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Abstract

This thesis explores the substrate-dependent charge carrier dynamics of large area graphene
films. Using terahertz spectroscopy, we measure conductivity spectra of graphene sup-
ported by seven distinct substrates, and extract their transport properties (carrier scat-
tering time, doping density, and carrier mobility) within the Drude model. We find
that graphene supported by distinct substrates exhibit significantly different transport
properties. We propose that graphene films supported by substrates with less charged
impurities exhibit longer scattering times, and enhanced carrier mobilities, emphasizing
the importance of the graphene-substrate interaction for optimization of device perfor-
mance. These results will be significant for the effective integration of graphene into

future technologies where an optimal carrier mobility is desired.
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Chapter 1

Introduction

1.1 Integrating two-dimensional materials for next-

generation electronics

Layered (or van der Waals) materials are classified as those that have strong in plane
covalent bonds and weak interlayer (van der Waals) bonds™* Due to this unique bonding
structure, van der Waals materials have offered numerous advantages within materials-
based applications, for example graphite and MoS, are widely used as dry lubricants.?
Furthermore, individual layers can be straight forwardly isolated by breaking the weak
van der Waals bonds, resulting in a new class of crystals known as two-dimensional
materials. They refer to a class of crystals that are atomically thin, their electrons free
to move in the two-dimensional plane, but restricted in their 3D motion by quantum
mechanics.® The first truly two dimensional physical system was isolated® in 2004, when
monolayer graphene was removed from bulk graphite. The first physical theory of the
structure or behaviour of the material however dates to 1947, when Wallace considered
the band behaviour of the compositional layers forming bulk graphite.

Perhaps unsurprisingly, two-dimensional materials can exhibit many exceptional prop-
erties unique from those in 3D due to the reduced availability of phase space, and the

6

reduction of bulk dielectric screening by neighboring layers.” For example, graphene

exhibits linear dispersion and has massless-like carriers’ (described in more detailed in
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Section . Also notable, is the indirect bandgap in MoSs; which becomes a direct gap
in the monolayer, resulting in more efficient radiative recombination. Furthermore, the
ability to custom construct materials based on selectable 2D-layer constituents (known
as van der Waals heterostructures) allows exploration of novel collective phenomena. For
example, the realization of atomic scale Moire pattern when graphene is supported by
hBN (hexagonal boron-nitride).

2D material properties are of interest as the electronics and communications tech-
nology sector seeks to improve device performances through novel solutions. Currently,
the FET (field effect transistor) is the backbone of silicon semiconductor electronics,”
and consistent device progress depends on continued improvement in efficiency, namely
through dimensional down-scaling of the FET® size. On the other hand, as the gate
length is shortened in an FET, the channel thickness must also become thinner. In tra-
ditional semiconducting materials the carrier mobility degrades at thicknesses below 3
nm, presenting a limit to effective down-scaling. As physical limits to the FET size are
reached, materials that can provide smaller gate lengths with maintained high carrier
mobility will be in demand.

2D materials suitable for supporting FET technology are those with a bandgap, to
allow for on/off logic switching. This includes MoSs, WS,, or black phosphorus (BP),
as 2D semiconductors typically have larger mobile carrier densities and thus can carry
higher current. Furthermore, the atomic scale thickness allows for excellent electrostatic

U In fact, using a

gating control, and the gate channel lengths can be made smaller.
carbon nanotube as the gate electrode, an MoS, based FET was fabricated with gate
length of just 1 nm.” Due to graphene’s atomic thickness and high mobility, there was
at first much optimism that it would contribute to improved FET performance, until

the incompatibility due to a lack of bandgap became evident.

Still yet, there are many opportunities for graphene to contribute to next-gen elec-
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tronics that aren’t ‘computational’ logic based systems, called more than Moore tech-
nologies. These can range from systems such as photodetectors and modulators for
image sensors, to data communications, to flexible gas/chemical sensing. This thesis is
centered on the study of graphene, and the remainder of this section motivates how it
can be incorporated into technologies that exploit its unique properties, keeping in mind
the limitations imposed by the zero-gap band nature.

Graphene detectors and modulators offer the benefits of high speed, wide spectral
bandwidth (due to the lack of bandgap), low power consumption and straight forward
integration into Si-CMOS circuitry (which represent the heart of imaging systems).® Fur-
thermore, due to the high mobility it offers ultrafast conversion of photons to current.*’
A broadband image sensor array based on graphene-CMOS integration was reported®t
that was able to operate as a digital camera between 300 - 2000 nm. CVD graphene is
directly transferred onto the Si-CMOS chip and is patterned to form channels connecting
pixels. PbS quantum dots (QDs) are spun on top of the graphene. The photoresponse is
based on photoexcited QDs injecting holes to the graphene channel which then traverse
the biased channel with high mobility (~ 1000 cm?V~1s™!) resulting in better gain and
responsivity as compared to devices without graphene.*#

Graphene has also found promise within the chemical, gas, and biosensing commu-
nity. Due to its high surface to volume ratio, it is highly sensitive to adsorbed molecular
species ! and has demonstrated suitable response for efficient sensing of many gases such
as (but not limited to) NHj, ethanol, Hy, CO, O5.441¢ Sensing measurements are typi-
cally performed in a chemiresistor geometry, where the resistance of a graphene sheet is
monitored during exposure to a gas. As a molecular species adsorbs to the graphene film,
they either act as an electron acceptor or donor, and subsequently increase or decrease
the measured resistance. Flexible and wearable graphene based sensors are currently

an evolving field, as bendable electronics become increasingly attractive to applications
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in healthcare, prosthetics, robotics, aerospace, military, and more” Recently, a flexi-
ble graphene based radio frequency antennae sensor was demonstrated, that maintained
integrity under controlled compression and tensile bending.'® It operates between 3.13
and 4.42 GHz, and represents an application for graphene that will be particularly of use
throughout the development of the Internet of Things, and the popularity of wearable
electronics.

Graphene integrated electronics are typically interested in exploiting a high carrier
mobility. Importantly, the mobility in graphene is understood to be sensitive to it’s en-
vironment, often dominated by the supporting substrate. Therefore, how the substrate
influences mobility is important for integration. Several well understood techniques for
characterizing the transport properties, including mobility of graphene, exist and are
described within this thesis. They range in invasiveness and need for physical contact.
It has been established that spectroscopy of graphene films in the low energy terahertz
(THz) region is a suitable way of probing graphene mobility**“# Conveniently, this tech-
nique does not physically alter the graphene, leaving it usable after characterization. It
also can be performed on many substrates, so long as they are sufficiently THz trans-
parent. This opens the door for minimally invasive and efficient mobility extraction of
graphene supported by diverse environments and substrates. This thesis addresses the
role substrate plays in limiting the mobility, using the non-contact technique of THz
spectroscopy. The results presented herein will be important to the body of knowledge
surrounding substrate dependent carrier dynamics as there is an increasing desire to

integrate graphene into next-generation technologies.

1.2 Graphene and its electronic properties

Many of graphene’s remarkable transport properties originate from its band structure,

a consequence of the simple hexagonal crystal lattice as discussed below.
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Lattice & band structure

Graphene is composed of carbon atoms arranged in a hexagonal lattice as shown in
Figure . Carbon atoms hybridize with one another in plane, each forming three sp?
orbitals. Overlapping sp? orbitals of neighboring carbon atoms hybridize to form strong
covalent bonds with their nearest neighbour. This arrangement leaves one p orbital
de-localized in the perpendicular plane.

The resulting honeycomb lattice can be represented as a triangular lattice with a
basis of two atoms per unit cell (an A and B atom). The lattice vectors in this picture
are written as:

— \/gA

a; = CL()(?x +

L V3. 3.
Y) a2:a0(71’—§y)7 (1.1)

DN o

where ag = 1.42 A is the distance between nearest neighbour carbon atoms. The recip-
rocal lattice vectors are then calculated as:*
- 2m, 1 1 - 2w, 1

by (—=2 + =9) by=—(—4=2 —

1
ao\/§ 3 2 ag\/§ 5

The reciprocal lattice space for graphene is also a honeycomb structure, with a 90°

9) (1.2)

rotation relative to the real space. The first Brillouin zone is a hexagon, spanned by
b: and b;. At the corners of the first Brillouin zone are the K and K’ points that form

two independent sublattices within reciprocal space where K = <3“4[—;m,0> and K’ =

( 3%%, %) The low energy electronic behaviour of carriers in graphene is governed by
the resulting band structure around these points, as discussed later.

The electronic band structure of graphene was first calculated by Wallace® in 1947
when he considered the layers of bulk graphite as independent planes. Here, we consider

only nearest neighbour interactions of the delocalized p electrons (those between vectors

d1.2,3, or hopping between A and B sites)** For a given sublattice in real space, the three
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Figure 1.1: (a) The honeycomb lattice structure of graphene, highlighting the carbon
atoms on the A sublattice in red and the B sublattice in green. Lattice vectors are a;
and a3. Nearest neighbour atoms are indicated d;, i = 1,2,3. (b) First Brillouin zone,
with reciprocal lattice vectors b_i and b; The valence and conduction bands at the K
and K’ points.

nearest neighbour vectors are written as:

0 =ao(@), O =ao(Srd—5), &= ao(— 5 —3) (13)

The tight binding Hamiltonian is then given by® H,;; = (W,| H |¥;) where i and
J index hopping between the A and B sublattices and W, ; represent the eigenstates
for the two atomic sites. This Hamiltonian takes into account all possible p orbital
hybridizations between atoms on the two sublattices. The Hamiltonian can be written
in matrix form as

o Hyan Hap _ 0 f(k) 7 (1.4)

Hga Hpp k) 0

where t &~ 2.8 eV is the nearest neighbour hopping parameter, and f (E) is defined for
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the three nearest neighbour interactions to be

f(E) = Z GZE(S:L ) ei]j/yga + eik%ae_;\k/yga + 6#6%’ (15)

where a = v/3ag = 2.46 A is the length of the unit cell vectors. This function sums over

all the nearest neighbour atoms. We can simplify f (lg) as

ikya —ikya kxa

F(k) = e Vs 42e72v5 cos( 5

) (1.6)

To find the eigenvalues of this tight binding Hamiltonian we have to solve the Schrodinger

equation HVU = EV with:

detlH—E|= | FEN g (1.7)
tf (k) —e

e —t2\/ f+(k) f(k) =0 (1.8)

ex (k) = x| f(K)| (1.9)

The energy bands corresponding to this tight binding Hamiltonian are then calculated

to be:

E(E) = 4+¢, |1+ 4cos (%kx) coS (\/i&l@) + 4cos? (%IQE) (1.10)

In the resulting band structure as shown in Figure [I.2h, the conduction (valence)
band is represented as the positive (negative) term. The bands meet at the six corners

of the Brillouin zone (BZ), which is outlined in red in Figure . These corners form
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(b)

Figure 1.2: (a) Band structure for graphene calculated using the tight binding Hamilto-
nian. Taken from?? (b) Zoom in of the band structure near the Dirac points, highlighting
the conical dispersion near ¢ = 0 eV.
three pairs of non-degenerate K and K’ points, also called the Dirac points. They are
pictured as white and black dots along the BZ corners. There is no overlap of the conduc-
tion and valence band at the Dirac points, making graphene a gapless semi-conductor.
Furthermore, the band behaviour is symmetric for electron and hole bands. Finally
important to mention, is the two-component wave function of graphene is described in
terms of a “pseudospin” vector arising from the existence of two sublattices.In graphene
the pseudospin vector is locked parallel or antiparallel to the momentum vector and
is conserved through scattering events, limiting the scattering mechanisms possible to
those that don’t involve complete backscattering 20

In neutral graphene each carbon atom has one out of plane electron, and the Fermi
level sits at € = 0, at the six corners of the BZ (the K points). Therefore, in neutral
graphene, the Fermi surface is composed of the six Dirac points, there is no net doping

of electron or hole carriers, and graphene conduction exhibits maximum resistance.
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Linear dispersion

If we expand the Hamiltonian calculated in Equation ((1.10|) near the K point by consid-
ering the relative momentum to be q = k — K, we write f(lZ) in terms of q as

iqya 7iqya - 4_7‘-
) = i) = 5+ 207 cos (12 2] (1)

Taylor expansion about q = 0 to first order, gives

) ~ a0, — ig) (112

And for the energy band structure near this point

ey = +t|f(k)| ~ ita?|q| (1.13)

implying that the energy dispersion is linear in momentum near the K point. This is
illustrated in Fig[1.2b, where we can see the conical shape of the dispersion at low energy,
near K and K’ points. Importantly, the Fermi level of graphene is almost always situated
within the linear dispersion regime, allowing complications from large q to be neglected
Finally, the electron velocity near these points is known as the Fermi velocity (vg) where

l‘ de‘ = %H/Tg and is equal to 1.1x10% m/s. This results in:

Vp = 3 I]
ex(q) ~ Fvr|q| (1.14)
In traditional materials with parabolic band dispersion, € = %, and subsequently
v = ?n—k = @/%, and hence the carrier velocity changes substantially depending on the

energy or momentum. In graphene, which has a conical dispersion, the carrier velocity

is independent of energy and of momentum. This implies that carrier movement is
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analogous to the relativistic motion of particles with zero rest-mass, described by the
Dirac equation.?®

Owing to this unusual linear band structure and resulting quasi-relativistic carrier
behaviour, graphene has opened the door for new fundamental physics experiments,
and offered hope for functional applications. From the former’s perspective, graphene
has provided means for studying ‘quantum relativistic’ phenomena in table-top exper-
iments?? As mentioned, the Fermi velocity of carriers in such a band structure is 1.1
x10% m/s, 1/300 the speed of light. This gives charge carriers an effective ‘speed of
light ™" as they move in the honeycomb periodic potential. Fundamental science experi-
ments made possible include investigation of the Klein paradox,*! and the quantum hall
effect#? Graphene also exhibits a strong ambipolar field effect, meaning charge carrier
type can be continuously tuned between holes and electrons in high concentrations (~10?
cm~?). Tt demonstrates extraordinarily high mobilities*® (as high as 10% cm?V~!s7! at
low temperature®®), and room temperature ballistic transport across micrometer dis-

tances® These properties make graphene an attractive candidate for implementation

into transport applications in both photonic and electronic devices.

