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Merci à mes parents qui ont toujours eu confiance en mes capacités. Votre
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Abstract

The overarching goal of this thesis is to make use of adatoms to tune the

electronic properties of a 2D atomic crystal. Specifically, covalently bonding

hydrogen adatoms on a graphene sheet by creating CHx with the aim of open-

ing a band gap. This thesis reports the modification of the Raman spectra,

the temperature dependent transport and the magnetoresistance as a result of

hydrogenating graphene.

Presented in this thesis is a method by which graphene is hydrogenated,

the spatial map and density of defects from Raman spectroscopy and the

temperature dependent resistance of a hydrogenated graphene sheet. The

hydrogenation time was found to correlate poorly with the mean D/G ratio

over an area of 200 by 200 µm2. Samples are observed to hydrogenate at

different rates. Also presented are two potential technological applications of

hydrogenated graphene: thermometers and bolometers. Thermometers with

sensitivities up to ≈ 107Ω/K at 10 K were measured as well as bolometers

with responsivities up to ≈ 105V/W at 10 K and a thermal resistance of Rth =

3K/nW at 10 K. Measurements of the magnetic field dependent transport in

both perpendicular and parallel field configurations have been shown to yield

opposite magnetoresistance signs. The colossal negative magnetoresistance

found in the perpendicular configuration led to the emergence of the ν = −2

quantum Hall state from an insulating state in the most disordered 2D system

to date as measured by a Ioffe-Regel parameter of ≈ 250.
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Abrégé

Le but sous-jacent de cette thèse est d’utiliser des adatomes sur un crys-

tal atomique bi-dimensionnel afin d’en ajuster les propriétés électriques. Plus

précisément, un lien covalent s’établira entre les atomes d’hydrogène et la

feuille de graphène en créant CHx afin d’ouvrir un interstice entre les bandes

de valence et de conduction. En attachant les atomes d’hydrogène sur la feuille

de graphène, son spectre Raman, son transport en fonction de la température

et sa magnétorésistance ont tous étés modifiés. L’investigation de ces modifi-

cations est le thème central de cette thèse.

Cette thèse contient: la méthode par laquelle le graphène est hydrogéné,

l’analyse de l’hydrogénation en obtenant une cartographie Raman de l’ampleur

des défauts et de leur emplacement sur l’échantillon. Également présent est

l’analyse de l’hydrogénation du point de vue du transport électrique en fonc-

tion de la température. La durée de l’hydrogénation ne démontre pas une

bonne corrélation avec le ratio D/G moyen sur une surface de 200 par 200 µm2

obtenu par spectroscopie Raman. De plus, il est démontré que les échantillons

s’hydrogènent à des rythmes différents. Également présentés sont deux applica-

tions technologiques qui pourraient être potentiellement bonifiées en utilisant

le graphène hydrogéné: les thermomètres et les bolomètres. Les thermomètres

démontrent une sensibilité allant jusqu’à ≈ 107Ω/K à 10 K et les bolomètres

démontrent une responsivité allant jusqu’à ≈ 105V/W à 10 K et une résistance

thermique allant jusqu’à Rth = 3K/nW, à 10 K. La magnétorésistance colos-

sale négative mesurée dans la configuration perpendiculaire a mené à la mesure
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de l’effet Hall quantique dans le système le plus désordonné à ce jour en ter-

mes du paramètre Ioffe-Regel qui est de ≈ 250. La magnétorésistance colossale

négative démontre la transition d’un état isolant à l’état de l’effet Hall quan-

tique ν = −2.
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Introduction

1.1 Motivation

The invention of the transistor by Bardeen, Brattain and Shockley at Bell

Labs in 1947 launched solid state electronics. Significant improvements were

made to bulk 3D semiconductors used in the electronics industry: the purity

of materials, the control over dopant concentrations, the formation of alloys

and the creation of heterostructures by molecular beam epitaxy (MBE) or by

metalorganic chemical vapor deposition (MOCVD). From these technical ad-

vances, quantum confinement of electrons has led to the widespread study of

two dimensional electron gases (2DEGs). More recently, 2D atomic crystals

were isolated and found to be advantageous because of their high mobility and

their presence on the surface of a substrate which facilitates surface analysis

and modification. The overarching goal of this thesis is to make use of adatoms

in a 2D atomic crystal to tune its properties, specifically, the chemical bonding

of hydrogen adatoms on a graphene sheet to create CHx and open a band gap.
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The ability to isolate and electrically measure various intrinsically 2D ma-

terials in the past few years has allowed a new band gap map to emerge.

Compound semiconductors such as GaAs and AlGaAs can be alloyed to form

AlxGa1−xAs, whereby the distribution of Al is random within the crystal. This

alloying allows for an extension of the properties of the elementary and binary

semiconductor compounds to enable a tuneable band gap. The process of

adding hydrogen atoms to the graphene can be considered as alloying. No-

tably, this process is unlike doping because hydrogen atoms do not replace

carbon atoms. Rather, the graphene is alloyed between C and graphane i.e.

a fully hydrogenated graphene, or CH and the end result is an organic com-

pound.

Fig. 1.1: Material maps showing band gap vs lattice constant. A: band gap map
for 2D materials. B: band gap map for 3D semiconductors. Only one alloy family
in the 3D semiconductors is shown for clarity. The alloying line between graphene
and graphane (CH) is shown on the left panel.

The right panel of fig 1.1 shows common materials used in modern elec-

tronics for the fabrication of HEMTs, solar cells and LEDs. The left panel of

fig 1.1 shows a similar map, but for intrinsically 2D materials. In this thesis,
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the emphasis will be on probing hydrogenated graphene (CHx) where x, the

hydrogen concentration, is no greater than 5%. By tuning the hydrogen con-

tent on the alloying line between graphene and graphane, band gap tunability

should be achievable. Furthermore, tailoring the hydrogen adatom coverage

will allow a study of the impact of disorder, in the form of hydrogen adatoms

modifying the electronic properties of the material.

The three goals of this thesis are:

1. From the perspective of material synthesis, to characterize the mecha-

nism of the hydrogenation process and its impact on electronic transport.

2. From the perspective of device applications, to use the localization of

carriers in graphene due to hydrogenation to realize a proof of concept

thermometer and bolometer.

3. From the perspective of condensed matter physics, to use this 2D ma-

terial to analyze the impact of disorder on the magnetotransport of hy-

drogenated graphene.

1.2 From Graphene to Hydrogenated Graphene

In 2004, Andre Geim and Konstantin Novoselov from the University of

Manchester, were the first to isolate graphene by mechanical exfoliation [26].

They were awarded the Nobel Prize in physics in 2010 for groundbreaking exper-

iments regarding the two dimensional material graphene. Their seminal paper

demonstrated that graphene could be used as an ambipolar field effect transis-
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tor and Shubnikov-de Haas oscillations suggested that the quantum Hall effect

was within reach. The future Nobel laureates showcased many of graphene’s

unique properties [27] such as, the relativistic behavior of Dirac fermions, the

fourfold degenerate quantum Hall effect and the anomalous first plateau at

ν = ±2, as well as the non trivial Berry phase β = 0.5. Graphene’s linear dis-

persion and true 2D nature have opened the door to many discoveries such as

the observation of fractional quantum hall states in graphene [1, 28, 29] and the

experimental observation of the Hofstadter butterfly, one of the first quantum

fractals in physics [2]. Advances were also made on the material fabrication

front such as Samsung fabricating 30 inch screens made of graphene films by

using roll to roll production [5]. More recently, 100 m graphene screens were

fabricated by Sony [4]. Further work has shown that graphene could be an ideal

TEM grid material [7]. Graphene’s mechanical properties are also interesting,

as demonstrated by its tensile modulus of 1TPa [30, 31]. Finally, from the

perspective of electronics, it would be surprising if, at this moment, graphene

could replace current silicon MOSFETs. While IBM has demonstrated that

graphene has a large threshold frequency (100 GHz)[3], it nevertheless lacks a

band gap and the absence of saturation prevents it from reaching the cut-off

frequency obtained for silicon (≈ 500 GHz) [32]. As of now, graphene has be-

come so omnipresent that even the tennis racquet company Head has started

incorporating graphene into the shaft of their latest racquet in order to reduce

weight while increasing strength [33].

On a different front, a small number of research groups have focused on the

electronic properties of the chemical derivatives of graphene such as fluorinated
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Fig. 1.2: Important contributions concerning graphene since 2008: a) The frac-
tional quantum Hall effect [1]. b) Discovery of the Hofstadter butterfly [2]. c) Its
use as an analog transistor [3]. d) Sony mass producing 100 m rolls of graphene [4].
e) Samsung creating 30 inch sheets to be used as touch screens [5]. f) Graphene as
an impermeable membrane [6]. g) Graphene used as a TEM grid [7].
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graphene [34, 35, 36], graphene oxide [37, 38] and what is of interest in this

thesis, hydrogenated graphene [39, 40, 41, 42, 24]. Hydrogenated graphene is

an ideal material to study disorder in 2D. In 2DEGs, the confinement energy

of the carriers is limited by the band offset energies (100’s of meV) as opposed

to graphene where the carriers are confined by the work function (≈ 4.5 eV).

This difference gives graphene an inherent advantage for studying disorder in

two dimensions, wherein a large disorder potential can be introduces without

loss of carrier confinement. The ability to use Raman spectroscopy to infer

defect spacing is one more asset that graphene has over buried 2DEGs. Fur-

thermore, by adding hydrogen, the simplest atom, it simplifies the theoretical

calculations required to predict the band structure of this compound mate-

rial. To understand what happens when hydrogen is added to graphene, the

starting material’s electronic orbital picture is shown in fig 1.3 as well as the

chemical bonding picture in fig 1.4.

Fig. 1.3: A: a single carbon atom’s orbitals (taken from [8]). B: six carbon atoms of
benzene bonded together via their sp2 orbitals forming σ bonds and their p orbitals
hybridizing to form π bonds (taken from [9]). In an extended graphene structure,
the π and π∗ bonds constitute the valence and conduction bands respectively.

From the perspective of chemical bonding, the addition of a hydrogen atom

in the right panel of fig 1.3 localizes one electron, creating a covalent bond and
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Fig. 1.4: Atomic visualizations A: graphene, B: graphene with ≈ 1% hydrogen
coverage, C: graphane (taken from [10]).

leaving each of the three neighboring carbon atoms short by 1/3 of a π bonded

pz orbital. These three neighboring atoms have incomplete dangling bonds

arising from their lack of 1/3 of a partner pz electron. By having the 1s hydro-

gen electron bond with the pz electron of the carbon atom, the carbon atom

re-organizes its structure from sp2 to sp3. Theoretical calculations for hydro-

genated graphene cells [11], as well as graphene sheets with missing carbon

atoms, which is similar to removing a pz electron [43, 44], have shown the

emergence of a mid gap state. This can be seen in fig 1.5, and the mid gap

state can be identified with the dangling pz orbital states.

From the perspective of band theory, the hydrogen atoms should, in princi-

ple, be considered as a neutral point defect that acts as a short range scatterer.

Conceptually, breaking the translational invariance, even on only one site, will

also affect the band structure. The breaking of translational invariance with

a point defect will prevent the states that have the greatest spatial extent

(i.e. the smallest k vectors) from contributing to transport. Therefore, it is

expected that, rather than having a linear band crossing at the Dirac point,

there may be a slight curvature in the dispersion and the formation of a very
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Fig. 1.5: A: The density of states of a clean 5 x 5 graphene sheet. B: The density
of states of a 5 x 5 atom graphene sheet with one hydrogen atom. The positive DOS
(density of states) is for spin up and the negative DOS is for spin down. Taken from
[11].

small impurity induced gap. The level crossing of a Dirac cone is effectively

modified by into an anti-crossing by the symmetry breaking potential of the

point defect.

In the words of Herb Kroemer If, in discussing a semiconductor problem,

you cannot draw an energy band diagram, you do not know what you are talking

about. If you can draw it, but don’t, then your audience won’t know what

you are talking about [45]. The energy band diagrams of both graphene and

graphane are shown in fig 1.6. Note that the Dirac cone disappears and the

band minima shifts from the K and K’ points to the Γ point.

Experimental data from angle resolved photoemission spectroscopy (ARPES)
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Fig. 1.6: Energy band diagrams for a) graphene and b) graphane. Taken from
[12]. Calculations made using a tight binding model.

[13] are shown in fig 1.7, giving the evolution of the energy band diagram near

the K point as a function of hydrogen coverage up to ≈ 2%.

Fig. 1.7: ARPES data showing the appearance of a mid gap state as hydrogen
coverage is increased. a) ARPES intensities near the K point with the hydrogen
coverage in white on the lower right corner of each subfigure. b) Photemission
intensities showing the appearance of a hydrogen mid gap state [13].

As the hydrogen coverage is increased, ARPES data suggests that a mid

gap states will form an impurity band, as shown in fig 1.7 B. The ARPES
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results do not provide direct information concerning localization effects and

requires electron transport measurements such as those presented in chapter

four [13].

Naively, the density of point defects at which scattering ceases to be well

described as a perturbation is k2F , where kF is the Fermi wavevector of the

electron gas. This limit is called the Ioffe-Regel limit to metallic conduction

and will be explored in detail in a later section. Verifying this conceptual

picture will be one of the aims of this thesis.

1.3 Thesis Organization

The thesis will proceed as follows:

Chapter 2: A brief historical perspective of graphene will be presented. An

overview of the current picture of disorder in 2D will be presented along with

an introduction to the integer quantum Hall effect. This chapter ensures the

reader will have the proper theoretical basis to understand the experiments

performed in chapters 4, 5 and 6.

Chapter 3: A complete picture of the fabrication of chemical vapor depo-

sition grown graphene on copper foils. The transfer process, the mounting to

headers and the hydrogenation process will be explained. Finally, the various

experimental set-ups on which the measurements in chapters 4, 5 and 6 were

performed will be presented.

Chapter 4: An experimental introduction to hydrogenated graphene by

analyzing Raman spectra and temperature dependent transport as a function
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of hydrogenation level.

Chapter 5: The applications of hydrogenated graphene as a thermometer

and a bolometer will be shown. Principles of operation and comparisons to

existing technologies will be included.

Chapter 6: An analysis of the magnetotransport of hydrogenated graphene.

The colossal negative magnetoresistance of hydrogenated graphene that led to

the emergence of the ν = −2 quantum Hall state will be explained as well as

its magnetoresistance in a parallel field set-up. This is the most disordered

samples to date on which the quantum Hall effect has been measured.

Chapter 7: This will summarize the conclusions of the previous three chap-

ters and highlight exciting directions for future work.
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2
Review of Graphene and Hydrogenated

Graphene Properties

2.1 Historical Perspective

Graphite was discovered in 1565 in England as a means to mark animals

or even paper. It is only one hundred years later that graphite was molded

into cylindrical shapes and made into pencils. During all these years, it was

mistakenly believed that this black material was composed of lead. In 1779,

Carl Scheele discovered that this black lead as it was called, was in fact carbon.

