dropcast
deposition of DM15 in chloroform deposited on CVD graphene is shown in Figure 59. Although

Figure 59: XPS spectrum of DM15 SMM deposited on CVD
graphene by dropcasting.
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no crystals were visible, the atomic percentage values found by XPS differed from expected
values. As DM15 should contain twice as much Br and P as Fe and Co, we would expect the
elements to appear in relative proportions of approximately 33% Br, 33% P, 17% Fe, and 17%
Co. Compared to XPS measurements of powdered DM15, this dropcast DM15 layer had
elemental percentages far from the expected values, consisting of 26% Br, 38% P, 15% Fe, and
20% Co, suggesting that the SMMs were being degraded. We suspected that this was due to
exposure to water vapor in the air during the deposition process. The moisture content in the air
in the lab can be fairly high, with relative humidity regularly measured as high as 46%. To
prevent damage to the SMMs due to moisture, we started dropcasting in a pure nitrogen
atmosphere using a glovebox. XPS performed on dropcast depositions performed in a nitrogen
atmosphere showed element percentages much closer to those of powder SMM samples,
indicating that this method resulted in reduced degradation of the molecules. A similar nitrogen
atmosphere deposition was attempted for a spinning deposition, where nitrogen was sprayed into
the partially enclosed spinner during the dropcasting. However, analysis of these deposited
molecules was unclear as to whether this successfully prevented degradation of the SMMs.
Dropcast depositions were a simple way to deposit molecules onto our devices, but our
experiments with dropcasting showed that it would not be an effective method of creating
uniform thin layers of our SMMs on our devices. Our SMMs tended to conglomerate in ways
that made achieving uniform layers very difficult. The mechanical methods that we found some
success with in improving uniformity would have been difficult to use on our actual devices. If
the depositions are made before the chip is wirebonded and mounted, then we lose the ability to
take measurements before and after deposition with a single chip. To dropcast molecules onto a
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wirebonded and mounted chip would be difficult if spinning the chip was required. As such, we
experimented with a different method of SMM deposition: thermal evaporation.
Initial experiments with the evaporation of DM15 SMMs were conducted to see if the
molecules could be evaporated at all. Our collaborators at CEITEC who had synthesized the
SMMs believed that temperatures below 225 °C would be safe for the integrity of the molecules,
but we did not know what temperatures would be required to cause the molecules to evaporate.
The first experiments were done in atmosphere, with the molecules in a crucible on a 215 °C hot
plate, with glass or CVD graphene on SiO2 placed above, all enclosed under a glass bowl. These
initial evaporations resulted in substrates covered with micron-sized crystals. This showed
promise that the molecules could be evaporated at sufficiently low temperatures, and more
experiments followed.
Evaporations were next conducted in vacuum. Initially, an evacuated furnace tube was used
for this purpose, which could only achieve low vacuum and had imprecise heating control. The
substrate was also subject to heating in this configuration, which meant that material deposited
on the substrate might also evaporate off from the substrate. The resulting evaporations were still
not entirely uniform: the target substrate would be covered with dots of material less than 100
nm in diameter. The deposited SMMs also did not appear to be intact. UV-Vis spectroscopy of
the DM15 powder that was the source material for the evaporation suggested that it was not
damaged by the heat, as shown in Figure 60. Solutions made from DM15 powder that had been
used in a thermal evaporation deposition showed similar peaks as a solution made from unused
DM15 powder. However, UV-Visible spectroscopy of evaporated molecules deposited on glass
sides gave the spectra very different from that of dissolved DM15 powder, as shown in
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Figure 60: UV-Visible spectroscopy of DM15 powder
used in thermal evaporation. Pink curve is for DM15
powder in chloroform solution. Red and black curves
are for DM15 powder used as source for thermal
evaporation in vacuum, then dissolved in chloroform.

Figure 61. The peaks characteristic to DM15 solutions were not present. We were not able to
use UV-Visible spectroscopy on depositions on other substrates, as transmission measurements
requires a transparent substrate. However, we were later able to conduct XPS measurements on
UV-Visible Spectra of DM15 Evaporated on Glass