1.3 Overview

As mentioned, this thesis will outline the implementation of THz spectroscopy to probe
the transport dynamics of large area graphene films supported by several distinct sub-
strates. It aims to investigate how the substrate plays a role in limiting the transport
performance. It will be structured in the following manner:

Chapter 2 will provide background on the fabrication techniques for preparing
micron-scale and centimeter-scale graphene samples. It will also cover several metrologi-
cal characterization techniques implemented to optimize and standardize the fabrication

procedure. Finally, it will introduce the interaction and resulting conductivity relation
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of graphene carriers with infrared light, specifically with terahertz photons.

Chapter 3 is an introduction to the principles of time domain terahertz spectroscopy.
It presents an introductory theory to the nonlinear optical processes used to generate,
and to detect THz frequencies. It walks through the experimental apparatus employed
in our lab’s spectrometer, and the theoretical analysis that is standard for extracting the
conductivity of thin conducting graphene films from transmission spectroscopy.

Chapter 4 discusses in more detail how to extend the extracted conductivity spectra
to calculating specific transport properties of large area graphene films. This includes
the DC conductivity (op¢), the average scattering time (7), the extrinsic carrier doping
density (Ny), and the carrier mobility (u). It discusses how graphene supported by
distinct substrates can exhibit vastly different carrier properties, and aims to explain

how this can be understood through the substrates density of charged impurities.



Chapter 2

Experimental techniques: Sample prepa-

ration

2.1 Fabricating graphene samples

Graphene made the leap from a theoretical model to an experimental system with
Geim and Novoselov’s 2004 work that studied graphene based FETs# In this work,
graphene samples were isolated for the first time by peeling back layers from bulk graphite
crystals with adhesive tape. The procedure is called mechanical exfoliation, and is now
a standard technique in two-dimensional materials laboratories. While this top down
approach produces graphene flakes of high crystalline quality and with minimal defects,
it is arduous (the user has to search for regions of monolayer under a microscope), and
samples are typically limited in size to ~100 pm?.

With the motivation for pursuing scalable applications where graphene can be im-
plemented in industry, there are now many growth and preparation techniques for fabri-
cating large scale films from the atomic precursors. Bottom up approaches in use today
include epitaxial growth on SiC substrates,*® and chemical growth by catalyzed chemical
vapor deposition®? In this section, I will review the experimental process to fabricate

graphene samples used within this work.

12
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2.1.1 Transfer techniques

Mechanical exfoliation

As mentioned, the first graphene samples were prepared with a technique called
mechanical exfoliation#5% The technique is remarkably simple. Starting from a bulk
crystal of highly oriented pyrolitic graphite (HOPG) we apply adhesive tape and peel
back. This piece of tape is then attached to a second piece, and the peel back is repeated,
further thinning down the initially isolated HOPG. As this process is iterated, the normal
force from the tape overcomes the van der Waals force between adjacent graphene layers,
and thinner layers of the HOPG crystal are isolated, eventually leaving graphene. Finally,
the tape is pressed onto and peeled off of an Si-SiO, substrate, leaving exfoliated graphite
crystal of many different thicknesses behind. For very specific SiO5 thicknesses (either 90
nm or 280 nm) graphene films demonstrate suitable optical contrast, and become visible
to the eye with white light illumination under a microscope.*® We can place the sample
under the optical microscope in reflected bright field mode, and search for films that
are likely monolayer based on their visual contrast and color. Monolayer flakes appear
a light purple, few layer flakes are brighter blue, and thick graphite is green, yellow, or
grey depending on the exact thickness ™

New techniques have been developed for creating novel materials based on selectively
chosen constituent layers fabricated by mechanical exfoliation. Using this technique,
layers can be selected for desired thickness based on the optical contrast, lifted off the
substrate, and transferred to other two-dimensional materials to make hybrid hetero-
structures not found in nature®® Examples of this method are presented below in Figure

2.1] with graphene stacked on rhenium disulfide and hexagonal boron-nitride respectively.
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- Graphene . < %

Figure 2.1: Mechanically exfoliated graphene (indicated by the white dashed line) sup-
ported by (a) rhenium disulfide and (b) hexagonal boron nitride.

Chemical vapor deposition

Since 2009, the bottom up approach of synthesizing monolayer graphene based on
chemical vapor deposition (CVD) has proven to be a promising solution in fabricating
large area, scalable films37H0 Today, sheets of monolayer graphene can be fabricated by
CVD with dimensions as large as 30 inches in the diagonal direction® CVD graphene
is made by flowing hydrogen and methane gas through a furnace heated to temperatures
up to 1000°C using selected metallic foil as a catalyst in the growth chamber 7 Through
delicate control of the chamber pressure, temperature, and gas composition, the methane
decomposes and allows for carbon atoms to settle on the metallic foil, forming graphene.
In this work, we use commercially purchased CVD graphene (Graphenea) on (4x3 inch)
copper foils.

The first required step in using the CVD graphene is to transfer it from the copper
foil, to a desired substrate. The challenge is to apply a transfer technique that (i) results
in minimal surface modifications, (ii) leaves minimal residue, and (iii) preserves the

electrical properties of the graphene. This challenge of cleanly transferring large area
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CVD graphene has been addressed by several groups #2435 each unique in their transfer
chemistry or in the overall physical method. The most common transfer process involves
wet etching of the copper foil and directly picking up the graphene from below with the
substratetd 47

To begin, we cut the graphene-copper foil into (1x1 cm) samples using thread scissors
rinsed with isopropyl alcohol (IPA) (Figure 2.2h). The next step is to spin coat a layer

of resist on the samples, that will act as a stabilizing backbone during the wet etch.

(a) (b) (c)

Graphene PMMA

Graphene

() l 1 l 0, plasma (e)
Graphene

Hot plate / / Etchant

(f) (8)

Acetone

- . | —

Dl water Substrate

Figure 2.2: Steps of the CVD graphene transfer procedure. (a) Schematic of copper
foil covered in graphene. Dashed lines represent the geometry of cutting to prepare
individual samples. (b) Sample mounted to a glass slide with adhesive tape to deposit
and spin-coat PMMA. (c) Sample as prepared after PMMA supporting layer is spun. (d)
Sample backside is exposed to oxygen plasma to remove the graphene layer. (e) Sample
is placed in copper etchant. (f) Sample is transferred to a water bath to rinse and pick
up. (g) Sample is placed in acetone to dissolve the PMMA layer.

Since the copper foils are so thin, they require a stable support to be mounted on
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the spinner. To provide this, we tape the sample on a glass slide (Figure ), secure
the slide and sample on the spinner, and pipette a small drop of the PMMA resist on
the copper square. We begin spinning immediately, applying 3000 RPM for 60 seconds,
resulting in a PMMA layer about 200 nm thick (Figure 2.2k).

Importantly, during the CVD process graphene grows on both sides of the copper
foil. Graphenea partially removes the backside graphene, however not completely (this
is visualized in the right panel of Figure ) If it is not removed it can remain beneath
the surface, trap molecules of copper foil, and diminish the quality of the final transferred
CVD film.*® To remove it we place samples upside down in a reactive ion etcher (RIE)
and expose them to 10 sccm of Oy plasma at 100 W for 1 minute at 1.1 Pa (Figure
). The RIE applies plasma from the top down, and with the desired graphene film
protected by a layer of PMMA, it is preserved throughout the etch and not damaged.

Next, we place the sample in a dish of commercially mixed copper etchant (Sigma
Aldrich) on a hot place set to 70°C (Figure 2.2k). The elevated temperature increases
the etching rate, allowing this step to take between only 10-60 minutes. The etch is con-
sidered complete when there is visually no copper remaining. The transparent graphene-
PMMA film is then lifted out using an etchant resistant spoon and placed into a dish
of distilled water for 5 minutes. This is repeated for two more distilled water dishes,
each providing an increasingly clean rinse of the copper etchant. After the last water
rinse is complete, the desired substrate is introduced into the dish from below and deli-
cately raised towards the graphene-PMMA film at a 45-degree angle (Figure ) The
graphene-PMMA film is left in a sample holder inside a fumehood environment for eight
hours to allow any water that may have been captured between the sample and sub-
strate to evaporate, and to promote adhesion of the graphene film to the substrate. The
PMMA film is dissolved the next day by placing the sample in a bath of warm acetone
at 50°C for 1 hour (Figure 2.2g). The final result is a (1x1 cm) CVD graphene layer
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supported by the substrate it was picked up with.

We note that for the purpose of performing THz spectroscopy, we delicately place
the sample so that it covers half of the substrate as show in Figure [2.3] This allows
transmission measurements on and off of the graphene without changing the sample in
the optical setup. Substrates that were selected for this study aim to reflect those that
could likely be used in applied graphene-integrated future technologies, and are briefly

introduced below.

(a) Si0, (b) () Silicon (d) Si;N,

Figure 2.3: CVD graphene transfers onto several substrates. (a) Si-SiO, wafers. (b)
Transparent and flexible polymers (c¢) Silicon wafers without a grown oxide. (d) Si-SigNy
wafers.

Doped silicon

Graphene has been considered appealing for integration into a variety of silicon photonic
applications*? ranging from compact and low loss phase modulators®®2l to improved
photodetection schemes1%52 Tt is therefore important to understand the transport lim-
itations of graphene carriers on silicon wafers. For this reason we choose to deposit
graphene on silicon wafers with a controlled density of injected boron impurities. We
compare the mobility performance of graphene deposited on high purity silicon (10,000
(2-cm resistivity), to that of more heavily doped silicon (1-10 ©Q-cm and 10-20 2-cm resis-
tivity). Silicon with lower resistivity has an increased density of injected boron dopants,
that will likely act as scattering potentials which limit the graphene carrier mobility.

The impurity concentration based on the reported resistivity for the three substrates are
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written in Table 2.1l

Silicon resistivity 10,000 2-cm 15 Q-cm 5 (2-cm

Impurity conc.” 1.326x10" em™2 | 9.001x10* cm ™3 | 2.762x 10" cm ™3

Avg. dopant spacing 0.911 pm 0.104 pm 0.0713 pm

Table 2.1: The resistivity of three silicon substrates used within this work, and their
manufacturer reported boron doping density in terms of impurity concentration. We
also calculate the average spacing between dopants, based on the assumption they are
equally spaced.

Transparent & flexible polymer

Graphene is regarded for many of its physical properties including its strength and flex-
ibility, particularly for applications within electronic devices that themselves are flexible

1°% Graphene based flexible FETs have been demonstrated with graphene

or conforma
on flexible substrates that both do®® and do not®*7 have a flexible gate dielectric. For
this work, we deposit graphene on the flexible transparent substrate called ZEONEX®
a cyclo-olefin polymer. ZEONEX® is a strongly insulating material, with a reported

resistivity of 106 Q-cm.>®

Si-SiO,

Si0s is currently the prevailing gate dielectric for silicon based metal oxide semiconductor
devices.”™ Naturally, we have included this substrate within the study. SiO, is deposited
on silicon under elevated temperatures (between 800 and 1300°C) by what is known as
thermal growth. This technique can be classified into two groups, dry and wet thermal
growth. In dry thermal growth, the silicon wafer is exposed to pure oxygen gas, and the
SiOy grows slowly. In wet thermal growth the silicon wafer is exposed to water vapor,
SiOy then grows (at a faster rate compared to in dry growth), and hydrogen gas is
released as a byproduct. Dry thermal SiOy is considered to be cleaner, since the slower

growth process results in fewer dangling bonds at the silicon interface, and therefore
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a smaller amount of states for trapped charge to accumulate. For this work we study

graphene deposited on both of these types of SiOs.
SizIN,-silicon

Si3N4 has been used as a gate dielectric for GFET devices, due to its higher dielec-
tric constant compared to SiO%Y It is thought that a substrate with higher dielectric
constant can be used to effectively screen charged impurities, and overall improve the

61

device mobility** In this work we deposit graphene on 300 nm thick SisNy dielectric

films grown by chemical vapor deposition.
Making field effect transistors based on CVD graphene

CVD graphene has also been used to fabricate large area graphene field effect transistors.
These can be used as sensors for sensitive detection of chemicals including water vapor,

114 Detection is done by monitoring the resistance of the graphene

ethanol, and methano
device over time as the sensor is exposed to a trace chemical. Devices are fabricated
based on the above described transfer procedure, and placed on Si/SiO, wafers as a
substrate. Devices are then mounted in a Thermo/Electron Beam Evaporator (Nexdep
Series, Angstrom). A shadow mask is placed in front of each sensor during the deposition
of two metallic electrodes (5 nm Ti/150 nm Au) as in Figure 2.4h. The shadow mask
extends the length of the graphene film and onto the substrate, as metal adhesion to the
underlying SiO, film is superior to metal adhesion to graphene. The sample is removed
from the evaporator and mounted onto an electronic board where it can be wire bonded

at a source and drain electrode to perform resistance measurements under exposure to

chemical analytes (Figure [2.4b).
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(a) (b)

Aluminum foil

Figure 2.4: (a) Schematic of CVD graphene underneath an aluminum foil shadow mask,
as would be mounted in the metal evaporator. The mask consists of two strips that ex-
tend the length of the graphene film and overlay onto the substrate to improve adhesion.
(b) Graphene FET as mounted on a printed circuit board and configured to perform
resistance measurements.