During the same decade, Antoine Lavoisier discovered that diamond was also

another form of carbon. Not unlike the desire of alchemists to produce gold

from other metals, this decade launched several searches for ways to convert

black lead into diamond. Confirmation of the crystallographic properties of

diamond and graphite happened in 1924 when John Bernal [46] used the tech-

nique of X-ray diffraction which had just been invented by his PhD advisor,

William Bragg. These measurements confirmed the hexagonal structure of the

lattice, measured the interplane distance, as well as the lattice constant. Us-



2.1 Historical Perspective 13

ing known data regarding graphite, Phil Wallace ventured in 1947 to calculate

the charge carrier densities for varying thicknesses of graphite and obtained

a peculiar linear dispersion for a single sheet of graphite [47]. This was in

the same year the transistor was invented by John Bardeen, Walter Brattain

and Bill Shockley at Bell Laboratories. The next allotrope of carbon to be

discovered was the 0D variant: the fullerene, or bucky ball, was synthesized in

1985 and observed by Kroto et al. [48]. However, the size of a single fullerene

was too small in all three dimensions to turn it into a device and so attention

was turned towards making the 1D allotrope of carbon: nanotubes (CNTs).

At the beginning of the 1990s, Sumio Iijima and his team at NEC ignited

interest in CNTs by inventing a repeatable method of fabricating them [49].

This interest grew when it was discovered that they exhibit the electric field

effect in 1998 [50, 51]. By then, the 0D, 1D and 3D variants of carbon had all

been discovered, and only the 2D variant remained. A chemist by the name

of Hans-Peter Boehm coined the term graphene in 1962 to represent the 2D

variant while he was himself working on creating it by using oxidized graphite

[52]. By 1997, ultrathin layers of graphite and hexagonal boron nitride (h-BN)

were grown on TiC, Ni, Pt, Ir, Pd and Ru [53].

In 2004, Andre Geim and co-workers at the University of Manchester iso-

lated and measured the optical and electronic properties of a single sheet of

carbon atoms by using the scotch tape method. Geim and Novoselov won the

Nobel prize in physics in 2010 for groundbreaking experiments regarding the

two-dimensional material graphene.
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Fig. 2.1: The graphitic allotropes of carbon [14]: graphene, graphite, buckmin-
sterfullerene and nanotubes (clockwise).

2.2 Theories on disordered transport

This section will provide a conceptual basis to understand the physical

mechanisms behind electronic transport in disordered media. Using theoreti-

cal concepts established by Phil Anderson and Nevill Mott, a qualitative de-

scription of the temperature dependent transport in hydrogenated graphene is

presented in chapter four.

Hydrogenated graphene, as well as other functionalized variants of graphene,

are ideal physical systems to study electron transport in 2D. Disorder in 2D

systems is simpler to study if carriers are confined to a single 2D sub-band, as

is the case in graphene owing to the atomic layer carrier confinement with a

confinement potential of≈ 4.5 eV. This is contrast with the confinement poten-

tial of 2DEGs in conventional semiconductor heterostructures (≈ 100’s meV).

In the following sections, the topics reviewed are: metal insulator transitions
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(MIT), variable range hopping (VRH) and the Ioffe-Regel limit to metallic

conductivity.

2.2.1 Metal Insulator Transitions

In 1977, Sir Nevill Mott, John Hasbrouck van Vleck and Phil Anderson

shared the Nobel prize in physics for their fundamental theoretical investiga-

tions of the electronic structure of magnetic and disordered systems [54, 55].

By finding a way to theoretically study disorder in a lattice and predict exper-

imental manifestations, a new path was opened: disorder mediated transport

modifications. Recall that an experimental trait to distinguish a metal from

an insulator is the temperature dependence of the resistance. Regardless of

dimensionality, metals can be defined by the condition dR/dT > 0 and insu-

lators by dR/dT < 0. From the theoretical perspective of the Ioffe-Regel limit

to metallic conductivity, as T → 0K, metallic 2D systems should have a sheet

resistance below the quantum of resistance h/e2 per square and insulating sys-

tems should exhibit R → ∞. A caveat to the distinction between metal and

insulator is that in 2D systems, the behavior is never truly metallic [56]. More

precisely, for metallic 2D systems, dR/dT ≈ 0 as experimentally observed in

graphene samples [39].

To formalize what is meant by an insulator, it is important to clarify the dif-

ferent theoretical models of a band insulator, an Anderson insulator and a

Mott insulator. One difference is that the former two arise due to electron-ion

interactions and the latter is due to electron-electron interactions [57]. The

band insulator is most commonly encountered in solid state electronics and is
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what is usually meant when speaking of insulators. It also explains the gap in

density of states between the valence and conduction bands arising from elec-

tron interactions with the periodic ion potential of a crystal. The Anderson

insulator arises from the presence of randomly placed defects and is character-

ized by the localization of states that lie at energies beneath the mobility edge

(see fig 2.2) which are the states in the shadowed region. Notice that the states

are still present, but they are localized and cannot contribute to conduction.

The criterion for Anderson localization is usually written as N
1/3
d aB ≈ 0.25 in

three dimensions [15]. In other words, when the mean defect spacing (N
1/3
d )

is comparable to the effective Bohr radius (aB), the carriers are considered to

be Anderson localized. As the carrier density is modified, it is possible to go

from localized states to extended states and thus from a metallic phase to an

insulating phase.

Fig. 2.2: A given material’s density of states as function of energy. The grayed
out region represents the mobility gap within which the carriers are localized [15].

Mott insulators come about from many body interactions of the electrons
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in the system. However, no feature of temperature dependent transport can

distinguish between Mott insulators or Anderson insulators [58].

In the example shown in fig 2.3, it is the ratio of the carrier density to

defect density that determines whether the system will behave as a metal or

an insulator. As a consequence of the complexity of determining the nature of

the insulator from temperature dependent transport, the authors of this paper

would not venture to specify the type of insulating state observed.

Fig. 2.3: Sheet resistance versus temperature of a 2D Metal-Oxide-Semiconductor
structure with p type dopants where tuning the carrier density changes the temper-
ature dependent sheet resistance (modified from [16]).
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2.2.2 Variable Range Hopping

Both of the models brought forward by Anderson and Mott take a density

of states approach to the problem. However, as experimentalists, there is con-

siderable interest in having a signature in the resistance versus temperature

data so as to unambiguously determine the nature of charge carrier localiza-

tion. There are several theories that attempt to explain the behavior of the

resistance as a function of temperature: Mott variable range hopping (VRH),

Efros-Shklovskii variable range hopping (ESVRH) and Arrhenius thermal ac-

tivation. These three types of transport have the same general formula,

σ = σ0 · e−(T0/T )
1/n

, (2.1)

where n in Eq 2.1 will be d+1 for VRH (where d is the dimensionality of the

system), 2 for ESVRH and 1 for Arrhenius thermal activation [59, 60, 15, 61]

and T0 is the activation temperature. In the simplest case of Arrhenius ther-

mal activation, T0 can be associated to a well defined energy gap for carrier

excitation as in an intrinsic semiconductor (an ideal band insulator). Note

that these models apply only to 2D and 3D conductivity.

Fig 2.4 depicts a cartoon showing that variable range hopping can be

thought of as charge carriers inside the mobility gap being localized with trans-

port occuring by hopping from localized state to localized state. Variable range

hopping does not have localized states hop to non-localized states as would be

the case with thermally assisted transport where n = 1. The interaction be-
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tween electrons and phonons is thought to be the mechanism by which the

carriers will hop between localized states. However, some experimental re-

sults suggest that electron-electron interactions may also be at play [62]. The

hopping mechanism replaces the more common band conduction mechanism

because disorder is so high that the mean free path of diffusive transport be-

comes an ill defined concept and thus the conceptual picture of conduction

should be modified.

Fig. 2.4: Conceptual representation of variable range hopping where transport
takes place by hopping between localized states.

The Efros-Shklovskii VRH model also takes into account Coulomb inter-

actions between charge carriers [61]. The most important consequence of ES-

VRH is that the temperature dependent resistance is now independent of the

dimensionality of the system.

2.2.3 Ioffe-Regel Limit to Metallic Conductivity

Another perspective on the distinctions between insulators and metals is

the Ioffe-Regel limit to metallic conductivity. The conceptual picture is if a
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minimum charge carrier mean free path (λtr) exists, then there must be a

minimum to band conduction. At the Ioffe-Regel limit, the Fermi wavelength

λF is the minimum mean free path and so if the transport mean free path is

smaller than the Fermi wavelength, the material will no longer be a metal.

In other words, the Ioffe-Regel parameter establishes a dimensionless number

given by λtrkF , where kF = 2π/λF . For a material to be considered a metal, the

condition λtr ≥ λF (with the appropriate constant), factor must be satisfied.

This criterion is somewhat analogous to the criterion for Anderson localization

(N
1/3
d aB ≈ 0.25 ) that relates the defect spacing to the effective Bohr radius.

The critical value of the Ioffe-Regel parameter for the transition from metallic

to insulating conduction occurs when the mean free path is comparable to

the Fermi wavelength. Using the Büttiker expression for conductivity in 2D,

the sheet conductance is σ2D = e2

h
· g
π
· λF
λtr

where g is the degeneracy (spin

and valley). Applying the condition at the interface between metallic and

insulating (λtr = λF ), the minimum metallic sheet conductance becomes the

quantum of conductance (e2/h) to within a numerical constant and degeneracy

g.

Since neither a Fermi wavelength nor a mean free path can be defined in

an insulating transport regime where variable range hopping between localized

states describes conduction rather than diffusive band conduction, care must

be taken in defining a value of the Ioffe-Regel parameter in the insulating

phase. One can define the Ioffe-Regel parameter as a ratio of measured sheet

conductance to the conductance quantum, with the caveat that the parameter

is only an approximate indicator of disorder [63].
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2.3 Quantum Hall Effect

2.3.1 Classical Hall Effect

This section briefly reviews the origins of the quantum Hall effect, and in-

cludes a discussion on the effects of disorder. To comprehend the results shown

in chapter six, a brief review of the quantum Hall effect in typical 2DEGs and

graphene is presented.

During his PhD studies at Harvard, Edwin Hall discovered the effect that

now holds his name. The Hall effect is the difference in potential developing

transverse to the path of an electrical current when a magnetic field applied

perpendicular to the plane of the current. Any build up of voltage in the

transverse direction is commonly referred to as Hall voltage (VH) and is a

consequence of the Lorentz force FB on the charge carriers,

Fig. 2.5: Schematic of the Hall Effect with the separation of charges and ensuing
forces shown. Picture taken from [17].
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~FB = q
(
~v × ~B

)
. (2.2)

Here, q is the charge of the carrier, ~v the velocity of the carriers and ~B is

the magnetic field. Whether charges are electrons (-) or holes (+), the Lorentz

force will segregate the positive or negative charges on the same side of the

sample. In turn, this separation will cause an electric field to be created in the

direction transverse to the current. The resulting electrostatic force is given

by

∣∣∣~Fe∣∣∣ =
qVH
w

, (2.3)

where VH is the Hall voltage across the sample and w is the width of the

sample. The sign of the electrostatic force, and hence the Hall voltage, will

thus depend on the carrier type. Upon reaching equilibrium, the electrostatic

force will balance the Lorentz force,

eVH
w

= qvdB. (2.4)

In order to simplify the expression for Hall voltage, one can use I = nqvdw

where n is the area charge density and vd is the charge drift velocity. Combining

this equation and 2.4, a simpler expression for the Hall voltage yields,

VH =
IB

nq
. (2.5)

A typical way to report this quantity is to consider the Hall or transverse
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resistance which is obtained by dividing both sides by I so as to obtain Rxy or

RH as shown in eq. 2.6,

VH
I

= Rxy. (2.6)

Therefore, if the contacts permit it, one can measure the longitudinal resis-

tance (Rxx) as well as the transverse resistance (Rxy) when a magnetic field is

applied. There are many devices used today that operate using the Hall effect

such as magnetic field sensors and current sensors. This effect is a sensitive

way to measure changes in either of these two quantities.

2.3.2 Integer Quantum Hall Effect

In a seminal paper presented in 1980, Klaus von Klitzing measured the

Hall resistance in a silicon MOSFET (metal oxide semiconductor field effect

transistor) and found that its values were quantized in units of h/e2 (25813

Ω) at 1.5K [18]. In 1990, the National Institute of Standards and Technology

(NIST) adopted the quantum of resistance h/e2 as the primary definition of

resistance since it can be related to the fundamental units h and e.

The sample geometry of Klizting’s MOSFET is shown on the top right of

fig 2.6. The source and drain contacts are used for sourcing current and all

the other contacts are designed to measure voltage in either the longitudinal

or transverse directions (Hall bar geometry). Two key observations are made

from the data in fig 2.6: the plateaus in transverse voltage are quantized and

the longitudinal voltage drops to zero for these plateaus in the Hall voltage.

Recall that the motion of charged particles under a perpendicular magnetic
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Fig. 2.6: Longitudinal (UPP ) and transverse (UH) voltages vs gate voltage at fixed
magnetic field for an electron gas in a Si MOSFET at 1.5K [18]. Here, the quantum
Hall effect is seen by the plateaux in UH .

field is a circular orbit called a cyclotron orbit, with a cyclotron frequency,

ωc =
qB

m∗ , (2.7)

where m∗ is the effective mass of the charge carriers. These cyclotron orbits

can only take on specific energy levels, per the solution given by solving the

Schrödinger equation for carriers in 2D with a vector potential corresponding

to a perpendicular magnetic field. The aggregation of electrons into these

cyclotron orbits forms what are called Landau Levels (LLs). These are highly

degenerate states with energies given by
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Fig. 2.7: A: conceptual representation of the formation of LLs in the bulk for both
the sample (using the rotationally invariant symmetric gauge). B: the density of
states. Taken from [17].

EN = (N +
1

2
)~ωc. (2.8)

As can be seen from fig 2.7, as the magnetic field is increased, the spacing

between the LLs is also increased. In the ideal limit, the density of states

of LLs would be delta functions, however, the unavoidable introduction of

disorder will broaden these into Gaussian like levels [64]. In order to observe

the quantum Hall effect, the temperature must be smaller than the cyclotron

gap between consecutive LLs. The carrier density required to fill a single LL

is given by,

nB =
geB

h
(2.9)

where g accounts for the spin and valley degeneracy and nB is the number

of carriers in the LLs. As the magnetic field increases, the energy spacing

between LLs increases and the degeneracy of each LL also increases allowing
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for more carriers within a given LL. For a given number of carriers, the Fermi

level will therefore be determined by how many LLs are filled or partially filled,

as depicted in the right panel of fig 2.7. There are two parameters that can

modify the position of the Fermi level with respect to the LLs: the carrier

density, which can be modulated by doping or applied gate voltage, and the

magnetic field. The filling fraction of the LLs is defined in the following way:

ν =
n

nB
=
nφ0

B
, (2.10)

where φ0 = h/e is the flux quantum. A filling fraction of ν = 1 thus means

that all the charge carriers are filling the first LL.

