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ABSTRACT OF THE DISSERTATION

Broadband Impedance Match to Monolayer Graphene in the Terahertz Domain
By
Phi Huy Quoc Pham
Doctor of Philosophy in Material Science and Engineering
University of California, Irvine, 2018

Professor Peter J. Burke, Chair

The coupling of an electromagnetic plane wave to a thin conductor depends on the
sheet conductance of the material. A poor conductor interacts weakly with the incoming
light, allowing the majority of the radiation to pass. A good conductor does not absorb light
and reflects the wave almost entirely. For suspended films, the transition from transmitter
to reflector occurs when the sheet resistance is approximately the characteristic
impedance of free-space (Zo =377 (). Near this point, the interaction is maximized, and the
conductor absorbs strongly. We show that monolayer graphene, a tunable conductor, can
be electrically modified to reach this transition, thereby achieving the maximum absorptive
coupling across a broad range of frequencies in terahertz (THz) band. This interaction with
an electromagnetic wave, to be a transmitter or absorber, is based on tunable electronic
properties (rather than geometric structure), and is realized by bottom-up engineering of
large-area monolayer graphene devices.

Chemical vapor deposition is used to increase the graphene domain size and
decrease grain boundaries. By using a fast two-step oxidized copper growth, individual

graphene domains of 5-mm can be synthesized in less than 5-hours total growth duration.
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Following CVD synthesis, graphene transfer is optimized by removing bubbles that adhere
to the graphene surface, and are transferred onto substrates modified by self-assembled
monolayers (SAM), leading to improvement of the device on/off ratio. The high mobility
graphene devices fabricated demonstrate the largest transmittance depth-of-modulation of
THz waves to date, and by impedance matching devices using chemical doping, near

maximum absorption is achieved.



INTRODUCTION

Monolayer graphene was first isolated from bulk graphite in 2004!. Using
mechanical exfoliation by a process called the “scotch-tape method”, researchers
were able to separate layers of bulk graphite by repeated peeling. This allows the
multi-layer graphene to be thinned down, until only one monolayer exists, and
subsequently, transferred onto a wafer for experiments. This form of graphene
remains the “gold standard” in terms of quality, and lead to the preliminary studies
that a legitimized graphene as a wonder material. Material characteristics such as
2.3% optical absorption?, field-effect tunability with high carrier mobility!, large
conductivity!, and record high young’s modulus3 are some of the breakthrough
physical properties demonstrated from mechanically exfoliated samples. Although
mechanical exfoliated graphene has proven to be the highest quality, the size scale
of such samples remains limited (the scotch tape method seldom produced samples
larger than 50-micron width). Hence, the desire to scale-up graphene has driven the
development of large-area graphene synthesis methods.

Chemical vapor deposition (CVD) has showed to be one of the most
promising methods to producing large-area graphene. CVD graphene growth on
copper produces mostly monolayer graphene4, and hence, allows the monolayer
films sizes to be limited mainly by the size of the CVD furnace used. As early as 2010,
Samsung demonstrated graphene films up to 30-inch diagonal>. Additionally,
advances in single-crystal growth have further advanced the electronic quality of
CVD grown graphene®. While CVD synthesis has made real progress in terms of

large-area films and individual domain size, the quality of CVD grown graphene



remains inferior to that of mechanically exfoliated samples. This is due to the fact
that CVD grown graphene requires transfer from the growth substrate in order to be
used in graphene devices; this includes tunable graphene-terahertz modulators.
Contamination and defects such as tears and wrinkles generated during transfer
remain a challenge when transferring graphene’, and improvements could lead to
new high-performance graphene devices.

For this dissertation, the goal of fabricating a voltage-tunable graphene-THz
device was approached using a “bottom-up” methodology. Specifically, the desirable
properties of monolayer thickness, large-area, high mobility, and low sheet
resistance was incorporated throughout the fabrication process; CVD graphene was
optimized toward large domain sizes for high mobility and low sheet resistance, and
chemical doping and substrate modification was used during transfer for impedance
matching. By engineering our devices judiciously starting from a gaseous carbon
feedstock, up to when a full graphene-THz device was fabricated, our approach
successfully matches the impedance of a two-dimensional material to free-space

across broadband frequencies in the terahertz range.