2.1.2 Optimizing the graphene surface

Graphene preparation methods typically involve the use of adhesives, or polymer sup-
ports that leave residues on the graphene surface or trapped at the graphene substrate
interface. Residues can be polymer aggregates, trapped water molecules, or trapped
hydrocarbons suspended in the ambient air during the transfer 2 The following section
will review cleaning methods applied to graphene samples within the context of this

work.
Temperature annealing

Cleaning large area graphene films after they have undergone the wet transfer procedure
is typically done using acetone as a solvent to dissolve the PMMA support layer. The
sample is placed in a dish of warm acetone (50°C) for 1 hour. However, acetone cannot
completely remove PMMA residues with 100% efficiency. This is evident in Figure 2.5,
which is an AFM micrograph of a CVD graphene surface after one hour in acetone. It

has been demonstrated® that these contaminants can be removed from the graphene
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surface by placing the sample in a furnace under continuous flow of Hy/Ar gas. In

samples presented here, PMMA coverage is considerably reduced from ~25% without

annealing (Figure 2.5h), to ~8% (Figure 2.5p), to < 1% (Figure 2.5¢) after annealing at

400°C for 1 and 9 hours respectively.

(a) Not bake
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Figure 2.5: (a)
in acetone for 1 hour. (b) AFM micrograph of a CVD graphene surface after rinsing in
acetone, and heating the sample to 400°C in Hy/Ar for 1 hour. (¢) AFM micrograph of
a CVD graphene surface after rinsing in acetone, and heating the sample to 400°C in
H,/Ar for 9 hours.

Cleaning exfoliated graphene flakes selectively

Thermal treatments as described above are an efficient and non-invasive method of
removing residues from the graphene sample. However, the technique is non-targeted,
and for certain graphene based devices there are specific regions where it may not be
suitable to apply heat (such as at a metal contact). Within this work it was found that
graphene surfaces can be selectively cleaned of transfer residues by applying targeted
heating from a focused laser beam®¥ The method relies on the same physical principles
as the general diffusive heat treatment presented above, the laser locally applying heat.
However, this heat is applied in an intentional manner with the targeted and spatially
resolved capabilities of a local probe.

This phenomena was observed by preparing graphene supported by different sub-
strates, namely rhenium disulfide (ReS;) and hexagonal boron nitride (hBN). These

samples were prepared with mechanical exfoliation and subsequent stamping on the
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substrate, and resulted in flakes of graphene around 100 pm? in size. Residues typical
of the stamping transfer are shown in the AFM micrograph shown in Figure as ag-
gregated blisters. They become even more evident in the zoomed in micrographs shown

in the left panel of Figure [2.0p.
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Figure 2.6: (a) AFM micrograph of two independent graphene flakes supported by an
ReS, substrate. A target area is selected, represented by the black box. (b) Zoom in
AFM micrographs of the blue box (the unexposed region, top two panels) showing no
change in residue morphology, and the black box (the exposed region, bottom two panels)
showing significant blister residue diffusion and general sample flattening. (c) Histogram
of the AFM pixel height before and after laser exposure in the black box region.

The adhesion energy between a graphene film and its substrate varies for different
heterostructures © Therefore, the heat needed to overcome the adhesion energy keeping
the blister residues in place also varies depending on the heterostructure. For graphene
supported by ReSs, we select a targeted area represented by the black box in Figure
[2.6h, program a 532 nm continuous wave laser focused to 1 um spot to iterate over this
path, and find that a power of 8.7 mW is necessary to generate the needed heat to

diffuse blister residues, and improve the cleanliness and flatness of the graphene device.
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This is demonstrated in the height histogram shown in Figure 2.6k. The distribution
of heights is shifted toward 0 nm after exposure (indicating an increase of flattened
regions). We also find that only after exposure is there a presence of few tall blisters.
This is desirable, because there is an increased region of clean, flat graphene which is
necessary for many micron-scale graphene device based experiments. Furthermore, we
find that the technique can successfully be applied locally, such that only the chosen
targeted area is cleaned, and unexposed graphene remains unchanged. This is seen in
the left panel of Figure where the targeted areas residue density is reduced, and the

non-targeted area remains unchanged.

2.1.3 Metrological characterization

As samples are fabricated in the above methods, we require techniques for metrolog-
ical characterization that ensures general device suitability for measurements, as well
as ensures minimal device to device variation. These metrological tools allow us to
inspect the graphene surface’s physical structure (with optical microscopy and atomic
force microscopy), inspect the graphene thickness and lattice quality (with Raman spec-
troscopy), and perform electrical transport measurements (using graphene in an FET
geometry). The following sections review these techniques, and how they are applied to

metrologically characterize samples used in this work.
Optical microscopy

Once samples are prepared, optical microscopy presents a quick way of investigating the
success of the transfer. We aim for general continuity of the film (Figure 2.7h) with a
minimized amount of tears, wrinkles, or visibly large PMMA residue. Residues such as
tears and PMMA can be seen more clearly through a 50x microscope objective as in
Figure 2.7b. Graphene films prepared to the quality presented are typical of the CVD

wet transfer technique, and are the standard samples used throughout the remainder of
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this work.

(a) (b)

CVD graphene  gypstrate N
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Figure 2.7: (a)5X objective view of transferred CVD graphene. The boundary between
graphene and substrate through the middle of micrograph is evident. (b) 50X objective
view of CVD graphene. Residues and tears from transfer are indicated.

Atomic force microscopy

Optical microscopy allows us to quickly scan over the entire region of the sample,
however atomic force microscopy allows higher spatial resolution of the surface residues,
roughness, and height profile of our samples. It allows us to resolve features that are on
the order of nanometers, beating the optical diffraction limit considerably. The atomic
force microscope works based on the principle of scanning a sharp tip across a surface,
and detecting the deflection of the cantilever due to its interaction with the material
surface.

AFM probes are typically made from sharply etched silicon, are around 10 nm wide
at the tip (Bruker SCANASYST-air) and mounted on a sensitively reflective cantilever.
A laser beam is positioned on the cantilever, and the reflected laser beam is collected at a
position sensitive detector (PSD) where slight deflections in the beam due to interactions
between the sample and tip can be registered. Interactions that can be detected fall into

repulsive and attractive categories. There exists three modes of operation each falling
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into either an attractive or repulsive category (contact mode, tapping mode, and non-

contact mode).

" " Y ¥

—

Figure 2.8: Operating modes of the tip in atomic force microscopy. (a) Contact mode,
where the tip makes contact with the material surface and the repulsive force is detected.
(b) Non-contact mode, where the tip is maintained a distance above the surface, and
the attractive force is detected. (c) Tapping mode, where the tip is vibrated at a
resonant frequency such that it contacts the material at the peak amplitude.

In contact mode AFM (as in Figure ), the tip is brought very close to the surface
of the sample until a repulsive force is felt. This repulsion is maintained by a feedback
loop that consists of a piezo modulating the force whenever a force deflection is felt due to
the presence of a height profile. Piezo voltage changes within the feedback loop are stored
as the height of features on the material. In non-contact mode AFM (as in Figure
2.8b), the tip is brought near the surface of the material, but is not brought into contact
so that the dominating force is attractive van der Waals. The cantilever is vibrated at
a resonant frequency and any changes made to the oscillations (in amplitude, phase, or
frequency) are in response to force gradients across the sample due to the presence of
surface features. The AFM adjusts the sample-tip distance to correct for changes made
due to this attractive force, and the result is again a height profile. Finally, in tapping
mode (as in Figure ), the tip is again driven at its resonant frequency, however
the amplitude of the oscillations are tuned such that the tip touches the surface of the
sample at each oscillation. When the tip touches the surface, the oscillation amplitude
is changed however a feedback loop works to maintain a constant amplitude. Changes
to the oscillation amplitude provide a means for generating a topographic map.

For the purpose of this thesis, atomic force microscopy of large area graphene and
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graphene heterostructures was performed in either non-contact mode or tapping mode
with either the Park NX-10, or the Bruker - Dimension Icon. These two modes are
selected due to their low contact with the graphene surface, minimizing chance of sample

destruction.
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Figure 2.9: Atomic force micrographs of exfoliated graphene flakes on a ReSy substrate
(a) and large area CVD graphene supported by Si/SiO, substrate (b). (a) Surface profile
is measured across the white line to measure the height of the graphene flake (0.9 nm).
(b) PMMA residues are marked by the purple color to calculate the local density of
PMMA residue.
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We use AFM maps to measure sample thickness, as in Figure [2.9a. This is useful
for confirming the thickness of the sample as either monolayer graphene (~ 0.7 nm),
bilayer graphene (~ 1 nm), or few layer graphene. We can also use it to locally probe
the cleanliness of samples in terms of polymer residue density and separation (as in
Figure[2.9p). This can be done by applying a grain mask to the AFM image that selects
features with a selected height profile. We can measure the number of features (N), and
calculate a 2-D density distribution of residues (assuming that on average residues are

~ the same size).
N
1 Atot

(2.1)
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where 7 represents the area density of residues, and A;,; represents the total area of the
AFM scan. In the case of the sample in Figure[2.9b, N = 41 and A;,; = 400 ym? giving

n = 0.1025 um~2. The average separation or distance between residues can be estimated

lavg = \/% (2.2)

where for the sample in Figure 2.9b, loyy = 3.5 pm. For this study we do not select

by:

samples based on their measured residue density. The AFM measurement is to give
a representative idea of the general residue density using a consistent surface cleaning
method. While we assume the general surface has the local residue density measured

with AFM, we do not aim to extend it towards a quality control tool.
Raman spectroscopy of graphene

Raman spectroscopy is a useful non-contact tool for characterizing the physical prop-
erties of graphene samples used within this work. Through determination of the mate-
rial’s vibrational modes, it gives a compositional fingerprint, and enables the probing of
more specific properties including but not limited to, layer thickness %" lattice defects,®”
strain,®® and doping.®? Spontaneous Raman spectroscopy works by illuminating a ma-
terial with monochromatic light, typically a laser. The laser photons interact with the
material’s vibrational modes or phonons, resulting in the photon energies being up or
down shifted. More specifically, the light excites electrons in the system to virtual energy
states which subsequently relax and return to their original state. This relaxation can
be facilitated through a direct transition (elastic scattering), in a process called Rayleigh
scattering. Relaxation can also occur through the absorption or creation of a phonon
(inelastic scattering), called Stokes or Anti-Stokes scattering. The scattered light from

these relaxations is then collected, and observed as Raman peaks on a spectrum. De-

pending on the vibrational modes in a material (which are dictated by its crystalline
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or molecular makeup), Raman peaks will appear at specific frequencies with specific

intensity, making it an invaluable tool for chemical and structural fingerprinting.

(a) G (b)

Figure 2.10: Scattering processes within the Dirac cones near the K and K’ point
that lead to Raman peaks in graphene. Blue arrows represent photon absorption. Red
arrows represent photon emission. Phonon wave vectors are represented by a dashed
line, and defect scatterers are represented by a dotted line. It is important to note here
that Raman processes connect virtual energy states, and while these depicted images
illustrate real energy states, they provide an insightful picture to the Raman scattering
processes in graphene. (a) 1 phonon intravalley scattering near the K point responsible
for the G peak. (b) 2 phonon intervalley scattering process-2D peak. (c¢) 1 phonon
intravalley scattering process-D peak.

In graphene, the signature peaks are the G (1582 cm™!), and 2D (2700 cm™!) peak.
In the case of a disordered sample, where defects in the lattice are present or spectroscopy
is collected at an edge, a D peak emerges at half the wave number to the 2D peak (1350
cm™ ). These peaks originate from the different phonon modes present in the graphene
lattice and are typically those used for characterizing graphene.