Fig. 2.8: Sample of width w showing the bending of the LLs as they approach the
confining potential of the edges. Only the states at the intersection of the LL and
the Fermi level will contribute to transport along the edge. Taken from [17].

When an integer number of LLs are filled in the bulk of the sample and thus

the Fermi level is located between LLs, there will be no bulk conduction. The

LL energy will however bend at the edge of the sample due to the electronic
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confinement potential and thus edge conduction will arise from the intersec-

tion of the Fermi level and the LLs, as shown in fig 2.8. In a sample with

two edges, there will be two counter-propagating channels (one on each side of

the sample) that will carry a current with back scattering suppressed by the

Lorentz force. The different electrochemical potentials of the counter propa-

gating edges manifests itself as a transverse voltage Vy while simultaneously

producing a null in the longitudinal voltage, Vx = 0. The null in longitudinal

voltage arises because the electrochemical potential is constant along an edge.

The allowed values of Vy when the Fermi level is located between two LLs

will be given by an integer number of conductance channels multiplied by the

current and divided by the degeneracy,

Rxy =
h

νge2
, (2.11)

where h/e2 is the quantum of resistance and ν the filling fraction.

Integer Quantum Hall Effect in Graphene

Graphene’s linear dispersion relation (and thus constant carrier velocity)

and gapless nature will modify the quantum Hall effect in the following way.

The cyclotron frequency in graphene is given by the Fermi velocity and mag-

netic length [14],

ωc =
√

2
vF
lB
, (2.12)
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where vF is the Fermi velocity (≈ c/300) and lB =
√

~
eB

is the magnetic

length. From this, it can be shown that the energy spectrum of the LLs is

given by,

EN = ±
√

2e~v2F |N |B = ±~ωc
√
|N |, (2.13)

where ± represents the sign of the LL. The effect of a linear dispersion

is to increase the LL energy spacing due to the increased value of ωc. The

energy gap at 10T for GaAs/AlGaAs is ≈ 10K, whereas for graphene it is

≈ 1000K [14] between the 0th and 1st LLs. Given that the energy gap is so

large and that the cyclotron energy scales as
√
B rather than linearly in B as

in GaAs/AlGaAs, the quantum Hall effect in graphene is expected to be more

robust to disorder. In addition, graphene is the only material for which the

quantum Hall effect was measured at room temperature [27], a direct conse-

quence of the large energy gaps mentioned above.

Another property requiring differentiation with conventional quantum Hall

systems is the gapless nature of graphene’s energy band diagram. This gap-

less nature yields an anomalous Hall sequence. The anomaly stems from the

formation of a N = 0 LL which is neither in the conduction band, nor in the

valence band, but rather centered on the Dirac point. This ambiguity in asso-

ciating the N=0 LL with either conduction band or valence band states results

in an offset of 0.5 in LLs of the Hall conductivity. Graphene’s Hall sequence,

with its spin and valley degeneracy preserved is given by,
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σxy = ±4

(
N +

1

2

)
e2

h
. (2.14)

The offset of 1/2 prompted several groups to take a closer look at the N = 0

LL. It was found that spin degeneracy can be lifted and a σxy = 0 plateau can

be measured. However, Rxx 6= 0 when σxy = 0 [65]. The most complete integer

quantum Hall sequence measured to date is σxy = ±0, 1, 2, 3, 4, .., 14 e
2

h
upon

spin and valley splitting [66, 65]. Table 2.1 shows a summary of the difference

between graphene and 2DEGs for the formation of LLs.

Table 2.1 Summary of differences between a 2DEGs and
graphene for cyclotron frequency ωc, energy dispersion EN and al-
lowed fillings N.

Conventional Graphene

ωc
qB
m∗

√
2vFlB

EN (N + 1
2)~ωc ±~ωc

√
|N |

N = 1,2,3,4,... ± 0,1,2,3,4,...

At the electron density labeled i) on fig 2.9, it is clear that Rxx is at a local

maximum while σxy is at the edge of the plateau. At point i), the LL in the

bulk is partially empty and so the charge carriers conduct as they would in

an unfilled conduction or valence band. However, when a LL in the bulk is

completely filled (indicated by point ii on fig 2.9), Rxx falls to zero and σxy

is at the plateau. The value of σxy in a conventional 2DEG corresponds to

the number of LLs that are filled multiplied by the degeneracy. The 1/2 offset
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Fig. 2.9: A: ρxx and σxy as a function of carrier density for a graphene sample.
Modified from [14]. B: Energy vs the density of states in the bulk of the sample
when there is a plateau in σxy (ii) or not (i). Modified from [14].

associated with the N = 0 LL modifies this correspondence. For example in

this graphene sample at the point labeled ii) in fig 2.9, conduction is mediated

by electrons. There are σxy = 6e2

h
channels for propagation along the edge.

Given a degeneracy of g = 4, as inferred from the plateau spacing of 4e2/h in

σxy, the number of LLs contributing to conduction is 6/4 = 1.5. The N = 0

LL is filled with electrons, but in fact only contributes 1/2ge2/h = 2e2/h to

σxy. At neutrality, the N = 0 LL is already half filled with electrons, and a

charge neutral sample will give transverse conductivity σxy = 0. It is thus only

the electrons required for filling half of the N = 0 LL that contribute to σxy,

in the amount of 2e2/h. The remaining 4e2/h of conduction is provided by a

filled N = 1 LL, again taking into account degeneracy g = 4.
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3
Fabrication and Apparatus

Graphene was grown on copper foils using chemical vapor deposition with

organic precursors, following the technique of Ruoff et al. [67]. Hydrogenation

was performed in a ultra high vacuum chamber by thermally cracking molec-

ular hydrogen flowing through a white-hot tungsten capillary. All details per-

taining to the fabrication of hydrogenated graphene devices are presented in

this chapter. The apparatuses used to measured temperature dependent trans-

port are standard liquid helium 3 (LHe3) and liquid helium 4 (LHe4) cryostats.

The infrastructure used to perform magnetotransport measurements are stan-

dard superconducting magnets up to 9T at McGill, resistive magnets to 33T

and a hybrid resistive and superconducting magnet up to 45T at the National

High Magnetic Field Lab (NHMFL) in Tallahassee.



32 Fabrication and Apparatus

3.1 Graphene Fabrication

3.1.1 Chemical Vapor Deposition Growth of Graphene

This section describes the chemical vapor deposition (CVD) process used

for the growth of graphene on copper in collaboration with Prof. Mohammed

Siaj’s group at Université du Québec à Montréal. This method was first real-

ized by Ruoff’s group in 2009 [67]. It is known that in general, CVD grown

graphene samples have lower mobility, more cracks and defects than exfoliated

graphene [68]. This growth method was chosen because of the overall ease

of processing and the large sample size that can be achieved. Lower sample

quality is not a limiting factor for this work involving the introduction of com-

paratively high levels of disorder.

Ruoff’s use of Cu as a growth substrate for CVD graphene growth was

followed. Cu is well suited for monolayer graphene growth because of its

low cost and the low solid solubility limit of C in Cu (0.008% at 1084◦C [53])

favours graphene growth by surface adsorption rather than the more difficult to

control phase segregation of dissolved C. The copper substrate was thoroughly

cleaned with 1M acetic acid at 60◦C for 10 minutes followed by a 10 minute

immersion in acetone and a 10 minute immersion in isopropyl alcohol. The

Cu substrates are then inserted into a glass tube furnace where the oxide walls

will remain inert up to approximately 1000◦C. The chamber was pumped out

to a base pressure of 10−5 Torr. When the temperature reaches approximately

250◦C, the chamber was pressurized with 700 mTorr of hydrogen gas. Once
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the temperature has reached 980◦C, methane was flowed into the chamber

at 38 sccm (standard cubic centimeters per minute) until the total pressure

reaches 1.1 Torr. The graphene was left to grow for 1.5 hours at which point

the methane gas was switched off and the furnace was left to cool. Hydrogen

gas flow was maintained during the entire cooldown. A schematic of the set-up

is shown in Fig 3.1.

Fig. 3.1: Schematic of the CVD system used to grown graphene on copper from
[19].

3.1.2 Graphene Transfer

Once graphene on copper was obtained, it must be transferred onto a sub-

strate suitable for experiments. For electronic transport experiments, the

standard Si/SiO2 stack with 300 nm of SiO2 is suitable. Silicon wafers are
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purchased from Addison Engineering and are degenerately doped with arsenic

to a concentration of 2− 5 · 1019cm−3 which is equivalent to a resistivity of

1− 5mΩ·cm. This concentration of dopants ensures metallic behavior of the

silicon substrate down to at least 20 mK. The resistance corresponding to the

metal insulator transition in arsenic doped silicon is ≈ 7mΩ·cm [69] at room

temperature. An oxide thickness of 300 nm also provides a high optical con-

trast of graphene monolayers via a Fabry-Pérot effect and sufficient thickness

to allow handling of the substrates with low risk of dielectric breakdown that

would impair field effect measurements. The silicon oxide was obtained by a

chlorinated dry thermal oxidation followed by a forming gas anneal.

One side of the copper/graphene stack was spin coated with a 50 nm layer of

poly-methyl methacrylate (PMMA) to provide a handle with which to trans-

fer the graphene sample. The newly covered stack was then floated atop a

0.1M solution of ammonium persulfate ((NH4)2S2O8). Note that it was not

immersed, it was essential that the side with the PMMA handle remain un-

covered by the solution to allow flotation by surface tension. The ammonium

persulfate will etch away the copper after ≈ 24 hours. The remaining transpar-

ent film was then removed from the solution using glass slides and deposited

in a de-ionized water bath to stop the reaction. After 15-30 minutes, the film

was picked up using the Si/SiO2 stack. The final product was left to dry for

36-48 hours. Finally, the PMMA layer was removed by a 2-4 hour immersion

in acetone followed by a 5 minute IPA and DI water clean. A summary of this

process is shown in fig 3.2.
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Fig. 3.2: Process flow for the fabrication of large area graphene samples on a silicon
back-gate substrate. Picture taken from [19].

3.1.3 Contacting, Slicing and Dicing

A shadow mask was used to contact the graphene samples because it pro-

vides a resist free way of contacting the sample. The mask that was used was

a 6 by 6 contacts mask where the individual contacts are 200 by 400 µm. The

spacing between contacts was ≈ 2.5mm. The Hall bar mask has similar con-

tact size and has a 5:1 length to width ratio with six voltage probe contacts

and two large current sourcing pads as shown in fig 1 in the appendix. The

metal stack deposited by electron beam evaporation was 3 nm of Ti and 50
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nm of Au. Titanium was chosen because it provides an optimal wetting layer

on graphene because their work functions are close and titanium is experi-

mentally found to yield the lowest contact resistance [70]. Gold was chosen

because it does not oxidize, it provides good adhesion for wire bonding, and

the desorption temperature of hydrogen on gold is between 150K and 175K

[71]. The silicon oxide gate dielectric can however store hydrogen at room

temperature. It is problematic when hydrogen is stored in the oxide as it was

experimentally found to diminish the insulating quality of the oxide. This

problem arises because the diffusion coefficient of atomic hydrogen in SiO2 is

measured to be ≈ 10−15cm2/s [72] and predicted to be potentially as large as

≈ 4 · 10−6cm2/s [73]. The simplest way to circumvent this problem is to ensure

graphene was covering the entire surface that will be exposed to the hydrogen

beam as graphene has been reported to be impermeable to all gases [74].

Dicing was performed to transform the 2 cm by 2 cm contacted graphene

surface to 4-6 devices comprising of 4-8 contacts each. A diamond scribe tool

was used to precisely cut the wafer piece into different sections. To prevent

gate leakage, the graphene on the edges, which may be in contact with the Si

back gate, must be de-coupled from the rest of the graphene sheet. This step

was performed with a tungsten probe tip. The tip was also used to remove

graphene sections that are not to be probed in transport measurements. A

typical sample is shown in fig 3.3

In fig 3.3, the metalized sample is sitting atop a small copper foil (not

visible) that was adhered to the G10 package using non conductive glue and
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Fig. 3.3: Typical Hall bar shaped device on a G-10 carrier.

was shorted to a pin using silver paint (DuPont 4929). The same silver paint

was used to adhere the device on the copper foil to ensure conductivity of the

back gate. Aluminum wire bonds are then made between the device’s contacts

and the G10 package forks. The final step was to deposit small doses of silver

paint on top of the aluminum bond-fork junction to solidify the contact.

3.2 Hydrogenated Graphene Fabrication

3.2.1 Hydrogen Gun and Set-Up

Producing a high flux of hydrogen atoms is of paramount importance for hy-

drogenating graphene samples. In collaboration with Richard Martel’s group

at Université de Montréal, a hydrogen gun based on thermal cracking of molec-

ular hydrogen in an ultra high vacuum chamber was used to perform the hy-

drogenation as it is required that the hydrogen atoms bond to a clean graphene

surface. A in situ measurement of resistance was added to the set-up to mon-

itor the effect of hydrogenation on the two point resistance of the graphene
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sheet.

The hydrogen gun consists of a cooling shroud made of copper, a tungsten

filament wound in a circle (inside the cooling shroud), a stainless steel tube

leading to a smaller tungsten tube capillary providing the flow of molecular

hydrogen, a manual shutter and two thermocouples (one at the silver solder

joint between the stainless steel fittings and one at the bottom of the copper

shielding). This is inspired by Bertel’s classic design [20] and shown in fig 3.4.

The thermionic emission current (typically 20mA) from the tungsten fila-

ment was accelerated towards the capillary by the application of a modest -

600V voltage to the filament relative to the capillary (held at chamber ground).

The temperature reached by the tungsten capillary has been measured using

an IR thermometer (Mikron M90H) to be > 2000K which is measured to disso-

ciate > 80% of the hydrogen atoms [75]. The angular full width half maximum

of the atomic hydrogen beam at our estimated flow of 1 sccm was ≈ 15◦ [76].