Chapter 1: Background

1.1 Graphene Structure
Monolayer graphene, is a honeycomb lattice of sp2 hybridized carbon atoms

with a bong angle of 120, as shown in Fig. 1.18. Because graphene is only one
monolayer, the thickness is ~ 0.34 nm, with a bong length between neighboring
carbon atoms ~ 0.142 nm. This bond length value lies between the carbon-carbon
single bond (~ 0.147 nm) and carbon-carbon double bond (~0.135) length, and is a
result of the sp2 hybridized structure of graphene. Three sp2-hybridized orbitals
oriented in the x-y plane form c-bonds, while the unhybridized Z2p- orbital,
perpendicular to the x-y plane, contribute to m—bonds8°. Each carbon atom
contributes one delocalized & electron, thus the © band is completely full, while the
n* band is completely empty®°. The two n bands meet at the Dirac point to form a
region of linear dispersion, with massless Dirac fermion charge carriers traveling at
the Fermi velocity vf = 106 m/s8°. Graphene is a zero-gap semiconductor, and for

pristine, undoped graphene, the Fermi level is at the Dirac point, Fig. 1.18.

Energy

Figure 1.1: a) Honeycomb lattice structure of graphene b) sp2-hybridized orbitals with mutual 120
angles c) Band structure of graphene. At the K point, there is a zero-gap, linear dispersion®.



The unique band structure of graphene explains some of the well-known properties
such as the ambipolar electric field effect!, optical transparency defined by the fine-
structure constant?, and room temperature quantum Hall effectl0. Another unique
aspect of high quality graphene is that the carrier mobility can be very large (>
100,000 cm?/Vs) even at large carrier densities (1012 cm2). This enables graphene

to have distinctive optoelectronic properties not found in metals or semiconductors.

1.2 Graphene AC Conductivity

The zero-gap band structure of graphene also leads to a non-trivial
frequency-dependent AC conductance, which governs the absorption of incident
electromagnetic (EM) radiation. Using the Kubo formula, we can arrive at the
conductivity as11-13,

0(w) = Ointer(w) + Ginera(w)

_ietw (P f(e—ep) — f(—€—¢p) ie%ep

d - =
et e O

Where e is electron charge, f(€) is the Fermi-Dirac distribution, €r is the Fermi
energy, h is the Planck constant, ® is the frequency, and § is the broadening
parameter. The two terms indicate the contribution of interband, and intraband
transitions, respectively.

At optical frequencies the sheet conductance of graphene is dominated by
interband transitions, and exhibits a universal value of Gg=(m/4)-Go=(e%/4h)'4,
where Go is the conductance quantum. This results in its low absorbance,
approximated by the product of Gg and the characteristic impedance of free-space,

Zo=377 . This product can be written m-(e?/hc)=ma, where a is the fine



structure = 1/137. Thus, only = 2.3% of the light is absorbed, and the majority of the
light is transmitted.

In contrast, at frequencies lower than ~ 2Er/h (where Er is the Fermi
energy), as is the case in the THz range, the photon energy is too low to excite
electron-hole pairs, and the electromagnetic sheet conductance is expected to
follow the DC sheet conductance!315, This should occur for frequencies up to ~ 1/,
where 7 is the scattering time, at which point the conductance is expected to
undergo a Drude-like roll-offl6-19, dropping towards the low optical value. The AC

conductance can be adjusted by engineering Er and t according to the equations:

e? 4 ExT
GDC =z
4hm h
c (2)
G _ DC
(@) 1+ iwt
3)

Hence, graphene could act as an atomically thin conductor to control EM waves in
the mm wave and THz bands without the need for nanoscale patterning that is
typically required in the optical regime. Experiments for terahertz modulators and
broadband absorbers performed will be discussed as the main application in this
dissertation, but in order to realize such devices, the synthesis and transfer of

graphene samples must be optimized to produce high quality graphene.