Within graphene there are 6 normal phonon branches, the G peak originating from
the high frequency phonon mode (the E,, mode) near the Brillouin zone center, or I
point™ This peak is also present in bulk graphite. It is the only main peak that
originates from a normal first order Raman scattering process, in which one phonon
facilitates an intravalley photon relaxation (as in Figure ) The 2D peak originates

from a second order Raman scattering process in which two phonons with equal and
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opposite momentum wave vectors facilitate the intervalley photon relaxation near the K
and K’ points (as in Figure 2.10b). Finally, the D peak originates again from a second
order scattering process, however in this case involves a scattering event by one defect

and one phonon near between the K and K’ points™ (as in Figure ).
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Figure 2.11: (a)Raman spectrum of graphene of different thickness highlighted by color.
Monolayer I (22) = 2.1 and FWHM (2D) = 30 cm™". Bilayer I (22) = 0.8 and FWHM
(2D) = 41 cm ™! showing how the FWHM of the 2D peak broadens for increased thickness.
Extracted parameters are retrieved by fitting the spectra to Lorentzian functions. (b)
Raman spectra showing the emergence of a D peak on a spot of graphene that has a
defect within the Raman laser focus. The D peak is centered at 1348.46 cm ™.

In analyzing samples prepared within this thesis (both mechanically exfoliated and
large area CVD) we use Raman spectroscopy to locally probe the number of layers, and
detect defects at several spots across the samples. This is done by analysing the shape
and relative size of the peaks described above in a given spectrum (G, 2D, and D peaks).
The thickness of graphene can be inferred by the shape of the 2D peak. As mentioned,
for monolayer graphene the 2D peak originates from 2 phonons with equal and opposite
momentum near the K point. This scattering process forms an intense, sharp peak at
2700 cm ™t For bilayer graphene the two pairs of Dirac cones overlap, making 4 phonon

scattering events possible with slightly different momenta near one frequency. This
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broadens the 2D peak™ significantly as thickness is increased. Therefore, the relative
height of the 2D and G peak change with the thickness of graphene. For monolayer
graphene, the G peak is limited to one intravalley scattering process per K point, while
in thicker graphite the overlapping dispersions allow for more intravalley scattering at
the same frequency, enhancing the G peak intensity. For monolayer graphene the 2D
peak occurs at one frequency resulting in a sharp peak, while in thicker graphite the
peak is broadened as described earlier. Therefore, in monolayer graphene the G peak is
smaller than the 2D peak, and for thicker graphite the G peak becomes comparable or
larger than the 2D peak. More specifically, in monolayer graphene I(%) ~ 2, while for
bilayer I(22) ~ 1 and increasingly smaller for few layer. The effects of 2D broadening
described above, and relative height diminishing are seen in Figure [2.11}, where spectra

for different thickness are displayed.
Field effect in graphene

As mentioned, graphene films can be straightforwardly incorporated into a field effect
transistor geometry,*22 and their carrier density and therefore Fermi level tuned by ap-
plication of a back gate voltage. Such a measurement setup is depicted in Figure 2.12h,
where a graphene film is supported by a silicon wafer with 285 nm SiOs insulating dielec-
tric to facilitate the application of back gate voltage. The DC resistance of the graphene
is probed as the back gate voltage is swept. These types of devices are fabricated readily
as described in Section 2.1.11

The zero-gap band structure of graphene allows both easy tunability of carrier density,
and continuous tunability of carrier type; from a hole to electron regime*® This tuning
is evident in Figure 2.12p, where the resistance of the graphene device increases as
electrons are injected into valence bands states. This decreases the density of states
of charge carriers, and thereby increases the resistance. In this sample, valence bands

states are completely filled to the charge neutrality point at an applied gate voltage of
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V, = 460 V, indicating that this sample is strongly p(hole)-doped.
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Figure 2.12: (a) Schematic of the 2 point probe device structure used to perform a field
effect measurement on graphene. (b) Ambipolar resistance modulation of a graphene
film as a function of backgate voltage. The peak of the resistance curve corresponds to
the charge neutrality point (CNP), and indicates that at 0 V, in our devices, graphene
films are hole (p) doped. (c¢) Conductivity as a function of backgate voltage. Hole and
electron carrier regimes are highlighted in red and blue respectively.

The carrier density (n) in the graphene film is varied, following a linear relationship

with gate voltage:?®

, (2.3)

where V is the applied gate voltage, e is the electronic charge, C is the gate capacitance
per unit area, € is the vacuum permittivity, €, is the SiOy dielectric constant, and %, is
the thickness of the dielectric. For our 285 nm thick SiO,, the gate capacitance per unit
area is 1.21x107® F/cm?, and the carrier density can be directly extracted from V.
Finally, we can calculate the conductivity (o) directly from the measured resistance
1

(R) using 0 = . We can then relate o to the carrier density (ns) through a propor-
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tionality constant typical of semiconductors, the drift mobility (x). This is done by first
recalling that when electric field (E) is applied to a conductor, carriers will acquire an

average drift velocity vy. The conductivity of the material is written as

engUy

E

(2.4)

g =

Furthermore, the drift mobility represents a proportionality constant between the
acquired drift velocity and the applied field following p = 5¢. Therefore, we can substi-
tute p into Equation (2.4)), to relate the drift mobility to both the conductivity and the

carrier density

o=ensp, p= (2.5)

eng

Finally, we can rewrite Equation (2.5 in terms of the backgate voltage using Equation

23).
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Important to note is that the region in which the preceding theory is valid is limited
to a diffusive Drude transport regime, or where the conductivity is linearly dependent
on the carrier density and hence on the gate bias® This region is selected based on
linear fitting parameters, and is indicated in Figure 2.12c. In fitting the linear relation
between the conductance and the gate bias, the mobility can be extracted directly using
Equation (2.6). Furthermore, for samples where both the hole and electron carrier
regime are well characterized, one can calculate the hole and electron mobility. The
conductivity as a function of gate bias is sometimes asymmetric, leading to hole and
electron mobilities that are different from each other. Generally, this asymmetry is
attributed to imperfections in the sample, and interactions of graphene with the contact

metal ™ In the case of the sample presented in Figure ,c the carrier density is
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measured to be ecm™2, and the hole mobility is measured to be 2300 cm?V~1s™!,

2.2 Graphene in the infrared region

While the above described technique presents a reliable way to extract graphene’s equi-
librium transport properties, it (i) requires the deposition of metal contacts, and (ii) is
highly invasive to the graphene. Furthermore, the question of how contacting graphene
with foreign materials affects the carrier properties is difficult to address. For exam-
ple, it has been shown that graphene devices with ‘more invasively designed’ contacts
(probes that cross the whole graphene sheet) exhibit a strong electron-hole asymme-
try.™ It was also found that graphene devices with metal contacts that have low adhe-
sion strength (aluminum, for example) exhibited pronounced electron-hole asymmetry.™
Overall, the electrical characterization technique contributes to breaking graphene’s local
spatial charge homogeneity (altering the intrinsic properties being measured). Further-
more, it is not a high-throughput or scalable technique for characterizing large area films
in a efficient time frame. Finally, metal deposition renders the graphene sample useless
to alternate applications post characterization. The remainder of this thesis is dedicated
to describing the implementation of a non-invasive, non-contact characterization tech-
nique that allows for complete extraction of graphene’s transport properties, without
deposition of metal leads. This optical based technique also offers the future potential
of being scalable within an industrial characterization setting,” and does not damage

the sample.

2.2.1 Optical spectroscopy to probe carrier dynamics

Optical measurements offer the advantage of probing material properties without making
physical contact. For graphene, optical measurements are an invaluable tool for study-

ing the band structure™ as carriers interact with radiation across the electromagnetic
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spectrum. Optical interactions in graphene can be broadly categorized into one of two
groups, interband absorption and intraband absorption.”®™ The dynamics that govern

how radiation across the infrared regime interacts in graphene is summarized in Figure

2.13
Interband optical absorption

Interband absorption events arise due to direct transitions between the valence and
conduction bands™ (as shown in the left panel of Figure from photons with high
enough energy. For graphene’s band structure, photons with energy 1000’s meV satisfy
this process, falling between the visible and near infrared region. The conductivity due
to such transitions is found to be frequency independent within the linear dispersion
regime of graphene, and is written as o(w) = 7;—22.28’78’80'82 This results in the well
known constant absorbance of graphene across the visible and near-infrared spectrum
A(w) = ma = 2.29%, where « is the fine structure constant 1%™

The frequency independent behaviour does not hold for all photon energies, as seen
in Figure 2.13] As the optical wavelengths increase, both the energy of the photons
inducing the transitions and the conductivity decrease. This indicates that no interband
transitions can take place and therefore absorption events are blocked. This absorption
blocking is called Pauli blocking and is due to free carriers (fermions) occupying all
available energy states in the sample£%#% The Fermi level is tuned away from the Dirac
point, and photon energies of at least 2E are required to make an interband transition,
as transitions from empty states are not possible™ This effect has been studied in

samples where the graphene is gated £>£% or chemically doped®™ to tune the Fermi level,

and the onset of Pauli blocking shifts.
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Figure 2.13: Left panel: Direct, frequency independent transitions between valence and
conduction bands giving rise to a constant interband conductivity. This is valid within
the tight binding model, for transitions with energy where the Dirac cone approximation
is valid. Middle panel: Transitions are prohibited due to Pauli blocking. Photon energy
is not tuned to promote a transition, and transitions can not be made from empty states.
Right panel: Low frequency transitions that conserve momentum by scattering with a
phonon or defect, giving rise to a Drude like intraband conductivity.

Intraband optical absorption

Finally, intraband absorption events arise due to indirect transitions within the conduc-
tion or valence band from low energy photons. Within this picture direct absorption of
a photon by an intraband transition does not satisfy conservation of momentum, and
requires extra scattering with a phonon or defect. This scattering picture is visualized
in the right panel of Figure[2.13| and for graphene’s band structure photon energies that
satisfy this process fall in the far infrared or terahertz region. The scattering processes

and carrier motion in this region result in an absorption peak that is very pronounced
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as the many free carriers in doped graphene interact with the low energy photons. Fur-
thermore, the frequency dependent conductivity has a Drude form, as carriers undergo
intraband transitions and experience scattering events to conserve momentum 1248187

Describing carrier interactions in large area graphene using the Drude model has
proven to be successful in the THz region, confirming the dominance of intraband over
interband conductivity at far-infrared frequencies. Currently the Drude model is stan-
dardly applied to THz conductivity spectra for extraction of graphene transport prop-
erties. The technique has been widely applied in terahertz mapping technologies to
non-invasively characterize large area graphene films, including those covering entire 4

2088 and those covering 30 cm wide polymer films®? THz spectroscopy has

inch wafers,
also been applied to large area graphene devices that are simultaneously gated, allowing
for transport properties to be measured as a function of variable Fermi level %Y Fur-
thermore, a tunable terahertz modulator was demonstrated based on a graphene gate
biasing geometry. The density of available intraband transitions is tuned using the gate
bias, allowing for finely controlled THz signal attenuation ' This functionality could be

useful for future THz based opto-electronic devices that require the ability to manipulate

THz electromagnetic waves.

2.2.2 Drude model for free carrier dynamics

The Drude model for the dynamics of carriers in metals and doped semiconductors is
successful in describing their response to low energy radiation. Furthermore, it has been
shown to very accurately model intraband carrier behaviour in the famously non-classical
material, graphene, despite the Drude model being based on classical physical principles.

In its original form, Drude applied the kinetic theory of gases to carriers in a metal,
an effective ‘gas of electrons’ 2% The model assumes that the system is comprised

of completely free and independent carriers moving randomly between elastic scatter-
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ing events. It assumes that scattering events are due to interactions with randomly
positioned stationary ionic cores, and happen with an average time interval 7 between
collisions.

We can calculate the motion for an electron under a spatially homogeneous time
varying electric field (in our case the THz field pulse) based on the classical equation of
motion:

dp _ p(t)

T eE(t) (2.7)

where E(t) = Re(E(w)e "), and represents the time varying field. We seek a steady

state solution of the form p(t) = Re(p(w)e™™"), where p(t) represents the average mo-

mentum of the disturbed electron. Substituting E and p into Equation (2.7) becomes

—iwp(w) = —@ — eE(w) (2.8)

Solving for p we find p(w) = - eTE(w)/(1 —iwT). To relate this momentum to the
complex conductivity, we recall that the classical momentum of a carrier is related to its
velocity by p = m*v, where m* is the effective mass of the charge carrier, and v is the
carrier velocity. The current density is then given as j = nev = - nep(w)/m*, where n
is the density of carriers in the material. It can be written in terms of E(w) as:

nep(w) ne’rE(w)

jlw) =~ me m*(1 — iwT) (2.9)

The current density is also directly proportional to the electric field E(w) in the mate-
rial, through a proportionality constant known as the complex frequency dependent AC

conductivity, 7(w).

jw) =d(w)E(w) (2.10)
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We therefore write for the electron &(w)

ope ner

Opc =

&(w) i (2.11)

T 1wt
where opc represents the conductivity at w = 0. This function describes a complex

Lorentzian, as shown in Figure [2.14]

1 —Relo]
- - Im[o]

1

Real Conductivity (mS)

Frequency (THz)

Figure 2.14: Real (solid) and imaginary (dashed) parts of the Drude conductivity. The
real part is a Lorentzian centered at w = 0 THz with a peak value equal to opc (1 mS).
The y-axis is not normalized. Re(o) crosses Im(o) at w = 1/7 (inverse scattering time)
or I' (the scattering rate).

As mentioned, the Drude formalism works well for metals and semiconductors where
m* is the band mass in a classical dispersion such as in €(k) = k%/2m*. The electrons
in graphene however, are massless Dirac fermions, and require a more general approach
(semi-classical Boltzmann transport theory) to calculating their conductivity. This ap-
proach will allow us to take the two-dimensionality and conical band structure into
account, and nevertheless will recover the general Drude like spectral shape as alluded
in Equation ([2.11)).