All wires have been encompassed in ceramic tubing so as to prevent electrical

shorts. The cooling shroud provides cooling by either flowing chilled water or

nitrogen gas through the cooling lines within the shroud walls. Water cooling

allows the joint temperature to be maintained at or below 20◦C, as measured

by a thermocouple, during the hydrogenation process. The sample chuck also

includes a tungsten filament under the sample which allows the sample to be

heated in UHV to anneal and prepare the sample for hydrogenation. There

are six wires from the sample chuck to the outside environment. Two of these

wires are used to heat the tungsten filament under the sample chuck. The

remaining four wires are used to contact the graphene sample. This allows



3.2 Hydrogenated Graphene Fabrication 39

Fig. 3.4: Hydrogen gun with the design inspired from [20] and the top image taken
from [21].

for a in situ measurement of two or four point resistance during either an-

nealing or hydrogenation. The process by which graphene was hydrogenated

has the following steps: the sample was inserted and the system was pumped

down by an ion pump to the low 10−8 or high 10−9 Torr range. The sample

was heated by electron bombardment of the sample chuck with its tungsten

filament. The sample heating promotes the thermal desorption of any species
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that may have adsorbed onto the surface from ambient conditions. The heat-

ing in particular aids in the desorption of water from the graphene / oxide

interface. The sample was heated until its temperature reaches more than

100◦C which takes ≈ 15 minutes while supplying ≈ 2 mA of emission current

(using ≈ 2.2A filament current and -600V bias relative to ground) between

the tungsten filament under the sample and the grounded chuck. The sample

was then left to cool down for 15-20 minutes or until the temperature of the

transfer arm falls below 40◦C as measured by the thermocouple on the transfer

arm. This process can be shortened in duration by allowing nitrogen gas to

flow in the transfer arm and indirectly cool the chuck. Before hydrogenation

can begin, the ion pump must be turned off to allow a rise in pressure from the

introduction of hydrogen gas. When turning off the ion pump, a turbo pump

located in the sample load-lock chamber was used to pump out the hydrogen

gas introduced to the chamber. The hydrogen gun was turned on by applying

an accelerating voltage of -600V and increasing the filament current until the

thermionic emission current reaches 20mA. The pressure in the chamber was

increased to 10−5 Torr of hydrogen from the base pressure of 10−9 Torr using

a butterfly leak valve. The multimeter was connected to the sample and the

shutter opens: the hydrogenation begins. Fig 3.5 shows a picture of a sample

undergoing hydrogenation.

3.3 Experimental Apparatuses and Techniques

Table 3.3 shows a summary of all the experimental apparatuses used in

the collection of data including their respective base temperatures, how they
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Fig. 3.5: A: A sample exposed to an atomic hydrogen beam. The light originates
from the white hot tungsten filament heated to > 2000K. B: The two point resistance
vs hydrogenation time taken in situ during the hydrogenation and an exponential
fit to the curve.

reach those temperatures, the magnetic field, the measurements performed on

that apparatus and the chapter where results observed with that particular

apparatus are found.

Table 3.1 Summary of apparatuses used.

Location Base T [K] - Environment B [T] Measurement Chapter
ECE 0.27 - Vacuum 0 R vs T 4, 5

ECE 9 - Vacuum 0 R vs T, Resp 5

Physics 1.6 - Exchange Gas 0 R vs T 4

Physics 0.27 - Vacuum 9 R vs [T,B] 5,6

NHMFL 0.27 - LHe3 18,33T R vs [T,B](‖, ⊥) 6

NHMFL 0.55 - LHe3 45T R vs B 6

A standard low frequency AC lock-in technique was used throughout the
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experiments. An AC sourcing voltage of 100mV RMS was applied to a 10MΩ

resistor. The sourcing current, Ix, was applied to the I+ electrode and the

I− contact was kept at ground. A lock-in (SRS-830) set at a frequency of

either 11 or 13 Hz with all filters off was used in differential (A-B) voltage

mode as shown in fig 3.6. If the device was a Hall bar, two lock-ins were used

to measure Vx and Vy simultaneously under the same settings after verifying

that a simultaneous measurement doesn’t change the single measurement. If,

instead, the device was a two point device, the four contacts would be merged

with BNC tees (I+ with V+ and I− with V−). The voltage on the gate was set

using a Keithley 2400 SourceMeter to source a DC voltage to the gate with

respect to the I− contact while keeping the DC leakage current under ≈ 10%

of the AC sourcing current. For each measurement, a calibration up to 11 MΩ

using a decade resistor box was performed since the lock-in input impedance

(10 MΩ) and the sample resistance up to 7MΩ present a non-negligible load

on the current source. In the event where the resistance of the sample was ex-

pected to be of the same order as the 10 MΩ sourcing resistor, a second lock-in

would be used to measure the voltage drop on the sourcing resistor. This mea-

surement allows for a measurement of the sourcing current at all times which

now allows a measurement of the device resistance.
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Fig. 3.6: Circuit diagram of a four point Van der Pauw measurement with a lock-in
amplifier. A 100 mV RMS AC voltage is applied to a 10MΩ resistor to source a
current Ix. The voltage Vx is measured using differential input on an SRS 830 with
10MΩ input impedance.
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4
Characterization of the Hydrogenation Process

In this chapter, Raman spectra and electrical transport measurements of

hydrogenated graphene are described. The increase, upon hydrogenation of

graphene, of the ratio of the intensity of the Raman D-band at 1350 cm−1

Stokes shift to the intensity of the Raman G peak at 1585 cm−1 is a clear

signature of the introduction of translational symmetry breaking point de-

fects. Raman mapping reveals a heterogeneous defect density and a compari-

son across samples reveals significant variation in defect density increase with

hydrogen dose. The increase, upon hydrogenation of graphene, in electrical re-

sistance and development of insulating (dR/dT < 0) behavior is qualitatively

consistent with a transition from band conduction to a variable range hopping

regime. However, the resistance does not quantitatively fit any known model

for variable range hopping over the wide range of temperature investigated.

4.1 Raman Spectroscopy

Raman spectroscopy is a powerful tool to analyze material properties, in-

cluding graphene. A review of the theory and practice of Raman spectroscopy
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in the study of graphene is beyond the scope of this thesis, and the reader

is encouraged to consult the tome of Herzberg [77] for a general introduction

to Raman spectroscopy, or the review by Jorio et al. [78] on the application

of Raman spectroscopy to graphene. Notably, defect density can be probed

by Raman spectroscopy in graphene but not in conventional buried 2DEGs.

Indeed, graphene shows an anomalously strong Raman scattering due to the

resonant conditions provided by its zero-gap bandstructure [78].

4.1.1 Experimental Details about the Raman Systems

Two systems were used to collect Raman spectra of graphene and hydro-

genated graphene.

The first system that was used to gather Raman spectra on samples is a

Renishaw RM3000 which is a point mapping micro-spectrometer. It delivers

up to 15 mW of power to the sample through a linearly polarized 514 nm Ar

ion laser (Spectra Physics 177-G42). The signal reflected from the sample is

collected through with a 20x objective that has a numerical aperture of 0.4

and is sent through a 50 µm slit and diffracted with a grating of 1800 lines

per mm. This system collects Raman spectra point-by-point with a spot size

of ≈ 1µm.

The second spectrometer is a Raman Hyperspectral Imager (RIMA) man-

ufactured by Photon etc. Unlike a point mapping micro-spectrometer, the

RIMA is an imaging spectrometer. It can deliver up to 4W of power on the

sample using a single mode doubled Nd:YAG laser operating at 532 nm. It
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is an imaging spectrometer that uses volume Bragg gratings. A 50x objective

with a numerical aperture of 0.8 was used, resulting in a two dimensional Ra-

man map of 225 by 225 µm2 from 1000 cm−1 to 3000 cm−1, with a resolution

of ≈ 500nm.

4.1.2 Classification of Raman Peaks and Bands in Graphene

Table 4.1 shows the Raman peaks and bands typically observed in graphene,

including peaks and bands whose intensity depends upon the translational

symmetry breaking of defects. Notably, the Raman peaks correspond to dif-

ferent scattering processes, involving either one or two phonons and in some

cases scattering by a point defect. The scattering can involve intra-valley

(K→K) and inter-valley (K→K’) transitions. The scattering processes that

occur in graphene to produce the three main peaks (D, G and G’) are shown

in fig 4.1.

Fig. 4.1: E-k diagrams of the Raman Stokes scattering process corresponding
to the G, D, and G’ peaks. Transitions are indicated by arrows, wherein: red
arrows represent photon absorption, blue arrows represent phonon emission, purple
arrows represent scattering by a defect potential, and green arrows represent photon
emission. Modified from [22].
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The lines in fig 4.1 show, that there is a mode that is excited in energy

with the incoming photon (red line). That excited mode may then scatter off

a phonon (blue line) to the K’ valley or stay in the K valley depending on the

momentum modification. The green line represents the emission of a photon

that generates the Raman signal. In clean graphene, there are no defects to

scatter off of (purple line) and thus only the G and G’ processes are allowed.

In disordered graphene, the presence of defects allows a scattering mechanism

that uses defects and enables the D peak to form, regardless of the defect type.

Table 4.1 Summary of the position of the Raman Stokes shift at
a pump wavelength of 514 nm with their commonly used label and
scattering mechanism.

Wavenumber (cm−1) Label Scattering Mechanism
1350 D single phonon + defect, inter-valley
1585 G single phonon, intra-valley
1620 D’ single phonon + defect, intra-valley
2450 G* double phonon, inter-valley
2700 G’ double phonon, inter-valley
2935 G+D double phonon + defect, inter + intra-valley

Single crystal graphene exhibits three main peaks in the 1000 to 3000 cm−1

range. The G, G* and G’ peaks are all active in a graphene with translational

symmetry. The G peak is present in all sp2 carbon systems and it is named for

the G in graphite [78] given its sensitivity to C-C stretching. The wavenumber

corresponding to the maximum intensity of the G peak is sensitive to the local

levels of doping [79]. It is therefore expected that upon introducing lattice

defects, via hydrogenation or otherwise, the G, G’ and G* peaks will appear

with reduced intensity or disappear completely in the extreme case of high
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disorder. The peaks or bands that appear upon introduction of translational

symmetry breaking disorder are D, D’ and G+D. In each of the D, D’ and

G+D peaks or bands, momentum is provided to the scattered electron by a

defect that breaks translational symmetry, such as a point defect or edge. The

intensity of these peaks or bands is related to the density of defects. The D

band in particular has been used to estimate defect density in graphene sheets

[23]. Owing to the experimental difficulty of measuring Raman scattering

intensity in absolute units, the ratio of Raman intensities is commonly used.

The ratio of Raman D band intensity, ID, to Raman G peak intensity, IG was

used.

4.1.3 Estimating Defect Density from Raman Spectra

To estimate the hydrogen induced defect density, the same phenomenolog-

ical model is applied for point-defect induced disorder as has been successfully

applied to understanding the correlation between defect spacing λD and Raman

intensity ratio ID/IG in Ar+-ion bombarded graphene by Lucchese and cowork-

ers [23]. In this phenomenological model, it is assumed that the graphene

sample has point defects of uniform density without spatial correlations, in

contrast to the situation of line defects as found in a poly-crystalline sample

for example. Although the defects have no correlations, the model assumes

there is a coalescence of the defected zones. The resulting phenomenological
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mapping between ID/IG and λD is,

ID
IG

= CA
r2A − r2S
r2A − 2r2S

[
exp

(
−πr2S
λ2D

)
− exp

(
−π (r2A − r2S)

λ2D

)]
+

CS

[
1− exp

(
−πr2S
λ2D

)]
(4.1)

where the parameters CA = 4.2, CS = 0.87, rA = 3.0 nm and rS = 1.0 nm

for a pump wavelength λ = 514 nm. The parameters respectively represent

the measure of the maximum value of the ID/IG ratio, the value of the ID/IG

ratio in the highly disordered limit, the radius of the activated region and the

radius of the structurally damaged region. These parameters were determined

empirically from experiment. This curve and its fit with experimental Raman

spectra of ion bombarded graphene is illustrated in fig 4.2.

Our Raman spectra measured at a λ =514 nm pump wavelength must be

corrected for the pump wavelength dependence of ID/IG. Assuming that the

known ID/IG ∝ λ4 scaling for edge defects [78] can be applied to point defects,

giving an estimated correction ID/IG(514 nm) = (514/532)4× ID/IG(532 nm)

for comparison with the phenomenological model.

Importantly, there is a non-monotonic relationship between ID/IG and λD,

as clearly seen in fig 4.2, arising from the coalescence of the effective area

around defects where D peak scattering occurs. This introduces ambiguity

into the inference of λD from ID/IG alone. To resolve this ambiguity, the D’

peak can be used. The D’ can also be utilized to differentiate the type of defect

(sp3, vacancy or boundary) [80].
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Fig. 4.2: Experimental Raman spectra from three different graphene samples bom-
barded by ions at a pump wavelength of 514 nm. A: Non-monotonic relationship
between ID/IG and the defect density λD. B: Use of the D’ peak to resolve ambiguity
in determining λD from ID/IG. Taken from [23].

4.1.4 Single Point Raman Spectra

Fig 4.3 gives a comparison of the Raman spectra of unhydrogenated and

hydrogenated graphene. One sample was hydrogenated for four minutes, and

the other sample was hydrogenated for fifteen minutes. All the samples ana-

lyzed are CVD grown on Cu and transferred to a Si/SiO2 substrate.

Fig 4.3 shows several features that are common to all disordered graphene

spectra observed in this project. The first is the large increase of the D peak

intensity from being slightly above the noise floor of the spectrum in clean

graphene to being the largest peak of the hydrogenated graphene spectrum.

Fig 4.3 also shows a significant relative reduction in the G’ peak intensity. The

G’ peak is sensitive to translational symmetry breaking and is correspondingly

reduced in intensity by hydrogenation.
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Fig. 4.3: Comparison of Raman spectra before (black) and after (red) hydrogena-
tion. A: Hydrogenation time of 4 minutes with an extracted λD ≈ 4.5nm. B:
Hydrogenation time of 15 minutes with an extracted λD ≈ 1.5nm. A vertical offset
has been applied to the hydrogenated graphene spectra.

To summarize, the experimental evidence provided by Raman spectroscopy
that the hydrogenation process increases point defect density is:

• D peak intensity increase

• D’ peak intensity increase

• G’ peak intensity decrease

• G* peak intensity decrease

• G+D peak intensity increase

Raman point mapping gives information about the state of the graphene

illuminated by the laser spot, but is painstaking and time consuming to probe

the state of large-area graphene such as that used in this work.

4.1.5 Raman Maps

To obtain a more representative estimate for the defect density of an entire

sample, the RIMA system was used on graphene samples and their hydro-
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genated counterparts on the same physical location of the sample. Fig 4.5

shows the difference in the maps for the intensity of the D and G peaks. This

sample was hydrogenated for twelve minutes.

Upon the acquisition of a Raman spectral image, meaning a Raman spec-

trum at each image pixel, the peak intensities are carefully determined. The

Raman baseline (blue curve in fig 4.4) is effectively removed by fitting the

Raman spectrum to a sum of a third-order polynomial for the baseline and a

Lorentzian lineshape for either the G or D peak (green curve in fig 4.4).