1.3 Graphene Synthesis

A major breakthrough in graphene research was realized with the advent of
using chemical vapor deposition to grow graphene* Compared to using mechanical

exfoliation where it is difficult to control the number of layers (with monolayer and



bilayer graphene being the most desirable), size and shape of graphene, and location
of graphene, CVD graphene on copper foil results in mostly monolayer graphene
films. Since the CVD process occurs in a furnace, the copper foil and quartz tube can
increased to industrial size scales, and hence 30-inch monolayer graphene films can

be easily grown, Fig. 1.25.

. /L

-

Figure 1.2: a) 8-inch diameter quart tube used for CVD graphene growth. b) 30-inch monolayer
graphene films can be synthesized using CVD. Each additional layer increases the total optical
absorbance®.

Using various transfer techniques, the CVD grown graphene can be transferred to
almost any substrate®7, and allows for lithographic patterning to fabricate arrays of
devices in parallel20.21,

There has been much attention towards increasing graphene domain size?22-
25, Initially, simple methods such as decreasing the concentration (partial pressure)
of carbon precursor (methane), and tuning the H2:CH4 ratio during growth were
used to decrease nucleation density, and increase the domain size26.27. Recently, it
has been demonstrated that oxidized copper foils play an important role in
controlling the nucleation density in order to promote graphene domain-size22-24.28,
It has been shown, both by ex-situ and in-situ oxidation, that copper foils that are

exposed to oxygen can essentially “turn off” graphene nucleation. By controlling the



amount of oxidation, researchers were able to grow large-area single-crystals (mm
scale). Although large domain-size graphene can be synthesized using this method,
thus far, the method requires long growth times (hours to days) in order to preserve
a low nucleation density. Furthermore, while researchers have been successful in
increasing domain sizes from pm up to mm, detrimental defects and contamination
as result of transfer of the CVD grown graphene from the copper foil to target
substrate hamper use of CVD graphene for large-area high quality device

applications.

1.4 Graphene Transfer
The most widely used method to transfer graphene employs the use of a

scaffold polymer7.29-33, Typically, graphene on copper foil is coated with a layer of
polymer; the polymer layer adds support when the graphene is removed from the
copper foil (by chemical etching or electrochemical delamination), as depicted in
Fig. 1.334. Usually, polymethylmethacrytlate (PMMA) is used because of its facile
deposition and widespread use and availability in lithography”.2°. Researchers have
also experimented with a number of alternative polymers such as
polydimethylsiloxane (PDMS), and poly (bisphenol A) carbonate (PC)333536,
Polymers can influence the graphene surface in different ways, and can provide
varying levels of rigidity for transfer. For example, a thick layer of PDMS allows the
graphene film to be fully removed from solution, and hence, provides a mean to “dry

transfer”.



transfer cleaning

.

<_PMMA
graphene/Cu /-\\grapheneICu

Figure 1.3: Standard Graphene Transfer. PMMA (or various polymer/metal support) is deposited on
graphene. Graphene is then transferred to the target substrate. Finally, support layer is removed?3*.

Even with the use of a myriad of a polymers, the use of polymers in transfer usually
induces unfavorable contamination such as doping and additional scattering3’.
Because of this fact, graphene researchers have explored completely polymer-free
transfer3038-40, Another issue resulting in degrading graphene quality during
transfer arises from the formation of bubbles from the chemical etch and
delamination solutions. Bubbles generated during graphene transfer adhere to the
graphene surface, and consequently, are trapped between the target substrate and
graphene film upon transfer. After drying, the trapped bubbles induce cracks,
wrinkles, and tears in the graphene film which degrade the mobility and sheet
resistance of transferred graphene films. Because of this issue, many researchers
have intentionally avoided the generation of bubbles during graphene transfer, by
means of low concentration etching solutions and low voltages during “bubble-free”
electro-delamination’#41. Regardless of the employed transfer technique, the
underlying concept remains the same. Transfer methods should minimize
interaction with the graphene film to limit permanent changes to morphology or

electrical quality of the CVD grown graphene.