The Boltzmann expression for the conductivity in three dimensions is written as™
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o dk (k) 1 df ()
o(w) = Ne /(2%)3 3 1/7(e) —iw (_ Oe ) (2.12)

where N is the degeneracy of spin and valley states, v(l;:) is the carrier velocity, and f is

the Fermi distribution function. For a system with parabolic dispersion, v2(k) = 2¢/m*.

Furthermore, using the known relation for transitioning from wave vector to energy

v (f)d ~ [ a9t (213)

where d is the dimensionality of the space, and we can make a change of variables to

integration space

integrate the conductivity? in terms of e

o(w) = 2¢ d<€)g(6)61/7’($ — (_5fa(€€)> (2.14)

~ 3m*

We note that the degeneracy of the spin and valley states is taken care of inside
the final density of states, g(€) for the materials considered here. For metals, the Fermi
energy is typically between 1-10’s of eV, much larger than the thermal energy at room
temperature (0.0258 eV), and the Fermi distribution can be approximated as a step

function where (—%)% d(e — ep) making Equation (2.14)) straight forward to integrate

2¢? 1

*EFQ(EF)—1/7_<EF) oy (2.15)

o(w) = T

Finally, for electrons in such a 3D parabolic dispersion, the density of states at the Fermi

23104

level is given g(er) = 3n/2¢p, and the conductivity reduces to the familiar form

OpC ’I’L€27'

ow) =1 — opc=-"— (2.16)

For massless Dirac fermions in graphene, this derivation requires more attention, the

carrier velocity is independent of momentum v(k) = i~ (de/0k) = vp = 1.1 x 10° m/s
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also called the Fermi velocity. The Boltzmann expression for the conductivity written

in terms of this carrier velocity is then

e et () [ et )

where the factor 1/3 has become 1/2 to reflect the 2-dimensionality of the system. In
this case, we cannot use the step function approximation for the Fermi distribution, as
the Fermi level can become comparable to the thermal energy (=~ 26 meV) in graphene.

Instead we use the typical representation of the Fermi distribution given by

_ 1 RZIONN. exp| ]
fle) = exp[Th “C] +1 de  kgT (exp[TH “c] +1)%’ (2.18)

where . is the chemical potential, kg is the Boltzmann constant, and 7' is the temper-

ature. The integral over momentum can then be replaced in integration over energies

2¢
7T(h”UF)2 :

using Equation (2.13]), with the density of states for graphene given as g(e¢) =

The final conductivity for graphene within the conical dispersion region is then

o) = Qe;I;STl <2 cosh (2]{52)) 1/71_ — (2.19)

The classical Drude spectral shape is conserved as can be seen in the far right side of
Equation , with only the front pre-factor changed. This new pre-factor is known
as the Drude weight, and in the limit of kgT < p., can be reduced to p.e?/mh? 20
Furthermore, the chemical potential is determined by the carrier concentration as . =
hvpy/7n? and we can write a simplified conductivity spectrum that is once again remi-

niscent of the original Drude form2%24ELSTES

OpC ’UF€2\/E7'

T 1iwr 7POT hin/m

(2.20)
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This result is distinctly different than in classical materials, where the pre-factor, or
Drude weight, depends on the carrier mass, and is linearly dependent on the carrier den-
sity (n). Therefore, for low energy excitations that induce intraband absorption events
(within the far-infrared/terahertz region), the resulting scattering process of carriers
and conductivity can be understood within the Drude model outlined above, and for

two dimensional graphene, is written as in Equation ([2.20)).



Chapter 3

Experimental techniques: Terahertz

spectroscopy

3.1 Introduction

THz spectroscopy is based on the generation and detection of time resolved pulses of radi-
ation, typically picoseconds long, in the terahertz region of the electromagnetic spectrum.
These frequencies lay between electronic (microwave) and photonic (far IR) regions, and
are typically estimated to span (0.1-10) THz, 3 mm to 30 um, or (0.4-40) meV* (Figure
. The region has historically been referred to as “the THz gap” due to a lack of
suitable tools for generation and detection.*®” On the lower end of the frequency range,
electronics based microwave sources and detectors are readily available (from GPS to
microwave ovens). On the higher end infrared optical sources and sensors are a well
developed family of technologies (from remote controls to night vision).

Despite the challenges presented with a “THz gap”, there exists numerous interest-
ing physical phenomena whose time dependent dynamics lay within the sub-picosecond
range. These sort of dynamics are well suited to THz spectroscopy since wt &~ 1 (where
w is the angular frequency, and 7 is the dynamic time-scale). Applications range from
probing vibrational and rotational states of large molecules ! to exciton transitions %2

to optical and acoustic phonon modes,*" to free carrier dynamics in semiconductor solid

42
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state systems 1% Furthermore, as mentioned in Section the relevant energy scales

for probing free carrier dynamics and intraband transitions in graphene lie in the THz

range.
A [m] 109 103 106 107 1012
<€ 1 1 1 1 L 1 1 1 1 2 L 1 2 1 | 1
THz
m .
radio waves u-waves IR > UV X-rays +-rays
| T 1) T ) T | T T T T T T T T | >
106 10° 102 1015 10'8 £ [11z7]

Figure 3.1: Electromagnetic spectrum with THz region highlighted indigo.

With the goal of accessing these dynamics, THz-spectroscopy became increasingly
feasible as table top optical sources (in the VIS and NIR) with femtosecond pulse du-
ration (107'%s), intense enough to induce nonlinear behavior in solids became available

to researchers 14

This enabled scientists to irradiate crystals with light intense enough
to non-linearly perturb the material optical response, and generate new frequencies, in
particular those tuned to the low energy THz region. Emitted radiation in this picture,
(with the correct phase matching conditions applied) manifests as freely propagating
short electromagnetic pulses.

One advantage of THz spectroscopy over traditional spectroscopies is the ability to
directly measure the time resolved oscillating electric field, rather than just the intensity.
This allows the collection of the original pulse, and the complex information stored within
it, that being the amplitude and the phase. Such information allows the spectoscopist

to measure the complex optical properties such as the refractive index and conductivity

in a single shot measurement, without the use of Kramers-Kroenig relations.
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Today THz spectroscopy is a large but ever growing field of science. Highly sensitive
spectroscopy in the THz regime is widely accessible in compact table top systems through
generation and detection of coherent, freely propagating THz pulses in nonlinear crys-
tals P01 The field continues to evolve, from the implementation of fibre-coupled THz
systems'®® to the study of intense THz fields manipulating solid state systems,*? to the

HU'it has experienced tremendous

demonstration of THz near field /single pixel imaging,
progress since inception, and continues to show increasingly relevant promise.

This section of the thesis will outline the specific techniques used in our lab to generate
and detect THz radiation by nonlinear optical methods, allowing us to perform time-
resolved terahertz spectroscopy. It will review the theory of difference frequency mixing
in a second order nonlinear crystal for THz generation, and the application of electro-
optic sampling for its detection. Finally this section will cover the specific optics and

electronics used in our THz setup, as well as the physical geometry and theory for

measuring optical properties of graphene using THz-transmission spectroscopy.

3.1.1 THz generation by optical rectification

As mentioned, the generation of terahertz radiation is based on the use of ultrashort
(100’s of fs) infrared pulses down converted to the THz regime using difference frequency
mixing. A simplified picture of this second order nonlinear process, also called optical
rectification, can be applied to develop an intuition for the workings of THz generation
applied within this work. We begin by recalling that the polarization of a material can be
written as a power series expansion of the electric field as (assuming that the polarization

response is instantaneous with the applied field):

P(t) = e(xXWE(t) + XPE*(t) + P E3(t) + ...), (3.1)
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where ¢ is the permittivity of free space, and ™ is the n'* order susceptibility of the
material. Generally, a material cannot polarize instantaneously due to causality, and the
polarization must be written in terms of E(t'), making x™ (¢ — #') time dependent. For
the purpose of this thesis, the instantaneous response is sufficient to describe the general
THz generation and detection schemes. In linear optics, only the first order contribution
is important, however as the field strength of the light becomes more intense, higher
order contributions become relevant in describing the polarization# We define intense
to be the condition of the field strength approaching the order of the atomic electric field
strength (Eu = 55 = 5.14x 10 V/m). x® is then on the order of

PO x~pV @2~ — x195x10%m/V (3.2)

Today, the optical intensities accessible by regenerative amplifier laser sources are
easily able to induce nonlinear effects. For our purposes the second order term is the most
important, as it allows for second harmonic generation, and sum/difference frequency
mixing. To achieve second order effects a material with a non-zero y® susceptibility
is needed, as the material polarization must be altered under inversion processes. This
requires use of a crystal that lacks inversion symmetry, i.e. a crystalline axis that is
non-centrosymmetric in structure. In such a crystal, coupled with intense laser pulses,
second-order nonlinear processes become possible, and with the proper phase matching
conditions, become efficient. In this work we use the nonlinear crystal gallium phosphide,
and exploit its y(? susceptibility to generate difference frequency mixing.

If we consider the electric field from the laser amplifier to be of the form:
E"(t) = E" cos(wpt) (3.3)

and consider a simplified picture such that there are only two frequency components in
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the amplifiers spectrum (wy, ws), from Equation (3.1]), the second order induced polar-

ization becomes:

PA(t) = egx(Q)Eél)Eéz) cos(wit) cos(wat) (3.4)
(Q)E(l)E(Q)
PO (t) = EOX%[COS(M — w)t) + cos(wy + wa)t)] (3.5)
using the standard trigonometric relation cos(z)cos(y) = 3[cos(z — y) + cos(z + y)].

Now there is a new established nonlinear polarization that oscillates at either the sum or
difference of the two frequencies. Knowing that the nonlinear polarization of a medium
acts as a source term for electromagnetic waves by Maxwell’s equation

n?0?Ery. 1 9?PNL

V2Ery, — — = 3.6
TH c 0% €cz 0%t (3:6)

it is straight forward to see how this induced oscillating polarization generates new
electromagnetic waves that oscillate at (w; + ws) and (w; — wsy). Mixed frequencies fall
into one of two cases: (i) w; = wq, where the result is a DC polarization (wi,; = 0),
or a frequency doubled source, called second harmonic generation (wix = 2w), or (ii)
w1 # wy, where the result is a source at any sum or difference frequency between w;
and ws (sum or difference frequency generation). Figure visualizes the simplified
difference frequency mixing picture for a pulse in the NIR. Figure shows the process
from the source spectral amplitude perspective, and Figure depicts the same process
but from an energy level diagram perspective.

In practice each amplifier pulse does not contain two discrete frequencies, rather
a continuous spectrum of frequencies, each arbitrary component interacting with the
other. In this thesis, the amplifier pulse is centered at 1035 nm (comfortably in the
NIR), with a temporal duration < 100 fs corresponding to a frequency bandwidth of 6

THz. Furthermore, it is important to note that the simplified picture described above
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a) b)
E(w)|

Wy W,
Frequency (w)
Figure 3.2: (a) Laser pulse visualization of difference frequency mixing in nonlinear
crystal (b) Energy level diagram for visualization of difference frequency mixing.
grossly overestimates the experimentally attainable bandwidth. This picture does not
include phase mismatching effects that arise from the co-propagation of the amplifier

pulse and the generated THz pulses.

3.1.2 THz detection by electro-optic sampling

Likewise to generation, THz detection is based on the clever implementation of optical ef-
fects in non-centrosymmetric media, namely the linear electro-optic ‘Pockels’ effect. The
Pockels effect describes the change in refractive index in a non-centrosymmetric crystal
induced by the presence of a static electric field. ¥ More specifically, a birefringence is
induced resulting in the modulation of the crystals ordinary and extraordinary indices of
refraction (n, and n. respectively), proportional to the comparatively DC electric field.

Since the duration of the THz pulse is much longer than the duration of the NIR
pulse (few ps to ~ 100 fs difference) the THz field appears quasistatic to the NIR,
altering it’s birefringence proportionally to THz field strength. Therefore, when the

NIR gate pulse and THz pulse arrive simultaneously, the polarization state of the NIR
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is altered in proportion to the THz field strength. More specifically, it causes a phase
retardation between the linear polarization components of the gate pulse. By measuring
this quantifiable change in the NIR polarization state, the THz field can be measured at
one point in time, and by moving the temporal overlap of the two pulses with a delay
stage, the entire THz field can be mapped out. This technique is visualized in Figure

where the dynamics of the scheme are pictured for three different THz-NIR temporal

overlaps.
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Figure 3.3. Electro-optic sampling for detection of a perturbing THz field. (a) In
the absence of an electric field the horizontally polarized gate pulse passes through the
unaltered nonlinear crystal. A quarter-waveplate is set to produce circularly polarized
light, giving equal contribution to horizontal and vertical polarization. The Wollaston
prism separates the components onto two photodiodes, and their difference is measured
as 0 mV. (b) & (c) If the gate pulse and the THz pulse temporally overlap the THz field
modifies the birefringence in the nonlinear crystal, altering the polarization state of the
gate pulse. In this case elliptically polarized light is produced, resulting in a difference
in intensity on the diodes proportional to the THz field.
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The change in polarization is measured using an ellipsometer consisting of a quarter-
waveplate, a Wollaston prism and a pair of photodiodes. The quarter-waveplate is used
to initially calibrate the scheme in the absence of a THz pulse. It compensates for
any equilibrium birefringence in the nonlinear crystal, circularizing the gate pulse and
ensuring the detector output is zeroed when there is no THz-NIR field overlap. The
Wollaston prism spatially separates the horizontal and vertical components of the NIR
pulse, which can then be detected by the two photodiodes, and the potential difference
between them measured. Since the quarter-waveplate balanced the detectors in the
absence of the THz pulse, any potential difference measured between them is directly

proportional to the THz field at a given temporal overlap with the NIR pulse.