Fig. 4.4: A typical fit of the D peak for one of the points making up the Raman
map. The blue line is the baseline fit, the green line is the signal fit and the black
line is the data. Data taken from the 12 minute hydrogenation sample.
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Fig. 4.5: Comparison of Raman maps where both the x and y axes are positions
in µm. These are from the same sample which was hydrogenated twelve minutes.
A: Intensity of the D peak before hydrogenation. B: Intensity of the D peak after
hydrogenation. C: Intensity of the G peak before hydrogenation. D: Intensity of the
G peak after hydrogenation. The bottom left corner of maps C and D is a scratched
off gold pad. The circles represent regions which have defects before hydrogenation.
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The full width half max, the position in wavenumber and the intensity of

those peaks can thus be extracted. As can be seen in fig 4.5 and consistent

with the Raman point spectroscopy, the G peak intensity is reduced upon hy-

drogenation and the D peak intensity is enhanced upon hydrogenation. It can

be seen from the mapping that the defect density is non-uniform over the sam-

ple, as observed in the fluctuation of the D peak intensity after hydrogenation.

Regions that were initially more disordered, such as the line defects diagonally

crossing the sample in panels A and C, do not seem to correlate with more

hydrogen coverage. The nature of these line defects is not known. Looking

at the G peak intensity image after hydrogenation (panel D of fig 4.5), the

G peak intensity has dramatically reduced over the majority of the mapped

sample area. The only regions with negligible reduction in G peak intensity

are circled in black. It is hypothesized that these regions suffer reduced hy-

drogen exposure on account of unintentional surface contamination that was

not removed by the rinsing and annealing steps prior to hydrogenation.

A comparison of Raman maps for samples hydrogenated for six, eight, ten,

and fourteen minutes is presented in fig 4.6, with the extracted ID/IG ratio

plotted. The mean value of ID/IG over the mapped area is then compared in fig

4.7. The error bars were computed as a standard deviation of ID/IG over the

map, and is thus an indication of the inhomogeneity of ID/IG. Importantly, it

is observed that hydrogenation time gives poor predictive power, from sample

to sample, of the mean Raman ratio ID/IG.

It is first interesting to note from fig 4.7 that for samples hydrogenated

the same duration, the D/G ratio values for the samples hydrogenated 10
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Fig. 4.6: Raman D/G ratio maps for samples hydrogenated six, eight, ten and
fourteen minutes. All areas shown are 110 by 225 µm2.

minutes do not match within the error bars. The only common trait held by

all points is that they were all grown on Cu at the same time. Fig 4.7 also

shows that in the limit of high hydrogenation, the D/G ratio does not follow

the same trend as is expected from fig 4.2. The data rather seems to suggest

that samples will hydrogenate at different rates thereby making it unreliable

to use hydrogenation time as a figure of merit of disorder. Nonetheless, Raman

maps do provide a useful tool to visualize the variation in defect density.
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Fig. 4.7: Comparison of mean ID/IG ratio from Raman maps in fig 4.6 as a
function of hydrogenation times for different samples. The points are taken from
Raman maps (RIMA) in fig 4.6 with a typical clean sample at zero minutes for
comparison. Every point corresponds to an independent sample.

4.2 From Raman to Transport

To bridge the understanding imparted by Raman maps and electronic

transport, it is useful to measure the in situ resistance as a function of hy-

drogenation time. This measurement is taken in UHV as the sample is being

hydrogenated, without breaking vacuum. As seen in fig 4.8, the resistance

increase exponentially with hydrogenation time.

This measurement is an indication that hydrogenation causes a dramatic

modification of the electronic transport properties of graphene. Many tests

were done to confirm that the cause of this increase was the hydrogen. For

example, heating the gun with no hydrogen, flowing hydrogen without ther-
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Fig. 4.8: Two point resistance as a function of hydrogenation time. Measured in
situ during the hydrogenation process at 300K with an exponential fit represented
by the dashed line.

mally cracking it and closing the shutter were all measured to yield no change

in resistance. The exponential increase in resistance with hydrogen dose is

inconsistent with doping, but rather with the introduction of disorder.

4.3 Temperature Dependent Transport

Another way to characterize the hydrogenation process is by measuring

the temperature dependent resistance of the hydrogenated graphene. Fig 4.9

shows the measured resistance as a function of temperature at different gate

voltages.

Fig 4.9 shows that the overall magnitude of dR/dT of the devices is carrier

density dependent, however, its sign remains negative for all charge carrier

densities. For this particular sample (HG9), the charge neutrality point is not

exactly known, yet is most likely at a gate voltage above 50V. Looking at the
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Fig. 4.9: Two point resistance vs temperature in log-log scale of sample HG9.
Three different gate voltages are shown: -40V (black), 0V (blue) and 50V (red),
with the latter having the fewest charge carriers (the device is p-type).

data in a log-log plot as is shown in fig 4.9, there seems to be a slope change

at a temperature slightly above 10K, however this feature is absent in the -

40V dataset. Recall from chapter 2 that the temperature dependence of the

resistance is expected to follow Eq. 4.2 with n = 3 in the case of Mott variable

range hopping (VRH), or with n = 2 in the case of Efros-Shklovskii variable

range hopping (ESVRH) [15, 61], i.e.

R = R0 × e−(T0/T )
1/n

. (4.2)

By plotting the data shown in fig 4.9 with the specific purpose of deter-
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mining whether n = 2 or 3 is observed yields fig 4.10.

Fig. 4.10: Comparison of two point resistance vs temperature with the x axis
plotted as T−1/3 on the left side and T−1/2 on the right side. The gate voltage is
50V at the top and -40V at the bottom. The quality of the fit fails to distinguish
whether a Mott or Efros-Shklovskii model applies in the temperature range explored.

Looking at the fits presented in fig 4.10 the quality of the fits do not allow

one to distinguish the underlying physical model for transport as correspond-

ing to Mott VRH or ESVRH. Most of the samples for which low temperature
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transport has been measured show a similar behavior where there is quali-

tative VRH-like resistance versus temperature, but one cannot quantitatively

assign a VRH or ESVRH behaviour to electron transport. The exact transport

mechanism in hydrogenated graphene remains unknown.

Fig. 4.11: Two point resistance vs temperature as a function of gate voltage of
sample HG18. The inset shows the two point resistance as a function of gate voltage
at 1.7K. There is evidence of a saturation regime at low carrier density at the lowest
temperature.

Fig 4.11 shows similar transport to fig 4.9 and also fails to distinguish be-

tween VRH and ESVRH, but agrees qualitatively with the VRH model. The

inset of fig 4.11 shows a resistance plateau regime observed at low carrier den-

sity and low temperatures. At the lowest temperature, both the 45V and 60V

gate voltages yield approximately the same resistance. This is the case even

though there are 1× 1012 /cm2 more carriers in the former case, as estimated
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by the parallel plate capacitive model where n = εε0Vg/toxq, with n as carrier

density, ε the permittivity of SiO2 and tox the oxide thickness). This may

suggest that there are at least 1 × 1012 carriers/cm2 that are localized rather

than free, as gate voltage is modulated from 45V to 60V. This observation is

inconsistent with the density of states of pristine graphene, which is devoid of

localized states. The resistance vs gate voltage also shows that as the carrier

density is increased, the hydrogenated graphene becomes less strongly insulat-

ing since dR/dT then tends towards 0. This resistance plateau region has also

been observed in the low charge carrier regime in several other samples.

In conclusion, the insulating behavior demonstrated by all hydrogenated

graphene samples, the exponential growth of in situ resistance and the Raman

spectra confirm that carriers become localized and translational symmetry

defects are introduced to graphene by hydrogenation. The transport data sug-

gests ambivalent agreement with VRH and ESVRH in both the high and low

carrier density regimes. The emergence of a resistance saturation regime near

the neutrality point is puzzling, and is investigated further with the application

of a perpendicular magnetic field in chapter 6.
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5
Hydrogenated Graphene Based Thermometer

and Bolometer

The most direct and useful applications of hydrogenated graphene use the

strong temperature dependence arising from charge carrier localization. The

two main applications that rely on this property are thermometers and bolome-

ters. At low hydrogen density (≤ 1011cm−2), a typical sample’s resistivity is ex-

ponential at very low temperatures and the signs of the localization regime can

only be perceived at 100’s of mK. At higher hydrogen coverage (≥ 1011cm−2)

the exponential regime in resistance is observable at much higher tempera-

tures and so the localization regime persists up to temperatures as high as

100’s of K. A critical feature of this disordered system is that the temperature

dependence of resistance can be controlled via the hydrogen dose.

Table 5.1 summarizes the properties of various types of thermometers where

the key parameter in thermometers and one of the key parameters in bolometer

is the sensitivity (dR/dT ). Fig 5.1 shows a comparison of the dR/dT values
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Table 5.1 Summary of thermometers used in low temperature
environments.

Material Range [K] σ mechanism R@4K[Ω] Price [$]
Ruthenium Oxide [0.1, 40] VRH > 1k [200,2000]

Zirconium Oxy-Nitride [0.1, 300] VRH ≈ 1k [200,1000]

Doped Germanium [0.05, 100] VRH ≈ 1k [500,2000]

Hydrogenated Graphene [0.3, 50] VRH ≈ 20k TBD

between some of the most commonly used thermometers offered on the mar-

ket and four different hydrogenated graphene devices. Fig 5.1 shows that the

device with the largest dR/dT is the hydrogenated graphene device HG-D2 at

10 K which is slightly more sensitive than the doped germanium thermome-

ter at 50 mK. The largest dR/dT is a consequence of the resistance of the

device itself being large. Finally, the wide spread of dR/dT values at 10K

shows that dR/dT can be tuned by hydrogen dose to meet different specifica-

tions. However, hydrogenated graphene thermometers show variable behavior

on successive cooldowns.

Table 5.2 lists the hydrogenated graphene samples that were used for

bolometry and thermometry measurements.
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Fig. 5.1: Thermal sensitivity (-dR/dT at minimum temperature) vs temperature
taken for all low temperature thermometers sold by Lakeshore compared to hydro-
genated graphene. The GR series is doped germanium, RX is ruthenium oxide, and
CX is zirconium oxy-nitride.

5.1 Hydrogenated Graphene as a Thermometer

5.1.1 Calibration

Typical thermometers used in low temperature measurements consist of

either ruthenium oxide, doped germanium or zirconium oxy-nitride (Cernox).

All three of these thermometers exhibit charge carrier transport well approx-

imated by VRH at temperatures below 10 K and usually follow thermally

activated transport above 10 K [81]. Table 5.1 indicates that the transport

mechanism for all four thermometer types is the same. Some advantages that

graphene has over conventional low temperature thermometers are its low heat
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Table 5.2 Summary of samples used in this chapter for fabrica-
tion of thermometers and bolometers.

Name dR/dT [Ω/K] at Tbase Application
HGD2 -5.6 · 106 Bolometer

HGD5 -1.8 · 105 Bolometer

HGD4 -1.7 · 103 Bolometer

HG7 -1.2 · 105 Thermometer

capacity (2 · 10−21 J/K·µm2 at 5 K) [82], a low electron phonon coupling in

graphene [82, 83, 84] and a large surface to volume ratio. Its ultra-thin film

nature makes it possible to coat a reasonably flat surface of interest and thus

minimize the physical distance between the thermometer and the object whose

temperature is being measured.

To use graphene as a thermometer, characteristics such as sensitivity, re-

peatability and control of manufacturing must be demonstrated. In the follow-

ing section, its high sensitivity will be demonstrated at cryogenic temperatures

in the presence of a magnetic field. The first step thus required in order to use

hydrogenated graphene as a thermometer is to perform the calibration of the

resistance as a function of both temperature and magnetic field. To obtain

these data, the field and temperature of a Janis He-3-SSV fridge were both

kept at constant value until the resistance of the hydrogenated graphene de-

vice reached a constant equilibrium value to eliminate dynamic effects such as

eddy current heating. For all measurements, the sourcing current was kept at

10 nA in order to prevent self heating of the device, as seen in the blue region



66 Hydrogenated Graphene Based Thermometer and Bolometer

of fig 5.2. The data in fig 5.2 was taken on a subsequent cooldown which is

why the resistance values at 300 mK are different than in other plots (i.e. figs

5.3, 5.4). This issue is most likely related to material stability and needs to

be addressed prior to efforts at commercialization. A potential solution to be

investigated in the future is to encapsulate the hydrogenated graphene surface.

Fig. 5.2: Resistance vs bias current of HG7 at 300 mK on a subsequent cooldown.
Sourcing currents of 10, 20 and 50 nA show no signs of self heating (blue region).
The sourcing currents in the red region show signs of self heating.

The calibration of the resistance as a function of both temperature and

magnetic field is shown in fig 5.3. Thermometers used at low temperatures

are often used in systems with magnetic fields. It is therefore important to

calibrate the effect of the magnetic field on the thermometer. An interpolation

was done by a fourth order spline function to find resistance values where data

points were not taken in temperature and magnetic field. The graphene resis-

tance R was fit to the form ln(R) =
∑
αm,n ·Bm · (1/T )n, with the coefficients

αm,n for m,n ≤ 4 determined by a least-squares fit over 0.3K < T < 1.2K and



5.1 Hydrogenated Graphene as a Thermometer 67

0T < B < 9T. The hydrogenated graphene based thermometer’s calibration

was accurate such that the maximum deviation between the interpolated and

measured temperature values was ≈ 15 mK.

Fig. 5.3: A: Calibration of R vs T at B = 0 T. B: Calibration of R vs B at T =
300 mK. C: Calibration of the hydrogenated graphene thermometer in both T and
B. The device measured is HG7.
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5.1.2 Adiabatic Demagnetization Cooling

To test hydrogenated graphene as a thermometer, a measurement of the

heating and cooling of a doped silicon wafer acting as a paramagnetic heater /

refrigerator was performed. The set-up is such that the hydrogenated graphene

device is sitting atop 300nm of SiO2 and 500µm of doped silicon underneath.

The hydrogenated graphene thermometer is in thermal contact with the silicon

back gate. The As doped silicon back gate acts as a paramagnetic medium

such that the electrons spins bound to the donor impurity atoms can un-

dergo adiabatic demagnetization cooling. The entropy of donor-bound electron

spins in heavily doped silicon dominates over both phonon entropy and elec-

tron gas entropy at low temperatures and moderate magnetic fields [85, 86],

thus enabling effective cooling by demagnetization. Any minute temperature

changes in the doped silicon should therefore be measured by the hydrogenated

graphene device. The thin SiO2 oxide has a relatively large thermal conduc-

tance (κSiO2 ≈ 10−5W/cm ·K at 300mK) [87] such that κSiO2 ·A/L ≈ 0.3W/K.