1.5 Bottom-Up Graphene-Terahertz Devices
The end objective of this dissertation is to fabricate a high-quality graphene-

THz optoelectronic device. In order to realize these devices, a bottom-up



methodology was employed with the intent of optimizing and preserving the high-
quality properties of graphene. Specifically, desirable properties for a graphene-THz
device include large-area films to accommodate the~ 3-mm diameter terahertz
beam waist, high mobility for greater device sensitivity, and low sheet resistance for
impedance matching. Starting with CVD graphene growth, we aim to increase
individual domain-size of graphene films using copper oxidation to ensure that the
synthesized graphene has high mobility and the scattering from grain boundaries is
decreased. Following synthesis, the CVD graphene was transferred with a variety of
techniques including substrate modification to decrease interface scattering,
chemical doping to engineer large-area sheet resistance, and bubble-removal from
the graphene surface to minimize tears and wrinkles of transferred films. By doing
so, we fabricate graphene-THz devices that can easily tune the graphene sheet
conductance so as to modulate the broadband transmittance of THz waves, Fig. 1.4.
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Figure 1.4: Transmittance vs Frequency for different sheet conductance ranging from 0.5 mS - 19.2 mS*,

Our devices preserve the high mobility and allows the graphene sheet to span large

ranges of sheet conductance (including the free-space impedance threshold),



thereby demonstrating the largest depth of modulation (DoM) and greatest

absorption for a single-layer graphene device to date.
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CHAPTER 2: Chemical Vapor Deposition of Graphene
2.1 CVD Graphene

We chose to pursue in-house CVD graphene for two main reasons; to provide
large quantities of monolayer, polycrystalline graphene films, and to explore new,
single-crystal recipes and procedures. By having the option to grow both, we can
appropriately choose the best graphene for each research application. In this
section, we discuss how the domain-size of polycrystalline films was increased, and

how we approached the synthesis of mm-scale individual domains.

2.2 Polycrystalline Graphene

To establish a robust recipe for polycrystalline graphene, we start with the
aim of growing monolayer graphene films across large areas. Desired attributes for
the recipe would be mostly monolayer (<5% adlayer graphene), complete coverage
of copper foil (no areas of no graphene), fast growth time (1 hour max growth
duration), and high throughput. Our CVD system is a First Nano Easy Tube 3000
CVD system with 5-inch diameter quartz tube, and a 4 x 6-inch quartz-loading arm.

With this set up, we can easily load four flat (pita pocket geometry will be
discussed later for single crystal growth), 5 x 5cm copper foils for growth, which
addresses high throughput for graphene synthesis. A summary of general graphene

growth procedure is outlined in Fig. 2.1.
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Figure 2.1: Graphene CVD growth stages for typical recipe including heating, annealing, and growth.

Copper foils are loaded into the growth chamber. The entire CVD process takes
place while being pump by a dry-scroll pump. The sample is heated to ~1000 C
under argon. After reaching the desired temperature, hydrogen is introduced for a
short annealing period. Methane is then introduced into the system to start
graphene growth. After desired growth duration, the system is cooled to room
temperature under the same hydrogen and methane flows as the growth portion.
We changed the methane mass flow controllers to operate in the range of O -
200 scem for initial experiments to increase grain size by decreasing methane flow
rate. To assess the grain structure of the graphene films, we stop growth before a
full film is grown (full films can be allowed to grow if we grow longer than this short
duration). Because copper oxidizes in air very easily when heated, by heating the
copper foil on a hot plate after growth, we can visualize where the graphene grows

by observing the contrast of oxidized and non-oxidized regions; area’s that contain

12



graphene protect the underlying copper from oxidation. Fig. 2.2 shows a series of

optical microscopy images of oxidized copper foils after growth, and how decreasing

methane flow rate can help increase nucleation size.

Figure 2.2: Optical microscopy images of copper foil oxidized on a hotplate after graphene growth to
visual graphene domains. Grain sizes increase with decrease in methane low rate.