3.2 Experimental setup

The two processes described above for generating and detecting THz radiation were
applied to realize the time-domain terahertz spectrometer employed in this thesis. The
setup in our lab is depicted in Figure 3.4 An Yb:KGW amplified laser source drives
the setup, and the amplified output pulse is centered at 1035 nm, is 180 fs long, has an
average power of 2.1 W, and a repetition rate between 1 kHz and 1.1 MHz, tunable by
the lasers internal electronics software. The output is guided to an 80/20 beamsplitter,
where the pulse is separated along two beam paths.

The highest intensity NIR pulse is lead to the generation arm after passing through a
chopper wheel (which enables lock in detection), where it is focused on a non-centrosymmetric
medium with a x? susceptibility. In our case this medium is a gallium phosphide (GaP)
crystal. The intense pulse in this nonlinear crystal initiates the optical rectification pro-
cess as described in Section [3.1.1] generating a pulse of terahertz radiation typically about
2 ps long and containing spectral content between 0-6 THz. The THz pulse diverges out-

ward from the emitter crystal in all directions, and is re-collected and collimated by a
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parabolic mirror. A germanium wafer is placed in the centre of the beam path to allow
transmission of the generated THz, and to block any residual NIR pump light. The pulse
is then introduced to another parabolic mirror identical to the first, to bring the THz
frequency components to a spatial focus, typically between 0.5 and 1 mm in width. The
sample of interest is placed at this focus, and the transmitted pulse is reintroduced to
an identical parabolic mirror pair to refocus it into a second GaP detection crystal for
THz detection. Finally, we note that due to the high absorption of THz by humidity in
the air, all components that involve the THz radiation are contained within a plexiglass
box that is purged with dry air (Ny). This ensures the measurements are not affected

by water absorption lines.

pa PHAROS
A=1035nm
IDela';.r stage
N, purged
BS
P Gap Gﬁpé vP_JpDi
L 1l | i I Hp ~PD2
Chopper | Si :
: THz I :
Sample

Figure 3.4: Schematic of our terahertz spectrometer. BS: 80/20 beamsplitter, GaP:
gallium phosphide, Ge: germanium wafer, Si: silicon wafer, \/4: quarter wave plate, WP:
Wollaston prism, VP /HP: vertical /horizontal polarization, PD1/PD2: photodiodes.

The NIR pulse with lower intensity is lead to the THz detection or ‘gating’ arm. The
first optics it encounters is a pair of mirrors mounted on a motorized translation stage.

The NIR pulse is then reflected off a silicon wafer, bringing it back into the generation
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arm beam path. It is focused with the fourth parabolic mirror into the GaP detection
crystal where it is spatially recombined with the THz wave and can act as a gating pulse
for electro-optic sampling. Since the optical path of the THz wave is fixed, the temporal
overlap of the THz and NIR can be tuned by translating the motorized delay stage and
tuning the optical path of the NIR pulse. By scanning the NIR pulse over the temporal
range of the THz pulse in the GaP crystal, electro-optic sampling for THz detection can
be performed as described in Section [3.1.2] The delay stage used within this work moves
in steps of 10 um, giving ~30 fs temporal resolution in the THz transient.

Finally, THz detection is done through amplified lock in detection, where the input
signal (oscillating at the chopper frequency, w.) from the photodiodes is multiplied with
a reference signal delivered by the local oscillator in the LIA (also selected to oscillate
at we). A low pass filter is applied to this product signal, thereby isolating the signals
oscillating at w,. and rejecting signal at all other frequencies (noise). This allows for the
detection of weak signals, in high noise backgrounds.

Overall, this scheme allows one to measure the direct terahertz field as a function
of delay stage time, facilitating spectroscopy that is phase and amplitude sensitive, and
allowing for full extraction of complex material properties, as I will describe in detail in

the following section.

3.3 Measuring optical properties with THz trans-

mission spectroscopy

In the time domain spectroscopy setup described in Section [3.2], we collect the electric
field, E(t) of the THz pulse transmitted through a sample of interest. This pulse con-
tains both the phase ¢ and amplitude |Ey(w)| information. By application of a Fourier
transform (via a Fast Fourier Transform algorithm in MATLAB), these properties as a

function of frequency can be obtained, allowing for the extraction of complex frequency
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dependent properties. We write the THz wave in the following way for the remainder of

this section.

E(w) = Ey(w)e™ (3.7)

where ¢ = nwl/c, and n, [, and c¢ are the refractive index, the thickness of the material,
and the speed of light, respectively. In transmission spectroscopy, one needs to collect
a THz transient such as one in the form of Equation that has passed through the
sample, and compare it to a reference transient. For optically thick samples, the reference
is typically a transient through air, however within this work we measure the properties of
graphene, a thin conducting film supported by an optically thick substrate. In this case,
one measures the THz transmission through the film on the substrate, and for a reference,
measures a bare substrate identical to the one supporting the film. The following section
will outline how we apply experimentally acquired and Fourier transformed THz pulses

to extract information about the conductivity of graphene supported by a substrate.

3.3.1 Fresnel transmission/reflection coefficients

All samples measured within this work can be pictured with the description above, a
thin conducting film supported by a thick substrate, as shown in Figure We first
consider a THz field of the form Equation [3.7|incident on the surface of a bare substrate

thickness [, after passing through a slab of air of thickness d, as depicted in Figure [3.5h.

The transmitted field will be altered depending on the thickness of the substrate (1),

and its refractive index (ng) as

Esub (w> = tair%subtsubaairEoemairws/censu}l/c (38)
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Figure 3.5: The geometry for the THz transmission of the (a) reference signal and (b)
sample signal. Ej is the incident THz field, E,;, is the transmitted field through the bare
substrate, and E,, is the transmitted field through the graphene sample and substrate.

where t;_,; are the Fresnel transmission coefficients from material 7 to material j at

normal incidence. They are written asi?

27%
n; + n;

(3.9)

tisy =

Similarly, for the transmitted field through the conducting film and substrate as
shown in Fig[3.5p, we have

Esam(w> = tair%samtsam—)subtsub%airEOeinQW(S/ceinSWl/CFg (310)

where n, and ¢ are the refractive index and thickness of the graphene film respectively.

iil‘n1

F, is a ter that accounts for the internal Fabry-Perot reflections within the graphene

2insubw6/c> -1

film. It is written as Fy = (1 + Tair—sam?sam—sub€ , where r;; are the Fresnel

reflection coefficients. These are written ag!?
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ni—nj
= 3.11
Tij i +n; (3.11)

Therefore, the transmission through the thin conducting film is written as the ratio

of the two Fourier transformed fields

- Esam (w) tair—)samtsam—)sub e—inaiTwé/ceingwé/c (3 12)
E .

T(w) = |
sub(w) tair—ssub 1+ Tair—)samrsam_>5ub€2m9w‘s/c

and the Fresnel reflection and transmission coefficients can be straight-forwardly substi-

tuted using Equations (3.9) and (3.11)). We can then re-write the transmission as

= ng(1 + ny)e /e
T(w) = ng(1 + ns) cos(ngwd/c) — i((ngy)? + ns) sin(ngwd/c) (3.13)

where n,;,. = 1. Furthermore, considering that the thickness of the film classifies as (i)
‘thin” and (ii) highly conductive, we make the approximations that (i) nwd/c < 1 or

§ < A/n and (i) (n,)? > ns. We then have for the transmission:

Pl — (14 ny)
Tw) = Trm) = i) wo/o)

(3.14)

Finally, we can write the refractive index of the film as a function of the complex

sheet conductivity (6(w))™ through Maxwell’s equations/™*® where (n,)? = ¢, = %
giving:
- 1+ n, N (1 + Togup) ( 1 )
T(w) = — , o0(w)= = —1 3.15
() 1+ ns+ Zyo(w) () Zy T(w) (3.15)

where Zy = 1/epc = 377Q is the vacuum impedance. This is known as the Tinkham

17

equation, ™ and is certainly valid for the terahertz response of graphene which is a

conducting film on the order of only a few A thick. Therefore, the complex transmission
can be written in terms of the directly transmitted THz field, resulting in the analytical

expression for the complex sheet conductivity2%118
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G(w) = (1 +Z7:Lsub) (T(lw) — 1) (3.16)

where T(w) = |T(w)|e’®?. Therefore, the real and complex conductivities (¢’ and o”
respectively), can be directly extracted by measuring the THz electric field through the

sample+substrate, and just the bare substrate such that

(1 + ﬁsub) SIH(A¢)

_1), o (w) = — Z @) (3.17)

o' (w) =

(1 + Nsup) (cos(Agb)
Zy T (w)]



Chapter 4

Complex conductance of CVD graphene

4.1 Broadband conductance spectra

In this thesis we measure the oscillating THz field through graphene samples and a
reference, and extract the transport properties of the films using a standard analysis
and fitting procedure. More specifically, the transport properties represent four char-
acteristics of the film, the DC conductivity (opc), the average scattering time (7), the
carrier density/doping (Ng), and the carrier mobility (x). This chapter will outline that
procedure based on the already established understanding of how THz frequencies in-
duce intraband transitions and probe these free carrier characteristics. Specifically, we
extract properties of graphene sheets supported by technologically relevant substrates
for current and potential future electronics applications. THz spectroscopy is partic-
ularly suitable to this task not only due to its ideally tuned energy for inducing the
necessary transitions, but also due to the non-contact, minimally invasive nature of the
optical measurement. Without the need for deposition of metal contacts or application
of current, the sample can be characterized and remain useful for applications after the

measurement.

4.1.1 Calculating conductance spectra

THz transmission measurements are used to extract the optical conductivity of an arbi-

trary graphene film deposited on a substrate, within the spectral region determined by

56
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the oscillating THz field. Within our lab, the output spectral content can range from
0.3-3 THz, to a relatively more broadband window of 0.5-6 THz. This broader spectral
range is achieved with a newly demonstrated setup combining a photonic crystal fibre
(PCF) with a Yb:KGW ultrafast laser, and using GaP for nonlinear generation and
detection of THz radiation*” Some measurements presented were taken without the
PCF (as it was temporarily out of service), and consequently are over a smaller THz
spectral window. Importantly we note that in all measurements, the spectral content is
sufficiently broad to well capture the samples scattering behaviour. In other words, the
scattering rate is generally smaller than the measurable frequencies (I' < 27 f). In the
greater context of this work, we measure conductance spectra for graphene supported by
different substrates. In this section, we will review the analysis procedure for measuring
the conductance spectrum of graphene on one arbitrary substrate.

As described in Section a reference and sample time domain waveform are col-
lected, as pictured in Figure . We measure 6-8 ps long scans (shown in the inset of
Figure ), to ensure we capture the full THz waveform. However, 6-8 ps long scans
are not always necessary in extracting physical information, and in the data processing
phase we select only the region of the pulse that contains the main THz oscillations. This
is called time-windowing the data. The windowed data corresponds to the gray region
in the inset of Figure [f.1Ip. To improve the measurement accuracy and to quantify error,
for a given sample or reference measurement we collect 5 to 10 transients on the same
spot, and take the average of those. In Figure [d.Tj, the transients shown are the average
of 10 scans at the same spot on the substrate (Eg,;) and 10 scans at the same spot on the
graphene (Eguy,). When performing measurements we take the transients through the
sample and reference in pairs, such that 10 references are measured, and immediately
after 10 samples are measured. This is repeated as we scan across the sample so that we

are not sensitive to laser drift/fluctuations over time.
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Figure 4.1: Four important steps in THz spectroscopy to extract the conductance spec-
trum for a graphene film supported by a substrate. (a) Reference and sample time
domain wave forms are collected as raw data. Inset: 6-8 ps long scan. Grey region
represents the important THz oscillations, and is the selected windowed data shown in
the main figure. (b) A fast Fourier transform is performed on the two time domain
wave forms in MATLAB to reveal the spectral amplitude. (c) The ratio of the sample
to reference spectrum is calculated and plotted as the frequency dependent transmission
(d) The corresponding conductance spectrum is calculated from (c¢) based on Equation
. Error bar is calculated by performing many scans over the same spot, and calcu-
lating the deviation in the final conductivity. The final conductance data is then fit to
the Drude model.