This large thermal conductance allows the hydrogenated graphene thermome-

ter to be approximately thermally shorted to the doped silicon. Despite a

relatively large resistance (100’s of kΩ), the thermometer is experimentally

measured to respond rapidly to temperature changes occurring in the doped sil-

icon substrate (10’s of seconds). The resistance of the hydrogenated graphene

device was measured as the magnetic field was swept. Fig 5.4 shows the ef-

fect of sweep rate on the magnetoresistance compared to the value when both

temperature and magnetic field are static.

The phenomena underlying the results shown in fig 5.4 is the expected
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Fig. 5.4: Dynamic magnetoresistance with sweep rate at 0.225 T/min (blue) with
the steady state values (red). The grey arrows represent the order in which the
magnetic field was swept. The device measured is HG7.

adiabatic demagnetization cooling of the electron spins bound to the donor

impurity atoms. The operating principle of this refrigerator is the same as a

paramagnetic salt demagnetization stage used to extend the base temperature

of dilution refrigerators. The heating in the device is explained by the relax-

ation of spin split states to the ground state and the cooling is explained by

the demagnetization of the spins as the magnetic field is reduced towards zero

field.

The four steps of adiabatic demagnetization cooling can be observed from

the magnetoresistance curve in fig 5.5 taken at 300 mK and comparing the

dynamic magnetoresistance (black) to the calibration values (blue). It is also

possible to observe the full spin polarization of the demagnetization stage at

approximately 4 T.

Subtracting the calibration curve from the dynamic resistance curve (black

minus blue curve in fig 5.5) yields the temperature difference. Performing these
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Fig. 5.5: Magnetoresistance (black) with the steady state value (blue). The sweep
rate is 0.225 T/min. The device measured is HG7.

operation on data sets taken at different temperatures results in fig 5.6.

As can be seen from fig 5.6, the hydrogenated graphene thermometer is

effective at measuring changes in the temperature of the doped silicon. The

main impediment to commercializing this thermometer is the reliability upon

successive cooldowns. The calibration curves measured for this device in fig

5.3 were inaccurate for subsequent cooldowns.

To summarize, hydrogenated graphene, once properly calibrated, can be

used as a thermometer sensitive to |TRox − THG| ≈ ±5 mK based on the

deviations of the hydrogenated graphene thermometer from the calibrated

ruthenium oxide thermometer. The main problems with using hydrogenated

graphene as a thermometer are its different behaviors upon thermal cycling
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Fig. 5.6: Dynamic cooling of the demag stage at different temperatures. The sweep
rate is 0.225 T/min. The device measured is HG7.

and the lack of predictability of temperature dependent transport based on

hydrogenation time. As explained in chapter 4, this topic requires future in-

vestigation to fully understand the process by which defects mediate change

in temperature dependent transport, and how defect density itself can be con-

trolled. The main advantage with using hydrogenated graphene as a ther-

mometer is its large and tuneable sensitivity dR/dT .

5.2 Hydrogenated Graphene as a Bolometer

Current bolometers available on the market for astronomy applications are

typically made of silicon and achieve a responsivity of 105 V/W [88]. The

operation principle of a bolometer is to have impinging radiation heat the

absorbing medium and to have a sensitive resistive thermometer detect the
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change of temperature due to the absorption of the radiation. For this exper-

iment, the silicon is the absorbing medium and the hydrogenated graphene is

the thermometer. Because of the weak electron phonon coupling present in

graphene and its small electron heat capacity [82], it is possible that graphene’s

performance could exceed that of current bolometers in the THz range. It is

also theoretically predicted that introducing disorder would further modify

the electron phonon coupling [89]. Recently, it was experimentally demon-

strated that bi-layer graphene could be used as a bolometer by making use of

the gap that emerges in bilayers under appropriate conditions [90]. Generally

speaking, the change of temperature of the electrons resulting from heating by

absorption of radiation

T (P )− T (0) =
εP√

G2
th + ω2C2

th

, (5.1)

where ε is the emissivity, P is the impinging power, Cth the heat capacity

and Gth the thermal conductance. Despite its small thermal conductance,

hydrogenated graphene can still have a quick response due to its extremely

small heat capacity. Therefore, to maximize ∆T , it is intuitive to minimize

the heat capacity and minimize thermal conductance. This ensures that the

heat accumulated in the material will not dissipate too quickly. To maximize

the voltage responsivity (RV ), as shown in eq 5.2, it is important to have the

largest dR/dT and ∆T ,

RV =
Ibias(dR/dT )∆T

P
, (5.2)
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Hydrogenated graphene could be an optimal material because of the large

thermal resistance between its charge carriers and the rest of its environment,

thereby allowing for the build up of a large temperature difference between

the hydrogenated graphene’s charge carriers and the environment.

State of the art sensors come in two forms, either superconducting transi-

tion edge sensors or doped germanium and silicon which achieve responsivities

of 108 V/W and 105−107 V/W at ≈ 160 mK and ≈ 2.5 K respectively [91, 88].

The principle of operation of transition edge sensors is that a small change in

heat causes the material to undergo a transition from a superconducting state

to a resistive state, leading to a very large dR/dT , but a limited tempera-

ture range. The principle of operation for the doped silicon and germanium

is to have the sample’s doping close to its metal insulator transition where

its dR/dT will be maximal. When this is the case, a small amount of heat

will generate a large change in resistance. The neutron transmutation doping

used in doping silicon and germanium has been well characterized over the

years [92] and results in highly predictable performance. For hydrogenated

graphene, the doping process has not yet been completely characterized and

still suffers from inhomogeneity across the sample, as shown in chapter four.

Important to the characterization of both thermometers and bolometers is

the measurement of both dR/dT and dR/dPi in order to obtain the thermal

resistance of hydrogenated graphene.
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5.2.1 Thermal Resistance Characterization

To understand the efficiency of the hydrogenated graphene bolometer, we

measure the thermal resistance Rth = 1/Gth to the environment. To per-

form thermal resistance measurements, the hydrogenated graphene devices

were mounted on ceramic carriers which were in turn mounted on 16 pin G-

10 headers. A copper thermal link was created between the cryostat cold

head and the G-10 header. The cryostat used was a closed cycle 10K opti-

cal cryostat (Janis CCS-150) where the temperature uncertainty on the cold

head was ≈ ±0.1K. A semiconductor parameter analyzer (Agilent B1500) was

used to measure the electronic characteristics of the sample. A two point mea-

surements configuration was used to measure current while sourcing 10mV

DC source-drain voltage. A schematic of the sample and its heat dissipation

channels is shown in fig 5.7. The first step was to measure the temperature

dependence of the samples as shown in fig 5.8.

The value of dR/dT ≈ -5.6 MΩ/K was obtained for HGD2 and it is the

largest of all four samples measured. This value of dR/dT is obtained at the

smallest carrier density for HGD2. This temperature dependent resistance,

similar to the data shown in the previous chapter, does not quantitatively fit

to either Mott VRH, Efros-Skhlovskii VRH or thermally activated transport.

To measure Rth, we measure dR/dT and dR/dPi, where Pi is the internal Joule

heating,

Rth =
dT

dPi
≈ dR/dPi
dR/dT

. (5.3)
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Fig. 5.7: Schematic of the sample being exposed to incoming radiation and the
various channels through which heat can be dissipated.

Fig. 5.8: R2pt of four devices as a function of temperature. The carrier density
was minimized for each sample.

To measure dR/dPi, a calibration of the resistance versus bias voltage was

measured. Firstly, the device was calibrated at every Kelvin in the range of
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interest (9-30K). Then, at fixed cryostat temperature, the bias current was

increased to self heat the device. Fig 5.9 is a plot of the inferred electron

temperature versus the Joule heating induced by increasing the bias voltage.

The hypothesis used to create this plot is that all the power pushed into the

device goes towards self heating and is not caused by a non-linear IV curve.

Fig. 5.9: Extracted electron temperature vs applied electrical power for HGD5
with base temperature 9.8K.

From these calibrated plots of R vs T and R vs Pi, it is now possible to

calculate the thermal resistance in the devices as shown in fig 5.10. The maxi-

mum value of thermal resistance value obtained for HGD2 is Rth = 3K/nW. To

give a sense of comparison, one meter of 30 gauge copper (0.225 mm diameter)

has a thermal resistance of Rth = 3.2× 10−10K/nW at room temperature.

To ensure that the cause of this effect was not a weak thermal link between

the sample and the cryostat’s cold head, the hydrogenated graphene was re-

placed with a germanium sample of similar dimensions but thicker (0.5 cm

by 0.5 cm by 500 µm thick), where a Rth = 4.8 · 10−7K/nW was measured.
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Fig. 5.10: Rth vs temperature for all devices.

It is therefore possible to rule out a poor thermal link between the cryostat

and the sample. Remaining causes of the high thermal resistance could be the

graphene oxide interface or high thermal resistance of oxide. However other

work shows that the value of thermal resistance for 300 nm thick and one mm2

of SiO2 is Rth = 3 × 10−11K/nW at ≈ 1K [87]. The value of the predicted

thermal resistance of the interface (or Kapitza resistance) between graphene

and silicon oxide is Rth = 1.5×10−11K/nW at 10K using the T 3 extrapolation

[93]. The doped silicon back gate has a dopant density that makes it metallic

even at 0.3K and a thermal resistance of Rth = 8.5× 10−11K/nW for 500 µm

at 10K using the Wiedemann-Franz law. It has also been calculated that the

out of plane thermal resistivity of graphene is much higher than its in plane

thermal resistance by roughly two orders of magnitude at room temperature
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(1.4·10−10 vs 1.4 · 10−12 Km/nW) [94]. A possible explanation for the large

thermal resistance of hydrogenated graphene is thus the decrease of in plane

thermal transport owing to the presence of defects induced by hydrogenation.

Indeed, calculations show that defects can alter the electron-phonon coupling

in graphene with the Ioffe-Regel parameter kFλ >> 1 [89]. It is thus likely

that in the strongly disordered limit where kFλ << 1, the electron phonon

coupling may be dramatically altered by electron localization. These theoret-

ical predictions could lead to an even weaker electron-phonon coupling and

thus a higher thermal resistance.

5.2.2 Responsivity

To perform the responsivity measurements, a SiC globar was heated be-

tween 300-1000K and focused through a thalium bromo-iodine window (KRS-

5, transmission 0.7-30µm) on to the hydrogenated graphene samples. The

incident power was measured with a thermopile (Excelitas TPD 1T 0514).

The thermopile cannot measure radiation with wavelength λ < 6µm, so the

incident power was estimated using Planck’s blackbody radiation formula at

the temperature of the globar. The temperature of the globar was determined

from the manufacturer’s calibration of temperature versus applied power. Vis-

ible light was experimentally found to have no impact on device response. It

was then possible to measure bolometric response by irradiating the devices

with the globar, with results shown in fig 5.11

The largest responsivity 105 V/W corresponds to the smallest incident

power of 9 µW . This measurement was achieved by biasing the device with
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Fig. 5.11: A: Responsivity vs impinging globar power at 10 K with 9 µW of
incident power for HGD2. B: Responsivity vs cryostat temperature with 25 µW of
incident power for HGD2.

an optimally chosen current, making a compromise between maximizing bias

to maximize the signal and minimizing the bias to minimize self-heating. A

maximum response was found by exposing the device to black body radiation

from the room at 300K. Fig 5.11 shows that as incident power is increased

there is a decreasing value of responsivity. This is a direct consequence of the
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fact that the device is heated and so dR/dT is reduced.

Fig. 5.12: Comparison of responsivity (black) and dR/dT (blue) as a function of
two point resistance at 10K for the three surviving devices.

Fig 5.12 shows that increasing the electrical resistance and thus dR/dT

by operation at lower temperatures further improves bolometer responsivity.

Given that increased electrical resistance correlates with increased thermal

resistance, introducing more defects via hydrogenation improves detector per-

formance.

HGD2 achieves a responsivity of ≈ 105 V/W at 10K and compares advanta-

geously to commercially available silicon bolometers which have responsivities

of 105−107 V/W at operating temperatures between 1.6 and 4.2 K [88]. Given

that there is a strong correlation between device resistance, thermal resistance
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and dR/dT , one way to improve performance would be to hydrogenate the de-

vices further. However, since the measurements are electrical, it is important

to hydrogenate such that R <≈ 1GΩ to ensure that electronic conduction is

dominated by hydrogenated graphene rather than parasitic leakage conduction

through wiring or the oxide substrate.
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6
Magnetoresistance of Hydrogenated Graphene

It is a matter of debate as to whether Anderson or Mott insulators ex-

hibit positive or negative magnetoresistance under an applied perpendicular

magnetic field [95, 96, 97, 98, 99]. In the specific case of disordered graphene,

the observation of negative magnetoresistance has been common in fluorinated

[36], oxidized [37] and hydrogenated [42, 39] graphene. Our observation of neg-

ative magnetoresistance as a transition from insulating state to a quantum Hall

state is the result of an interplay between disorder and magnetic confinement.

The experiments presented in this chapter answer a question posed by Sankar

Das Sarma which reads: A far more interesting situation would be to pick a

system that is strongly localized (kFλD << 1) at 0 T and to create delocalized

states via the application of a B field. The natural question then arises about

whether one would observe at finite fields the quantized Hall conductance phe-

nomenon in a high disorder strongly localized (at 0 T) 2D system as the B field

is increased [64].

The quantum Hall effect had previously been observed in high mobility

GaAs/AlGaAs gated to subthreshold densities to increase the Ioffe-Regel dis-
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order parameter and generate insulating like behavior (dR/dT < 0). By dra-

matically reducing carrier density (n ≈ 1010cm−2), a disordered regime of

transport is recovered at dilution fridge temperatures (10’s to 100’s of mK)

[100, 101]. Refined experiments increased the maximum carrier density at

which insulating type behavior was observed (n ≈ 1011cm−2), a direct result

of increased disorder, and thus the temperature at which the quantum Hall

effect could be observed was increased to ≈ 1 K [102]. In all three of these

papers, disorder is never purposely introduced, but is rather dependent on

the purity of the growth. A fundamental question that arises is whether the

quantum Hall effect is robust to arbitrary amounts of disorder. This will be

investigated here.

Presented in this chapter are results from four hydrogenated graphene sam-

ples inserted in large DC magnetic fields at the NHMFL. The quantum Hall

effect at ν = −2 is observed in the most disordered sample to date, as char-

acterized by a Ioffe-Regel parameter of ≈ 250. A magnetic field dependent

localization of charge carriers, a transition from insulating like behavior to a

quantum Hall state and a positive magnetoresistance in parallel magnetic field

configuration were observed.

6.1 Measured Samples

Table 6.1 summarizes the basic properties of the samples whose data is

shown in the later parts of the chapter. As noted in chapter four, the correla-
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tion between hydrogenation time and electrical resistance is poor.

Table 6.1 Summary of the properties and measurements for the
four samples measured in high fields. These all share a two point
geometry.