Figure 61: UV-Visible spectra of attempted deposition of DM15 onto glass by thermal evaporation.
Different curves represent different areas tested for the presence of DM15. These spectra do not display the
peaks associated with DM15 seen in Figure 60. Right: a glass slide subjected to deposition of DM15. The
deposited material makes the glass appears cloudy in areas where it was not masked by SiO2 chips.
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these depositions. XPS of depositions on glass also were missing peaks corresponding to Co and
Fe, suggesting that it was only the ligands of the molecules that were being deposited. However,
on CVD graphene substrates, XPS measurements did show the presence of Co and Fe, as well as
Br and P. The proportions were not as expected, with too little Br and too much P, as shown in
Table 3. However, we thought this indicated that at least some SMMs were surviving the
deposition process, and under better conditions, with improved vacuum, better control of the
temperature, and reduced temperature of the target substrate, we would still be able to
successfully deposit intact molecules of DM15.
After these early evaporation attempts showed promise, we built an improved apparatus for
conducting evaporation depositions. This consisted of a stainless-steel vacuum chamber
containing a stage with a heater and thermocouple. The SMM powder would be placed on the
stage, while the deposition target would be taped to the top of the chamber. The chamber would
be sealed, pumped to a vacuum of 10-5 torr or better, and then the stage would be heated by a
PID temperature controller. The deposition chamber is shown in Figure 62. We proceeded to
make many depositions using this apparatus, discovering many issues along the way. Initially,
Table 3: XPS spectra elemental values. Measured for DM15 thermally evaporated onto
CVD graphene on SiO2, as compared to expected values for DM15.

Element

Counts

Co

Main peak binding
energy (eV)
781.7

5801

Adjusted
Percentage
21.3%

Expected
Percentage
16%

Fe

713.1

6184

22.7%

16%

Br

70.3

2879

10.6%

33%

P

132.9

12354

45.4%

33%
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Figure 62: Evaporation chamber. Small vacuum chamber
used for thermally evaporating SMMs onto substrates.

the chamber had a copper stage with an embedded heater and temperature sensor. The molecules
would be placed on a sapphire chip which would sit on top the copper stage. Sapphire was
chosen as it would not react with the molecules and was thermally conductive. However, we had
difficulty ensuring the SMMs reached the desired temperature. While we expected the sapphire
chip sitting in vacuum would quickly reach the temperature of the heated stage, we saw much
less deposition than expected, as if the molecules were not reaching the desired temperature. We
tried to improve thermal conduction between the sapphire chip and the stage by using thermally
conductive grease between the pieces, pressing the pieces together with copper wire, and other
methods, but had no success. Either the deposition rate stayed extremely low, or the deposition
would be contaminated by the added substance. We also tried placing the SMM powder directly
onto the copper stage, but XPS measurements of these depositions revealed the presence of
copper in the deposited material, suggesting that the copper stage’s surface was reacting with the
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Figure 63: SEM image of SiO2 substrate after thermal evaporation of DM15
SMMs using evaporation chamber with tungsten heating stage. Left side of
substrate was masked, and the right side shows deposited material.

SMMs in some way. We made many evaporations with various parameters, but it seemed that
this setup was not effective in producing intact, uncontaminated depositions.
Eventually, we replaced the copper stage with a tungsten stage and placed the SMM powder
directly on the stage. We expected that the tungsten would not interact with the SMMs or deposit
unwanted material on the target, and the direct contact between the heated tungsten and SMM
powder would improve our control over the temperature of the SMMs. However, our results
were not as simple as expected. Early evaporation attempts deposited a thin uniform layer of
material onto SiO2 substrates, as shown in the SEM image in Figure 63, where a SiO2 substrate is
shown with the right side covered in deposited material, and the left side is clean as it was
covered with a mask. However, XPS measurements showed low elemental percentages of P and
Br, which indicated that the molecules were not intact. After a few more depositions with similar
results, depositions started appearing extremely non-uniform. As shown in Figure 64, the
depositions show varied and unusual formations, including rings, branches, and mazelike
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Figure 64: SEM images of DM15 deposited by thermal evaporation. Top two images are depositions
on CVD graphene substrate, bottom two images are depositions on SiO2 substrate.

structures. XPS characterization of the depositions also shows a variety of results, with some
depositions lacking in Co and Fe, and others with disproportionate amounts of Br and P.
Following this point, we were unable to achieve consistent results with our thermal
evaporation depositions. We suspected that the substrate temperature was causing problems with
the depositions. The vacuum chamber we were using was small, with the substrate mounted only
a centimeter above the heated stage and molecules. We believe the substrate was reaching quite
high temperatures, which affected the way the deposited molecules grafted to the surface and to
each other, causing them to degrade and form the crystalline structures we observed. We made
128

attempts to cool the chamber in ways that would keep the substrate temperature down, but these
seemed to be unsuccessful, as the non-uniform and degraded depositions continued. As such, we
suspended work on thermal evaporations, believing that we would need an improved vacuum
chamber to achieve useable depositions. In the meantime, we decided we that our initial
experiments would use powder deposited directly onto the bolometer, and future experiments
would use dropcast depositions, even though our dropcasting was not yet producing fully
uniform depositions.
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