We then apply the FFT algorithm in MATLAB on the averaged time domain tran-
sients to retrieve the amplitude spectra as in Figure [.Ip. Taking the ratio of the
transmitted pulses as outlined in Section we measure the frequency dependent trans-

mission as shown in Figure . The real contribution to the conductivity (¢’(w)) is
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then directly analytically calculated based on Equation (8.17), (as shown in [4.1d). To
quantify a margin of error for ¢’(w), we perform this analysis for every time domain
transient collected at a given spot, and take the standard deviation of the conductance
curves as the error bar. To obtain a representative measurement for a given sample, this
analysis is repeated for several spots across the (1x1 cm) sample. The final conductance
curve reported for a given sample represents the average conductance curve for all spots
collected, and the error margin represents the standard deviation of all conductance
curves collected across that sample. It is also important to note here that because the
spot size of the THz focus is much larger than the length scales of carrier motion in
graphene, one THz measurement spot is already an excellent estimator of that CVD

graphene sample’s average conductivity.#*
Exclusion of the imaginary contribution

As discussed previously in this thesis, a great advantage of time-domain terahertz spec-
troscopy is the ability to measure the oscillating THz field, and therefore have access to
the amplitude and phase information in the pulse. This makes the calculation of com-
plex material properties straight forward, without need for the beautiful, yet complex
Kramers-Kroenig integrals. Within this work, we do not apply the imaginary conduc-
tivity to the fitting procedure to extract material properties for the following reason.
Recall we measure the transmission ratio through a substrate as a reference for the
measurement with a thin graphene film supported by that same substrate. The ampli-
tude transmission ratio is pronounced, as carriers in graphene can absorb as much as
~20%. The phase delay imparted to the pulse due to the atomically thick graphene is
not nearly so pronounced, and is much more difficult to reliably measure. Furthermore,
as seen in Equation (3.17)), ¢”(w) is incredibly sensitive to A¢, as it is proportional
to sin(A¢) ~ Ag, for Ap ~ 0. While careful measurement of ¢”(w) is possible, and

in principle would improve the reliability of the fitting, o’(w) alone has been routinely
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determined as sufficient to robustly extract carrier properties 120121

4.1.2 Extracting optical properties from conductance spectra

The average conductance spectrum for a given sample can be fit to the real part of the
Drude model as written in Equation , allowing direct extraction of opc and 7 from
the Drude fit, and straight forward calculation of Ng and p. Measurement of the average
opc, T, Ng, and p for large area CVD graphene films has previously been reported on
by many groups using time domain terahertz spectroscopy. Table [.1] summarizes the
reported extracted parameters from the literature, sorted by their underlying substrate.
We note that SiOy and quartz are compositionally the same, however are considered
distinct substrates here. Thermally grown SiO, is an amorphous material, some oxygen
atoms will bond to only one silicon atom. Quartz represents the SiOy structure in a

perfect crystalline form, where all oxygen atoms bond with two silicon atoms.

opc (mS) 7 (fs) Ng (x10'2 cm™2) | p (cm?/Vs)
Silicon | 1.7, 2.4%0 3802 6.9% 210029
SiO, 0.8212.191%2 | 69, 73122 35170123 | 1 0519 4 5123 5 5122 | 9908, 2467 123 27001
Si;N, | 157308 | 7g2 6175 92 558 845 88 35975
PET 3.5, 4.189 68, 8182 Not reported 44189
Quartz | Not reported | 124, 139,84 350424 | 0.6, 1.6,°* 6*4 2000, 2350, 294054

Table 4.1: Extracted properties of CVD graphene films reported in the literature.

The fitting in this thesis is performed in OriginPro, and is programmed to perform
a weighted fit based on the error in the real conductivity. In the fitting algorithm
data points with larger error are weighted less heavily than those with smaller error.
This allows for the most accurate parameter extraction that is preferentially based on

the frequency range with the strongest signal (restricting the fit from being distorted

by the edge of the spectral content, where we have a smaller signal to noise ratio).
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We perform this fitting procedure for graphene samples supported by seven previously
described substrates, with the extracted parameters plotted in Figures [4.2] and [4.3
Each data point represents the average value on a sample across many collection points.
The errorbar represents one standard deviation of the extracted property across those
collection points. Extracted parameters are reproducible within the errorbar for nearly
every measurement.

For our devices, we measure DC sheet conductances between 0.55 and 3 mS (as seen
in Figure [£.2h). These conductivities are comparable to those discussed above from
the literature. They are also consistent with other GFET devices prepared within this
work that exhibit sheet resistance between 400 and 2000 €2, measured using a two point
probe electronic measurement (such as that shown in Figure 2.1.3) ™3 Furthermore we
measure average scattering times for samples to be between 100 and 600 fs (as seen in
Figure ) These values are high compared to those commonly reported in literature,
however are not surprising for clean, well transferred graphene that was grown on single

crystalline copper foils.?2
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Figure 4.2: Average (a) DC conductivities and (b) scattering times for large area
graphene sheets supported by 7 substrates.

Using the extracted opc and 7, carrier density (Ng) and mobility (u) can be directly
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calculated and averaged to extract a representative density and mobility for a given

sample. Carrier density is calculated directly from the Drude weight, as in Equation

(12.20))
7Th2 OpC 2
Ns = o (229) 41
s viet \ T (4.1)
and the carrier mobility from the well known relation
2.3 .2
M:aDc_vFe T . Vre€ T (42)

eNS N ’/TFL2 OpC N ﬁh\/NS

We measure carrier density doping levels between (0.8-9)x10'2 ecm™2 (Figure [4.3h),
and drift mobilities ranging from (200-6000) cm?V~'s~! (Figure [.3p). These values are
again, in line with the above summarized literature for wet transferred CVD graphene,

that becomes unintentionally doped during transfer.%

T T T T T T T T T
(a) B ~150hm-cmSi (b) — 10}m ~150hmemsi ]
10t M ~50hm-cmSi ] s ~5 Ohm-cm Si

- SN u Si-N ¥

h B Wet oxide '> B Wet oxide

E M Dryoxide ~ M Dryoxide

o B Zeonor i E B Zeonor

2 i B 10k Ohm-cm$Si 8 B 10k Ohm-cm Si

o o 1t ;
— 1t i 7 (@)

* i

" *
z f =.
0.1 1 1 1 1 1 i 1 0.1

Figure 4.3: Average (a) carrier densities and (b) carrier mobilities for large area
graphene sheets supported by 7 substrates.

Notably, for the device measured by backgate sweeping (in Section [2.1.3]) we find the

1,1

measured mobilities to agree within the range of error: ppg = 2300 cm?V~—!s™!, versus

prm. = (1900 + 600) cm?*V~ts™1. Furthermore, we find the measured carrier densities

to comparatively be: Npg=4.05x102cm~2, versus Npy.=(2.064+1)x102cm 2.
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4.2 Environment dependent conductance properties

As can be seen in Figure & [4.3] graphene supported by various substrates exhibits
drastically different carrier properties. This is not surprising, it is well known that
graphene films and their transport properties are highly susceptible to changes in envi-
ronment and supporting substrate. The ultrafast transport dynamics in graphene have
demonstrated sensitivity to surrounding temperature*® and gaseous environment,
and their equilibrium dynamics to the underlying substrate.’** In Ref [123] graphene is
deposited on SiO,y substrates with four types of buffer layer (polar oxides-SrTiO3/ZnO
and organic polymer films-HMDS/PMMA). Ng, and p are extracted in the FIR us-
ing Fourier Transform Infrared Spectroscopy (FTIR). They find that mobility is vastly
changed for different substrates, with p ranging from 1594 cm?V~1s~! on ZnO to 11680
ecm?V~1s71 on HMDS. They argue that o can be enhanced with the reduction of the sub-
strate carrier density to minimize substrate induced charge doping. They argue that in-
creased charged impurities in the substrate adds more scattering sources for the graphene
carriers, and that a substrate with high dielectric constant (¢) may be preferable, as the
potentials from charged impurities are screened more effectively. The substrate effect on
graphene transport properties has also been studied by fabricating graphene field effect
transistors® (GFETSs), similar to those shown in Figure and fabricated in Section
In Ref [61] GFETSs are fabricated on several technologically relevant dielectric
substrates within the semiconductor industry: SiO,, HfO,, Al;O3, SizNy and tetraethyl-
orthosilicate (TEOS)-oxide. Carrier properties are extracted for each substrate based on
the FET measurement procedure outlined in Section [2.1.3] as well as by Raman spec-
troscopy. They consistently find that the mobility of graphene is vastly different for the
different substrates, with p ranging from 4000 cm?V~1s~! on HfO, to 10000 cm?V s~}

on SiOy and SizN4. They ultimately attribute a higher mobility to be correlated with
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fewer scattering centres in the substrate. They find the mobility of graphene supported
by SigN, superior to the other substrates, and to be comparable to that supported by
Si0,.

As graphene integrated electronics become an attractive pathway to improving fu-
ture devices, a thorough understanding of the effect substrate has on carrier transport
becomes essential, specifically for substrates that show promise in technologically rele-
vant applications. To date there exists no systematic study that measures the transport
properties of graphene supported by substrates with quantifiable differences in their den-
sity of charged impurities. The role of this work is to provide a study that measures
the substrate dependent transport properties of graphene, using substrates that both are
commonly used in Si-CMOS, and contain a (quasi) quantifiable density of charged impu-
rities, and to do so using the non-contact benefits of THz spectroscopy. As mentioned,
we find that graphene deposited on these varying devices indeed demonstrates vastly
differing transport properties. The following section will discuss more deeply what else
(aside from substrate charged impurities), can limit the carrier mobility, and therefore

overall device performance in large-scale CVD graphene.

4.2.1 Limitations to device performance

The limiting factors that inhibit the transport properties of CVD graphene are primarily
due to the growth and subsequent transfer procedure. The first limitation we will discuss
is the prominence of grain boundaries. Grain boundaries are defined to be linear defects
that are formed during the coalescence of two single crystalline graphene domains*#® (vi-
sualized in Figure ) They are a consequence of the CVD growth process that limits
the mechanical strength of large area films, and act as line-shaped defects in limiting
carrier transport.** Grain boundaries produce back scattering events (due to their linear

shape)®® that inhibit the low frequency (op¢) conductivity through a sign reversal of the
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current impulse response. Since carriers back scatter a net drift is not accumulated, and
opc is suppressed. Samples with small conductive domains that are dominated by this
sort of back scattering must be treated within the Drude-Smith model *#2 where a back
scattering term (c) accounts for the diminished conductivity at low frequencies in the
Drude model** In practice today, high quality CVD graphene has single crystalline do-
mains typically several microns in diameter, with the graphene used in this work quoted
to have grain size of up to 20 pum as specified by the supplier, Graphenea.

CVD graphene also suffers from residues left during the wet transfer process. Com-
mon residues that leave damage to the sample include cracks, tears, and wrinkling of the
film. These sort of residues are marked in Figure [£.4p. In the samples prepared here,
cracks, wrinkles, and tears are minimized through practice and optimization of the trans-
fer technique, however they are inevitable. Typically these residues are separated by 10s
of pum. Moreover, residues are left on the surface from the wet transfer technique such
as PMMA. Removing PMMA residues has long been a critical problem in the optimiza-
tion of graphene surface cleanliness, they are known to alter the electronic properties of
graphene through p-doping, and can also act as scattering centers!3? Acetone is used
as a solvent to remove the bulk of PMMA residue, and as mentioned in Section [2.1.2]
they can be further reduced by annealing samples in forming gas at 400°C. In this work
the average separation between adjacent PMMA aggregates is calculated (as described
in Section and are found to be separated by average distances ranging between
2-15 pm.

Finally, transport properties can be influenced by gas and water molecules adsorbed
at the surface, trapped between the film and the substrate, or trapped within the sub-
strate itself*! These trapped molecules can create charge potentials that again inhibit
the mobility by creating scattering centers.t#4 While it is difficult to assess ourselves

the separation between adjacent adsorbed or trapped charge potentials, the typical con-



Optical Properties of Graphene in the THz Region 66

(a) — (b)
s R i | ’Tear ’
" \ Wrinkles

%
—

NI . ads
= T 8 —_
\E A,
- ‘rmh =
20 pm 20 pm

Figure 4.4: (a) Visualization of the domains separated by grain boundaries that make
up the CVD graphene surface. Domains within this work are typically 10’s of um wide.
Red spot represents a THz beam focus demonstrating how it probes over many grain
boundaries. Reprinted from.*4 (b) Physical defects that result from the wet transfer
process including tears in the lattice, PMMA macromolecules, and wrinkles.

centration of charged impurities in SiO, substrates is considered to be at least 5x 10!
cm 2339 corresponding to average separation distances of < 1 yum. To control the density
of charged potentials in substrates within this work, we use silicon wafers with a known
boron doping density, quoted by the manufacturer. We can then crudely estimate the
average spacing between boron dopants, and therefore between charge potentials that
create scattering centers. We can also consider the samples to have similar density of
adsorbed gas or water molecules on the graphene surface as each sample is prepared and
stored identically, and measurements are always performed in a nitrogen purged chamber
held at a consistent relative humidity.

Overall, the carrier mobility in CVD graphene is widely understood to be limited
by scattering mechanisms®!' described above, which for the most part can be described
by charged impurity scattering®? Randomly distributed charged impurities within a sub-
strate lead to an electrostatic potential map with hills and valleys. When graphene is
placed on such a substrate, the Fermi level varies spatially within the film, often re-

134

ferred to as forming electron-hole puddles*** The charged impurity that likely plays a

dominant role in limiting device mobility will be that which is most densely populated,
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or having the minimal separation distance. As described above scattering by charged
impurities trapped in or between the substrate and film is likely the dominant influence
limiting the mobility. Therefore, we dedicate the following section to reviewing how the
substrates used in this work vary in terms of density of charged impurities, and how this
correlates to the extracted carrier properties.