Name R @ 300K [Ω] R @ Base [Ω] H time [min] Configurations

HG18 110kΩ 1.8MΩ at 0.3 K 12 ‖, ⊥ 33 T

HG33 17kΩ 6.5MΩ at 0.6 K 6 ⊥ 45 T, dV/dI

HGT2 4.5kΩ 35kΩ at 1.5 K 8 ⊥ 70 T

7H5m 17kΩ 18kΩ at 1.5 K 5 ⊥ 60 T

Fig 6.1 shows the temperature transport data for HG-33. All other hydro-

genated graphene samples exhibit the same insulating behavior, i.e. dR/dT <

0, as well as hole type conduction at zero gate voltage. The inset of fig 6.1 also

shows a zero field resistance plateau region that will explored in more detail

in later sections. Fig 6.2 shows a similar resistance plateau region for HG-18.

As shown in fig 6.2, the effect of an applied magnetic field is orientation

dependent. When the field is parallel to the graphene plane, the gate voltage

width of the resistance plateau is increased by positive magnetoresistance, but

when the field is perpendicular to the graphene plane, the resistance plateau

width is reduced by negative magnetoresistance.



6.2 Magnetoresistance in a Parallel High Magnetic Field 85

Fig. 6.1: Resistance R2pt vs temperature for different gate voltages VG of sam-
ple HG-33. The inset shows the resistance R2pt vs gate voltage VG at the base
temperature of 1.7 K.

6.2 Magnetoresistance in a Parallel High Magnetic

Field

It is found that hydrogenated graphene has a positive magnetoresistance

under parallel magnetic field conditions. Specifically, at higher carrier den-

sity, the magnetoresistance is found to increase by a factor of four whereas no

change in the magnetoresistance is observed at low carrier density. Finally, the

positive magnetoresistance is found to reduce in magnitude as the temperature

is increased.

In the following section, the measurements of HG-18 in a 33T magnet are

described with the parameters of the experiment explained in chapter three.
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Fig. 6.2: A: Resistance R2pt vs gate voltage for a perpendicular magnetic fields
for sample HG-18. B: Resistance R2pt vs gate voltage for a parallel magnetic field
for sample HG-18. The parallel magnetic field increases the resistance plateau and
the perpendicular one reduces the resistance plateau. All data was taken at ≈ 300
mK.

The upper bound for the misalignment between magnetic field and graphene

plane is≈ 0.5◦. This sample has a zero field resistance of≈ 70 h/e2, which is far

above the Ioffe-Regel limit for metallic conduction. As expected, this sample

behaved like an insulator as determined by from its temperature dependent

resistance (not shown). Fig 6.3 shows that upon an increase in carrier density,

a larger positive magnetoresistance is observed. Both low carrier density gate

voltages of 30V (not shown) and 60V show very small magnetoresistance in

the parallel field configuration. In contrast, at a gate voltage of -60V, the zero

field resistance is 193 kΩ and increases to 350% of its initial value or 689 kΩ

which is still far from the resistance plateau value shown in fig 6.2, ≈ 2MΩ.

A possible theoretical explanation for this effect was proposed [98, 99]

such that in the hopping conduction regime, when carriers attempt to hop

to another energy state, the Pauli exclusion principle can become effective at
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Fig. 6.3: Normalized two point resistance R2pt vs parallel magnetic field for differ-
ent gate voltages VG for sample HG-18. The low carrier densities exhibit no change
in resistance as a function of parallel magnetic field in contrast to the high carrier
densities. Data was taken at ≈ 300mK. Both sweep directions are plotted.

blocking the hop as a result of the spin polarization of localized states. At

sufficiently high temperatures, the thermal energy can be made comparable

to Zeeman energy, i.e. kBT ≈ gµBB. Thus as temperature is increased, the

positive magnetoresistance is expected to decrease with the depolarization of

localized spins. Fig 6.4 shows the experimental parallel field magnetoresistance

at different temperatures for the highest carrier density.

From the temperature dependence presented in Fig 6.4, it can be seen

that the positive contribution to the magnetoresistance indeed decreases as

the temperature is increased. We note that gµBB = kT at B = 25T results in

T = 33K for g = 2, as expected from a low Z material such as graphene. The



88 Magnetoresistance of Hydrogenated Graphene

Fig. 6.4: Normalized two point resistance R2pt vs parallel magnetic field at -60V
gate voltage for different temperatures for sample HG-18. Increasing the tempera-
ture reduces the positive magnetoresistance. Both sweep directions are plotted.

dramatic reduction of the positive magnetoresistance at T = 20K is consistent

with the hypothesis that the origin of the effect is due to spin polarization of

localized states. However, there is presently insufficient experimental evidence

to uniquely identify the origin of the positive magnetoresistance in the parallel

field configuration.

6.3 Magnetoresistance in a Perpendicular High Field

6.3.1 Quantum Hall Effect

The application of a perpendicular field modifies electron transport primar-

ily through the orbital degree of freedom, meaning the physics of Lorentz force
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or Landau levels as previously described. The ν = −2 quantum Hall effect was

observed in hydrogenated graphene. More generally, hydrogenated graphene

was measured to have truly colossal negative magnetoresistance when a per-

pendicular magnetic field is applied. The localization of carriers was also found

to depend on magnetic field. A transition from metallic-like to insulating-like

behavior was observed as a function of magnetic field and carrier density.

In the following section, the measurements of HG-33 are described up to

45T in the hybrid resistive-superconducting magnet at the NHMFL in Tal-

lahassee with the parameters of the experiment presented in chapter three.

This sample has a zero field resistance of ≈ 250 h/e2, which is far above the

Ioffe-Regel limit for metallic conduction. HG-33 also behaves like an insulator

as shown in fig 6.1 (dR/dT < 0). Fig 6.5 also shows R2pt as a function of

magnetic field and gate voltage, at base temperature (≈ 550mK).

In fig 6.5, the resistance plateau is clearly observed up to 17.5T. As the

magnetic field is increased, the gate voltage width of the plateau reduces.

Oscillations of resistance versus carrier density begin to appear at 25T. Fig

6.6 shows the ν = −2 quantum Hall state at 45 T when the gate voltage is

swept.

The inset of fig 6.6 shows a zoom-in where the resistance takes the value

of R2pt =12 962 Ω which is within 0.5% of h/2e2 = 12 906 Ω. In a quan-

tum Hall state, the longitudinal four point resistance Rxx → 0 and the two

point resistance approaches the transverse resistance R2pt → |Rxy|. The be-

havior of R2pt is fully consistent with a Hall component admitting the quan-
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Fig. 6.5: Resistance R2pt vs perpendicular magnetic field and gate voltage at ≈
550mK for sample HG-33.

tized value Rxy = 2h/e2. From the known anomalous QH series of graphene

Rxy = ±h/4e2(N + 1/2)−1[26, 103], the hole doping of the sample, and an

assumption of preserved spin and valley degeneracies, this QH state corre-

sponds to the N = −1 LL index. Recall that two conditions to observe the

quantum Hall effect is temperature smaller than the Landau level separation

and that the disorder broadening of those Landau levels still allows for split-

ting of the Landau levels at a given magnetic field. Notably, no Shubnikovde

Haas oscillations in resistance are observed as this QH state emerges directly

from an insulating state. A potential explanation to explain the absence of

Shubnikov-de Haas oscillations is the large disorder broadening inherent to this

sample. This broadening can be calculated in Kelvin using Γ = ~/2τ where
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Fig. 6.6: Resistance R2pt vs hole density (lower ordinate) or gate voltage (higher
ordinate) at 45 T for sample HG-33 from [24]. The density was estimated by using
a parallel plate capacitor model and the charge neutrality point was taken to be the
gate voltage about which the curve is symmetric. Data was taken at ≈ 550 mK.

τ is given by τ = λD/vf or the scattering time defined by the mean defect

spacing. Calculating this values yields a LL broadening of 775K. In contrast,

the expected splitting of the LLs at 45T in graphene is expected to be≈ 3000K.

The mobile hole density at ν = −2 is given by 2eB/h = 2.2 · 1012/cm2,

however, the quantum Hall plateau is observed at a displacement field corre-

sponding to 3.6×1012/cm2. This discrepancy in the number of carriers directly

confirms the presence of localized carriers in the resistance plateau region. The

discrepancy in carrier density at the ν = −2 state is roughly equal to the width

of the resistance plateau region of 1.4 × 1012/cm2 (represented as the purple

halo in fig 6.6).
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The ν = −4 or ν = −6 quantum Hall states are not observed, however,

a weak minimum is present at about 8 × 1012/cm2, as seen in Fig 6.6. The

expected density of the ν = −6 plateau is 6eB/h = 6.6 × 1012/cm2, and

taking into account the 1.4 × 1012/cm2 localized carriers, the total density

should be approximately 8 × 1012/cm2. This density is in agreement with

the experimental observation under the hypothesis that the resistance plateau

causes the shift in Hall plateau densities. The lack of a ν = −6 plateau is

consistent with the fact that the energy gap between the N = −2 and N = −1

LLs is smaller than it is between the N = 0 and the N = −1 LLs.

Shown in Fig 6.7 is the evolution of the localized carrier density as mea-

sured by the width of the plateau region. Here, carriers are defined to be

localized if the resistance is above ≈ 6.25 MΩ ≈ 240h/e2. Fig 6.7 B shows

that localization is reduced as perpendicular magnetic field is increased.

As can be seen in fig 6.8, the sample appears to crossover from an insulating

state to a quantum Hall state when the magnetic length becomes less than,

or similar to, the mean defect spacing λD. The mean defect spacing λD was

determined by Raman point scattering measurements over several points on the

sample per the techniques described in chapter four. Based on this observation,

the following heuristic is proposed. At low magnetic fields, the electron’s

wavefunction is not spatially compressed by the magnetic field (purple halo in

fig 6.8), and its extent encompasses several scattering centers (black spheres

in fig 6.8). This results in a high resistance from the localization of charge

carriers. In contrast, in the high magnetic field regime, the wavefunction is
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Fig. 6.7: A: Resistance R2pt vs gate voltage for 0 T, 17.5 T and 45 T for sample
HG-33. The voltage distance between the charge neutrality point and when the
resistance falls below 6.25 MΩ is plotted on the bottom and converted to carrier
density. B: Localized carriers vs magnetic field in units of both carrier density and
width of the plateau in gate voltage for sample HG-33. The two are related via
n = εVg/toxq where n is carrier density, ε the permittivity of SiO2 and tox the oxide
thickness. Data was taken at ≈ 550 mK.

spatially compressed to dimensions of the order of the magnetic length, and

so conduction may percolate between the scattering centers. In other words,

once the magnetic length becomes of the order of the defect spacing (lB ≈

λD), conduction edge channels likely percolate through the disorder. For this
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Fig. 6.8: Resistance R2pt of sample HG33 at 21 V gate voltage vs both the magnetic
field (lower ordinate) and magnetic length, lB (upper ordinate). The shaded region
indicates the estimated point defect spacing extracted from the Raman spectra from
[24]. Data was taken at ≈ 550mK.

particular device, the defect spacing was estimated to be λD = 4.6±.5 nm from

Raman spectroscopy. Assuming that this device is similar to those analyzed

in chapter four, it is expected to have heterogeneous hydrogen coverage. The

insulator to quantum Hall transition occurs when the magnetic length is in the

range of 4-6 nm, which is consistent with the point defect spacing measured

with Raman spectroscopy.

6.3.2 Differential Resistance (dV/dI) in the Quantum Hall Regime

A useful technique to obtain more information concerning the metallic or

insulating behavior of a sample is to perform dV/dI measurements. To perform

these measurements, a signal containing both the AC and DC components is

used to measure the differential resistance, dV/dI, of the sample as a func-

tion of bias voltage. In other words, by increasing the kinetic energy of the
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electrons, a greater number of conduction channels open. On the other hand,

thermal effects may dominate as the sample warms up owing to the Joule heat-

ing associated with a finite current flow in a resistive channel. Recall that for

insulators dR/dT < 0 and for metals dR/dT > 0. Therefore as the DC bias is

increased, an increase in differential resistance corresponds to a metallic state

whereas a decrease in differential resistance corresponds to an insulating state.

The latter interpretation in terms of sample warming neglects the modulation

of the number of conducting channels that is expected at large biases, such as

inter-LL transitions when e×Vbias > EN−EN−1. For these experiments, a 100

mV AC RMS bias and a DC bias of up to 700 mV were applied on a 10 MΩ

resistor to source ≈ 10 nA of AC current and ≈ 70 nA DC current through

two points in a similar fashion to what is discussed in chapter three. Mea-

surements of the differential resistance as the DC bias is increased are shown

in fig 6.10. The points at which these measurements were made are shown on

fig 6.9 and are labelled A, B and C. Label A corresponds to a higher carrier

density than the ν = −2 plateau (0 V, 45 T, labeled A). Label B corresponds

to the ν = −2 plateau (20 V, 45 T, labeled B). Label C corresponds to the

local resistance maximum at a higher carrier density than the ν = −2 plateau

(-17 V, 45 T, labeled C). Finally, the last curve, labelled D, is taken in the

resistance plateau region at zero magnetic field (20 V, 0 T) and is not labelled

in figs 6.9 given that it is taken at 0 T.

Fig 6.10 shows curve C crossing over from a regime where dR/dT > 0

to a regime where dR/dT < 0. The same figure shows curve A starting to

change curvature at the highest bias. Curve B, corresponding to ν = −2 fill-
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Fig. 6.9: Two point resistance as a function of gate voltage for HG-33 at 45 T. The
labels show the positions at which the dV/dI experiments were performed. Data
was taken at ≈ 550mK.

Fig. 6.10: Normalized two point differential resistance dV/dI vs applied DC bias
at different gate voltages and magnetic fields for sample HG-33. Data was taken at
≈ 550mK. Both sweep directions are plotted.

ing, displays an increasing resistance as the bias voltage is increased which is

consistent with metallic behavior (dR/dT > 0) whereas at zero magnetic field

at the same applied gate voltage the differential resistance curve corresponds

to insulating behavior (dR/dT < 0). The data taken in the localization regime
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(20 V, 0 T curve) displays the steepest decrease in resistance, consistent with

a highly insulating state. The behavior of this sample is very similar to HGD5

which was used to make the bolometer presented in chapter five. In summary,

the dV/dI data taken in the resistance saturation region shows strictly insu-

lating behavior in contrast to those taken at high field near ν = −2 which

show a transition from metallic like behavior to insulating like behavior.

6.3.3 Quantum Hall Effect and the Ioffe-Regel Limit

Here, HG-33 is compared to previous samples that exhibited the quantum

Hall effect. In fig 6.11 many of the seminal papers where the quantum Hall

effect was measured are shown. The two axes of fig 6.11 are the Ioffe-Regel

parameter (kfλ)−1 and the Wigner Seitz radius rs which is the ratio of total

Coulomb energy to total kinetic energy for the electron gas rs = EC/EK .