Furthermore, carrier transport in graphene can be influenced by smaller scale effects
including the Coulomb collapse. This effect was theorized, and subsequently observed,
where the presence of supercharged impurities causes a strong Coulomb field and an
unusual atomic collapse of carriers. In this work we study large area samples at room
temperature, and probe dynamics averaged over hundreds of microns. Therefore, these
small scale effects are not taken into account, but however remain useful to mention.

Furthermore, carrier transport in graphene can be influenced by smaller lengthscale

135

effects including the Coulomb collapse. This effect was theorized,*” and subsequently

observed!3®

where the presence of charged impurities causes a strong Coulomb field and
an unusual atomic collapse of carriers. In this work we expect such effects to be negligible,
as we study large area samples at room temperature, and probe dynamics averaged over

hundreds of microns.

4.2.2 Substrate dependent properties of CVD graphene

To compare the difference in carrier transport of devices supported by distinct substrates,
we classify samples as belonging to one of three groups based on their inferred density

of charged impurities, and the bulk resistivity of the substrate:

(i) Doped silicon which comprise wafers with a high concentration of injected boron
impurities to facilitate conduction. Boron impurities in the substrate likely form

charge potentials which facilitate scattering.

(ii) Dielectric films grown on top of a silicon substrate are known to contain a sig-
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(iii)

Figu

nificant amount of trapped charges due to the amorphous growth of the film that
leaves dangling bonds at the silicon interface. These trapped charge centers could

facilitate scattering.

High purity substrates, meaning that they do not contain a significant amount of
trapped charges (such as those in dielectric films) or intentionally injected dopants
(such as those in doped silicon). The ZEONEX substrate has high resistivity,
meaning it is intrinsically a good insulator, and therefore does not necessarily
contain mobile charges that could act as scattering potentials. The 10,000 -
cm silicon substrate contains the minimally possible amount of doping impurities,

again representing highly pure silicon.
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re 4.5: Substrate charge impurity density categorized transport properties (a) DC

conductance (b) Average scattering time. Error bars represent one standard deviation
for the extracted parameter taken from several scans taken across one sample.

Transport properties of the samples sorted by this substrate classification are visu-

alized in Figure When sorting the sample properties in this manner the following

observations become apparent:

a)

From Figure[1.5h, the low frequency or DC conductivity does not exhibit an obvious
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correlation to inferred density of charged impurities in the substrate. The DC
conductivity represents the motion of carriers in the limit of an optical disturbance
without a frequency dependence. It describes the net drift of carriers in one

direction over an oscillation of one THz pulse.

Aside from correlating ope to substrate charged impurity density, we note that the
non-zero nature of opc itself further proves that the conductive domains in our
samples are larger than the mean free path of carriers. Carriers scatter several times
during a THz oscillation such that they are subject to a net drift in the direction
throughout the duration of the electric field, and do not undergo back scattering
events that would diminish the low frequency conductivity. Furthermore, we note
that the uncertainty on the DC conductance is quite different for different samples.
For example the error on Wet SiO, is much smaller than that on pure silicon. This

is attributed to differing anisotropy in the sample.

From Figure , the average scattering time is smallest for graphene on boron-
doped silicon, is slightly increased for graphene on a dielectric films, and is the
largest for graphene on the highly pure silicon. This insinuates that the average
time before a scattering event occurs is increased for the samples with less charged
impurity centers because on average carriers can move further distance without
experiencing a scattering potential (assuming they all move the same speed, the
Fermi velocity vz). The graphene supported by the highly resistive ZEONEX® is

an outlier in this trend, as 7 is comparable to dielectric film substrates.



Opti

cal Properties of Graphene in the THz Region 70

(a) T T T T T T T (b)‘—.- 10 L T T T T T T T
-
_ 10¢ 1 h g
i No < #
E f trapped/free E +
< E charges E l No
o Doped silicon T o [
] 1L trapped/free |
o 1 i ™ T
— 3 T o charges
* —
» * 1 Dielectric film with
= Dielectric film with i = trapped charges
trapped charges
f Doped silicon
01 1 1 1 1 1 | 1 01 1 L 1 1 1 1 1
o & QoY " &
£ & 525 & & & s & 2 5 & & ¢
< & 9 & & & o < %C:' ) & & g “
P f s ¢ v ¢ P4 § v 3
) & g g
Figure 4.6: Substrate charge impurity density categorized transport properties (a) Dop-

ing/carrier density and (b) Carrier mobility. Error bars represent one standard deviation
for the extracted parameter measured several times across one sample.

c)

From Figure , the doping density of the graphene lattice is generally larger for
substrates with higher doping density. This is consistent with a picture in which
the substrate dopes the graphene film through substrate induced charge doping.
Notably, the doping density of graphene on pure silicon is larger than that of
graphene on ZEONEX® even though they are both considered here to have a
high resistivity and low substrate-charge doping density. This could be due to the
increased screening ability of silicon (which has a comparatively high dielectric(k)

constant compared to ZEONEX®).

Finally, from Figure the mobility of graphene devices generally increases with
decreased density of charged impurities in the substrate. This is consistent with a
picture in which more substrate charged impurities create more scattering poten-
tials that inhibit carrier transport and limit the mobility of graphene films. We
find that for graphene supported by the highly pure silicon and flexible polymer the
mobility is over an order of magnitude superior than that for graphene on doped

silicon, indicating that the prominent presence of boron impurities immediately
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influences the resultant mobility. Furthermore, we find the mobility of graphene
on these low charge density substrates to be superior to those deposited on thin
dielectrics (a common substrate for graphene electronics applications due to their
gating ability). This finding could be an important result for industries looking
to incorporate graphene into electronics. Choice of substrate, doping level, and
charged impurity concentration will limit the overall enhancement that graphene
can offer in terms of improved carrier mobility in a device. Furthermore, it may
elucidate that large area graphene films are more suitable for silicon electronics

applications that do not require use of gate dielectrics.

Dependence of the substrate dielectric constant

It has been suggested that graphene mobility may be enhanced by using substrates

with a higher dielectric constant (k)33

It is argued that a substrate with larger s
will more readily screen charged potentials created by trapped scattering centers, and
therefore enhance the carrier mobility.1#? This effect has been investigated by several

groups that typically fabricate GFET devices either supported by different dielectric

611138 39

gate materials, submersed in different solvent overlayers*#? or with different atomic
layer deposited (ALD) overlayers. "

In Ref [61], they did not find the mobility of graphene to be enhanced for high &
substrates; device performance on SiOs (k = 3.9) and SisNy (k = 7.5) were superior to
that on Al,O3 (k = 9) and HfO, (k = 22). In Ref [138] GFET devices are submersed
in glycerol (k = 42) and in ethanol (x = 25). They find that the mobility is enhanced
in a higher x environment, as expected, for devices with lower mobility (z <10,000
em 2V ~1s71). Furthermore, they find that it is not increased by the theoretically ex-
pected amount™* for devices with high mobility (z > 10,000 cm=2V~!s71). From this
they conclude that for the low mobility devices scattering is likely limited by charged

impurities, as the improved dielectric media helps screen those potentials, and that for
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higher mobility devices there are likely other long range scattering mechanisms such as
resonant scatterers with energy close to the Dirac point, " or flexural phonons (rip-
ples)* limiting the mobility. Similar findings are reported in,*** who also submersed
GFET devices in media ranging in £ = 1-200, and find improved mobility performance
(a few orders of magnitude) for graphene in high x environments.

In Figure [1.7] we plot the extracted properties of samples prepared in this work
as a function of the substrate dielectric constant to see if the dielectric screening effects
described are consistent with mobility enhancement claims made by the above mentioned
references. From Figure [1.7p & [£.7b, opc and 7 of the graphene generally increase with
increased substrate k. This could be due to the ability of the substrate to screen the
charged impurities and inhibit scattering events. The exception in both of these cases

however, is for graphene deposited on doped silicon.
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Figure 4.7: Extracted transport properties of graphene samples characterized by THz
spectroscopy as a function of the substrate dielectric constant, or screening ability. (a)
DC conductivity, or net charge transport (b) Average scattering time (c¢) Carrier doping
density (d) Carrier mobility
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From Figure [4.7c, it may be inferred that the carrier mobility of graphene films sup-
ported by substrates with increased x is improved, with some important observations.
The improvement is not remarkable, and is not truly distinguishable within the measure-
ment error. Therefore, we cannot conclude within this work that a sample with higher
dielectric constant results in an improved carrier mobility. Furthermore, graphene on
ZEONEX® demonstrates a high mobility, even though it has the smallest dielectric
constant. This would indicate that the screening by the substrate of charged impurities
is not contributing to the high mobility, and that the limiting factor for transport in
this device may not be related to charged impurity scattering, but limited by an effect
that is not currently taken into account. This could include the substrate roughness, the
manner in which graphene conforms to the substrate, or the tendency for the substrate
to trap water or air molecules at the film/substrate interface. We could infer that a
graphene films that is smoother would exhibit a higher mobility. We could also infer
that graphene on a hydrophobic substrate could have less water molecules trapped at
the interface, and therefore less charged impurities to act as scatterers. Also from Figure
[4.7c, the mobility of graphene deposited on doped silicon is remarkably small, regardless
of silicons comparatively strong ability to screen charged impurities. In this case, we
could conclude that injected boron dopants are too prevalent for silicon to effectively
screen, and improve the device mobility. Within this discussion, it is important to note
that the effect of how substrate dielectric constant plays a role in affecting the mobility

of graphene is currently under debate!s®139%142



Chapter 5

Conclusion and Outlook

In this work we demonstrate the implementation of terahertz transmission spec-
troscopy for probing the equilibrium carrier dynamics of monolayer CVD graphene sam-
ples supported by seven substrates. We describe a repeatable process for fabricating
custom size large area graphene samples, and briefly review some techniques for metro-
logically characterizing their physical properties including residues, thickness, and lat-
tice defects. We present the workings behind time domain terahertz spectroscopy, and
outline how one can experimentally extract conductance properties using transmission
measurements. We find that the resulting conductance of the graphene films indeed
suits a Drude model framework for understanding the carrier dynamics, consistent with
others in the field. Furthermore, our results demonstrate how the resulting transport
properties vary depending on the choice of substrate. We find that for substrates with
an increased density of charged impurity scattering centers, graphene films exhibit lower
carrier mobility. We find that graphene deposited on substrates with lower charged
impurity densities, including ultra-pure silicon and a resistive polymer demonstrate a
higher mobility than commonly used gating substrates (SiO2 and SizNy), indicating that
graphene may be best suited for integration into silicon electronics applications, and
non-gating technologies. Finally, we find that for samples supported by substrates with
higher dielectric constant that the resulting mobility could be inferred to be improved,

with exceptions. Graphene on silicon with high doping density demonstrates a low mo-

74



Optical Properties of Graphene in the THz Region 75

bility, regardless of silicons high dielectric constant. Furthermore, graphene on ZEONEX
demonstrates a high mobility, despite its low dielectric constant. This suggests that the
effect of substrate screening may help improve the mobility, but that there could be a
different effect not currently taken into account that supports the high mobility in the
graphene-ZEONEX device.

Future Work

The work presented in this thesis represents a study of the equilibrium carrier dynamics
in graphene. Naturally, the next steps in this project could be to use the pump pulse
line to excite carriers in graphene at a tuned time delay to a THz probe line. This is
called optical pump-terahertz probe (OPTP) and could allow us to study the picosecond
time dependent dynamics of photoexcited carriers. We could monitor the change in pho-
toconductivity due to carrier injection across our accessible THz frequency bandwidth,
and compare the results on the distinct substrates applied here. This could allow us
to have better understanding of the scattering dynamics, through observation of either

enhanced or suppressed frequency dependent conductivity.



Chapter 6

Appendices

6.1 Library of conductance spectra

Within this appendix are the raw conductivity spectrum data used to fit to the Drude
model. These spectra represent the real part of the conductivity, calculated using Equa-
tion [3.17] and the raw transmission data. Each spectrum presented represents the av-
erage conductivity taken over many spots on a sample, measured on a given day. The
spectra included the fitted parameters using the OriginPro weighted fit, that being op¢
and 7. They also contain the directly calculated parameters Ng, and p. The errors asso-
ciated with each parameter represent one standard deviation of that parameter measured
across many spots on the same sample. Finally, in several spectra there are oscillations
within the raw conductivity data. These oscillations are not intrinsic to the material op-
tical response, and are due to either laser fluctuations or reflections within the substrate.
Because we extract an error on the conductance by measuring repeated transients, the
oscillations become increasingly washed out, and the Drude fit generally falls within the

measurement error.
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Figure 6.1: This figure summarizes and organizes the average conductance spectra
measured across a sample on a given measurement day. It includes all conductance
data and extracted Drude fit parameters for graphene samples supported by all studied

substrates.
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Figure 6.2: This figure summarizes and organizes the average conductance spectra
measured across a sample on a given measurement day. It includes all conductance
data and extracted Drude fit parameters for graphene samples supported by all studied
substrates.
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