Focusing only on the position of the samples on the y axis, it is clear that

most samples where the quantum Hall effect was observed are on the metallic

side of the Ioffe-Regel limit. Previous to this work, the sample closest to HG-33

was a modulation doped 2DEG of GaAs/AlGaAs [102] (labeled 2 in fig 6.11).

Two important differences between the areas labeled one and two in fig 6.11

are that sample two displays a mobility of the order of 104cm2/Vs at 0T and

away from the subthreshold region and displays no resistance plateau region.

Although the decomposition of the Ioffe-Regel parameter into a product of

Fermi wavelength and mean free path is questionable above the metallic limit

for conduction, the notion of a dimensionless Ioffe-Regel parameter inferred

from a ratio of measured sheet resistance with the resistance quantum still
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Fig. 6.11: Ioffe-Regel Wigner-Seitz diagram for the main families of materials
exhibiting the quantum Hall effect. The figure shows the zero-field value of the
Ioffe-Regel disorder parameter (kFλ)−1 plotted vs the Wigner-Seitz radius, both
dimensionless, for the main 2DEG families in which the integer and fractional quan-
tum Hall effect were observed. A brief description of the material system, indexed
numerically, is given in the upper right. The size of the labeled regions is represen-
tative of the parameter range from observed mobilities and densities. The dashed
line shows the Ioffe-Regel limit where kFλ = 1. The Wigner crystal (WC), thought
to occur at large rs and low disorder, is highlighted in green. Taken from [24].

gives an approximate measure of disorder. The fact that the quantum Hall

effect was observed in a sample with Ioffe-Regel parameter ≈ 250 suggests that

the quantum Hall effect may be arbitrarily robust against disorder.

A final observation concerns the energy scales accessible by applying mag-

netic field to highly disordered samples. Graphene with a low coverage of
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hydrogen (0.1-0.3 %) has an estimated zero field band gap EG of 400-600 meV

as measured by ARPES [13]. The energy spacing between the first pair (N = 0

and N = ±1) of Landau levels is 240 meV at 45T for pristine graphene. The

similarity of energy scales shows that this system is ideal to study the interplay

between disorder and magnetic confinement as well as the quantum Hall to

insulator transition [104].
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7
Conclusions and Future Work

7.1 Conclusions

Presented in this thesis are: the method by which graphene is hydro-

genated, the methods used to analyse hydrogenation in terms of obtaining

a spatial map of the defects by Raman spectroscopy and gathering the tem-

perature dependent resistance. Raman spectroscopy confirmed the introduc-

tion of defects breaking the translational symmetry of graphene and allowed

an estimate of defect density induced by hydrogenation to be inferred. Sam-

ples appear to hydrogenate at different rates. Also presented are two poten-

tials technological applications that could be improved using hydrogenated

graphene: thermometers and bolometers. Thermometers showing a sensitivity

of ≈ 107Ω/K were measured as well as bolometers showing a responsivity of

≈ 105V/W and a thermal resistance of Rth = 3K/nW. Measurements of the

magnetic field dependent transport in both perpendicular and parallel field

configurations have been shown to yield opposite magnetoresistance signs. The

colossal negative magnetoresistance found in the perpendicular configuration
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led to the measurement of the quantum Hall effect in the most disordered 2D

system to date as measured by a Ioffe-Regel parameter of ≈ 250. The ob-

served colossal negative magnetoresistance is thought to be a transition from

an insulating state to the ν = −2 quantum Hall state. The experiment was

motivated by the question: is the quantum Hall effect robust to arbitrary

amounts of disorder? The experiments presented in this thesis have increased

the upper bound of disorder where the quantum Hall effect is observed.

7.1.1 Hydrogenated Graphene Characterization

As was shown in chapter four, measurements of the Raman spectra of

hydrogenated graphene were taken with both a spot point system and an

imaging system. An increase in hydrogenation time led to an increase in the

ratio of Raman D peak intensity to Raman G peak intensity for the maps

which is consistent with an increase of the neutral point defect density. The

defect mapping that was measured showed measurable heterogeneity across

the area measured.

However, two samples prepared in the same way and hydrogenated for the

same duration were measured to have different D/G ratios over an area of

200 by 200 µm2. It thus appears that samples hydrogenated at different rates

despite all efforts to maintain the same experimental conditions. A potential

reason for sample to sample variation in hydrogenation time is the corrugation

of the graphene sheet. It is known that bonding a hydrogen atom changes

the bonding of the carbon atom to the other carbon atoms from sp2 to sp3

which causes a lattice deformation. If the lattice is already deformed due to
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corrugation, it may provide an optimal region for the hydrogen to start bond-

ing. Another potential source of sample to sample variation is the presence of

polymer residues that inhibit the hydrogenation process [105, 106].

Temperature dependent electronic transport was measured at different den-

sities and was found to always yield insulating behavior (dR/dT < 0) for all

carrier densities. This insulating behavior is qualitatively consistent with a

VRH model and none of the measured samples quantitatively fit either Efros-

Shklovskii or Mott VRH models. A resistance plateau at zero field was ob-

served in two different samples at a resistance well above the resistance quan-

tum of ≈ 26 kΩ. The cause of this plateau remains unknown.

7.1.2 Applications

As was shown in chapter five, hydrogenated graphene was used as a ther-

mometer and a bolometer because of its large dR/dT .

Hydrogenated graphene has the largest dR/dT compared to any thermome-

ter sold for cryogenic applications. The dR/dT value is likely smaller than

transition edge sensors, but the temperature range in which the hydrogenated

graphene thermometers can operate is much wider. A hydrogenated graphene

thermometer can be calibrated to sense minute changes (≈ 10 mK) in tem-

perature as evidenced by a demonstration of adiabatic demagnetization with

the doped silicon substrate supporting the graphene thermometer. Graphene’s

small heat capacity due to the small atomic number density in a monolayer,

large dR/dT and ability to be placed in proximity to surfaces of interest could

make it an ideal thermometer. The reproducibility of the temperature depen-
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dent resistance as well as the stability of the samples upon successive cooldowns

remains problematic. Such problems could potentially be fixed by device re-

finement, including encapsulation by an inert superstrate to protect the hy-

drogenated graphene from the external environment.

Hydrogenated graphene on silicon was measured to have bolometric re-

sponsivities as high as ≈ 105 V/W on par with current commercial bolome-

ters. Two of the contributing factors are its large dR/dT , and its large thermal

resistance (Rth ≈ 3 K/nW). The precise origin of the large thermal resistance

remains unclear, but is possibly due to the very weak electron phonon coupling

of graphene that is further altered by electron localization and modification of

the acoustic phonon density of states upon hydrogenation.

7.1.3 Hydrogenated Graphene in a Magnetic Field

As was shown in chapter six, hydrogenated graphene shows positive magne-

toresistance in a parallel magnetic field configuration and negative magnetore-

sistance in a perpendicular magnetic field configuration. The positive parallel

field magnetoresistance was shown to be both temperature and carrier den-

sity dependent. As temperature is increased or carrier density is decreased,

the magnitude of the positive magnetoresistance declines. It is possible the

positive parallel field magnetoresistance could originate in the declining avail-

ability of states due to the spin polarization of carriers in the hopping transport

regime [98, 99].

The quantum Hall effect was observed with the emergence of the ν =

−2 state from an insulating state in which the Ioffe-Regel parameter is ≈
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250. The width in gate voltage or carrier density of the resistance plateau

regime is experimentally observed to decline as a function of magnetic field.

In other words, as perpendicular magnetic field is increased, the number of

localized carriers declines. A heuristic explanation based on a magnetic field

mediated carrier percolation through point defects was suggested. A metal

like to insulating like transition in the differential two point resistance was

measured in the vicinity of the ν = −2 plateau.

7.2 Future Work

From the observations made throughout the thesis, one problem stands

out: the reproducibility of the hydrogenation as probed by the Raman spectra

and the temperature dependent transport. This problem makes it difficult to

conduct systematic studies of transport and other material properties versus

hydrogen fraction of CHx. Solving this problem could lead to a better under-

standing of the influence of disorder on conduction, the opening of a gap as

hydrogen fraction increases, and even the commercialization of thermometers

using hydrogenated graphene.

To improve the reproducibility of the hydrogenation process, it is neces-

sary to understand the parameters that influence it. The reproducibility of

the hydrogenation is determined by the likelihood of bonding hydrogen to

carbon. Three factors that can control this are the surface roughness, the

presence of contaminants and the temperature of the graphene sheet. Previ-

ous experiments have shown that increasing surface roughness correlates with
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an increased likelihood of adsorption [107]. It is probable that a corrugated

substrate forces reduces the energy barrier for a deformation from sp2 like to

sp3 like orbital hybridization. Indeed, the decreasing chemical reactivity of the

sequence of graphitic allotropes from fullerenes, carbon nanotubes, graphene

and ultimately graphite is consistent with our hypothesis. It has also been

demonstrated that SiO2 is much rougher than substrates like mica [108] or

boron nitride [107]. It would be advisable to measure the introduction of dis-

order as a function of substrate roughness by comparing the hydrogenation

process on SiO2 with smoother substrates such as mica or boron nitride.

The second factor that could influence the likelihood of hydrogen carbon

bonding is the presence of contaminants. Methods like Raman spectroscopy

cannot easily detect polymer residues on top of a graphene sheet that could be

preventing the hydrogen from bonding to the carbon. Even with the annealing

step at > 100◦C before hydrogenation, it is possible that not all contaminants

are removed. Previous experiments have shown that transmission electron mi-

croscopy and Auger microscopy should be used to conclusively state whether

there are polymer residues on the graphene sheet [109]. Comparing the images

from these techniques with Raman maps should clarify whether contaminants

are at the source of the reproducibility problem.

The last factor that may contribute to variation in hydrogenation efficiency

is the temperature of the graphene sheet. It is clear that bonding hydrogen

to carbon requires energy as the lattice needs to reorganize from sp2 to sp3 ,



106 Conclusions and Future Work

the stable π − π∗ electron bonding broken, and the carbon-hydrogen σ bond

formed. It is certain that increasing the temperature of the substrate provides

thermal energy to assist in overcoming the energy barrier required to enable

this chemical reaction from taking place. By comparing samples hydrogenated

for the same duration at different substrate temperatures, it will be possible

to determine if temperature influences density of nucleation sites and thus the

reproducibility of the hydrogenation process. It should be noted however, that

increasing the substrate temperature will also increase the rate of dehydrogena-

tion, and thus it is unclear what the net effect of substrate temperature will be.

With a reproducible hydrogenation process, it would be possible to tailor

the temperature at which the dR/dT of the device is maximal and optimize

thermometer production. The current thermometer market offers thermome-

ters that all have their maximum dR/dT at low temperatures. By tailoring

the amount of disorder, the exponential pick up in the resistance could be

designed to happen at the desired temperature.

Another necessary investigation would be to take a closer look at the re-

sistance plateau observed in chapter six. This resistance plateau is unusual

because insulators are known to have R → ∞ as T → 0. The nature of con-

duction at this resistance plateau is unknown. Moreover, the measurement of

such large resistances becomes challenging because of the presence of shunting

capacitances such as the back gate. Calculations show that shunting should

not be the issue given the capacitance of a 3 mm by 3 mm hydrogenated



7.2 Future Work 107

graphene sheet atop a 300 nm SiO2 layer resulting in a capacitance of ≈ 1

nF. This capacitance results in an impedance of ≈ 75 MΩ at 13 Hz or about

a an order of magnitude larger than the value at which the resistance saturates.

The resolution of reproducibility of hydrogenation with dose is an impor-

tant aspect of the study of graphene hydrogenation. From a more fundamental

perspective of material properties engineering, achieving a tunable band gap

in hydrogenated graphene could open the way to many technological applica-

tions. Investigation of tunable band gaps has been explored in 3D materials

for the mercury cadmium telluride compound with results suggesting complete

control over the gap as evidenced in fig 7.1.

Fig. 7.1: Measurement of the band gap of the compound as a function of the mole
fraction of cadmium. These measurements are taken with optical absorption and
magneto-optical measurements at 80K. Graph from [25].

It is presently not clear whether such control can be achieved in 2D. It is
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necessary to further map the progression on the alloy line between graphene

and graphane presented in fig 1.1. The basic question remains: can one tune

continuously from 2D semi-metal to 2D insulator? Dimensionality is known

to play an important role in electronic properties. As hydrogenation times

increase, transport measurements are likely to no longer be possible due to in-

credibly large resistances and optical absorption measurements will be required

such as Fourier transform infrared spectroscopy and/or UV-Vis absorbance

spectroscopy. These measurements will need to be carried out with control

over the electrochemical potential of the device to be able to place it inside or

outside the gap. Control over the temperature is also necessary to have the

ability to tune the temperature to be smaller or larger than the disorder in-

duced gap. Measuring the absorption as a function of photon energy will allow

an investigation of the existence of a band gap and the presence or absence

of free carrier absorption. Indeed, the evolution of the absorption spectrum of

CHx as x increases will provide an interesting test of the Thomas-Reiche-Kuhn

oscillator f-sum rule for a 2D system evolving from semi-metal to insulator.

These measurements would be analogous to the optical spectroscopy taken to

measure the band gap of Hg1−xCdxTe shown in fig 7.1.

From the energy band diagram perspective, fig 7.2 gives a hypothetical

evolution of graphene with increasing hydrogen fraction. The three images

are snap shots along the alloying line between graphene and graphane. The

second step shows the emergence of a localized band of states that has been

measured in two samples during this project. The picture thus far is conjec-
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Fig. 7.2: Proposed evolution of the energy band diagram as more disorder is intro-
duced. In i), we have the density of states of a pristine graphene sheet. In ii) a gap
opens and localized states appear. Mid gap states associated with dangling bonds
are generated by isolated hydrogenation sites. iii) A fully hydrogenated graphene,
meaning graphane, is anticipated to be a gapped system with no mid gap states
because there are no dangling bonds. The green region corresponds to states that
are localized. Band diagrams taken from [12]

ture, but the ARPES data [13] presented in the introduction (fig 1.7) suggests

the emergence of a impurity band with mid gap states arising from the pres-

ence of dangling bonds generated by the bond breaking required for CH bond

formation. Whether or not the carriers in this band are localized remains un-

known. In other words, it is unclear if a metal insulator transition occurs with

variation in mid gap state density. An ideal graphane sheet has an H at every

C, leaving behind no dangling bonds for mid gap state formation. In summary,
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this thesis has probed only a small portion of the evolution from graphene to

graphane, with much remaining uncharted.



111

Appendices
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Fig 1 shows the mask used to make Hall bars with all its dimensions.

Fig. 1: Shadow mask used to make a Hall bar geometry on a sample. The
mask material is molybdenum and its thickness is ≈ 1 mm.
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