To assess the quality of the graphene growth, we can use Raman
spectroscopy to give us feedback on the synthesized films. Fig. 2.3 shows a Raman
spectra after transfer of the polycrystalline film onto a SiO2 substrate; a Raman

measurement from a commercial supplier is shown for comparison in the inset.
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Figure 2.3: Raman spectra of synthesized monolayer graphene. The well known, G (~1583 cm™) and 2D
(~2683 cm-') peaks are observed. Inset shows spectra from monolayer graphene from a commercial
supplier (Graphene-Supermarket) for comparison.
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The characteristic graphene peaks, the G and 2D peaks, are apparent at ~1583 cm-1
and ~2683, respectively*3. The small D peak at ~1350, typical on samples
transferred to SiO2, in combination with the fact that the ratio of intensities of the
2D:G is greater than 2, indicate high quality monolayer graphene films. These
monolayer polycrystalline films are facile to synthesize, and provide major
contribution to numerous research projects including microfluidic biosensors,

graphene-THz modulators, and new transfer methods

2.3 Copper Oxidation for Single Crystal Graphene

We also explored the growth of mm-scale single crystal graphene. Following
the CVD growth outline above, we discuss our findings and how it compares to the
state-of-the-art literature for single-crystal graphene.

Initial studies of the graphene CVD process usually employed low-pressure
growth systems, or atmospheric growth systems with hydrogen and methane
concentrations that were heavily diluted in argon#2744 One reason these systems
and growth protocols emerged was to keep the concentration of oxygen low, as it
was known to be detrimental to graphene growth. The role of oxygen has since been
investigated in detail, and contrasting to initial beliefs, can be a major tool in
growing large area single crystals?223, Graphene tends to nucleate at defect sites
such as copper step-edges, impurities, and defects, as these sites act as sinks for
strong binding of surface adsorbates. For the same reason, oxygen can absorb and
passivate these surface-active sites to hydrocarbon accumulation (which is also why
oxygen can be detrimental when trying to grow graphene films of full coverage).

During the CVD process, surface oxygen can consequently be reduced during growth

14



by hydrogen, thus surface oxygen concentration will change over time.
Understanding this basic theory allows us to optimize parameters such as annealing,
oxygen exposure, and hydrogen/methane growth times and flow.

To prepare copper foils for CVD growth, one side of a ~ 5 x 5 cm sample of
25um thick copper foil from Alfa Aaser (#13382) is electropolished for 1 minute at 5 V
in a solution of deionized water, phosphoric acid, ethanol, isopropyl alcohol, and urea as
described in Ref[*]Following rinsing in deionized water and ethanol, the copper sample
is gently blown dry, and placed on a 200 C hotplate for 1 min to undergo surface
oxidation. Fig. 2.8, samples are typically oxidized for 1 minute, as this was found to be
the optimal heating duration. The copper foil is then folded in half, and the sides are
carefully crimped to create a copper pocket for CVD growth as seen in Fig. 2.4.

b)

Figure 2.4: Optical images of construction of enclosed copper pockets following electropolishing and
hotplate oxidation of ~ 5 x 5 cm copper foil. Copper foil is folded in half, and the remaining 3 sides are
carefully crimped to create the enclosed copper pocket. Dotted line shows where the copper foil is
folded/crimped.

Using the standard polycrystalline recipe for hydrogen: methane ratio, we started to
explore the use of oxygen exposure after annealing. Fig. 2.5 shows two different
growths of the same argon, hydrogen, and methane flow rates and ratio (growth
time is adjusted accordingly to not grow full films in order to monitor grains size),

except one is with oxygen and one is without oxygen exposure.
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Standard Growth With Oxygen Exposure

Figure 2.5: Optical microscopy images of graphene on oxidized copper. Comparison of graphene growth
without (left) and with (right) oxygen exposure. Oxygen helps decrease nucleation, leading to an
increase in grain size.

It is obvious that with the addition of oxygen exposure, the nucleation density of the
graphene growth decreases, and overtime, this leads to greater grain size. After we
confirmed that oxygen exposure did, indeed, drastically decrease nucleation density,
we monitored how large our crystals could grow under the same growth conditions,
but varying growth time. Fig. 2.6 shows two different of growths under the same

growth and oxygen exposure parameters, but different (extended) growth times.

1 Hour Growth 3 Hour Growth

Figure 2.6: Optical microscopy images of graphene on oxidized copper. (Right) shows growths with
longer growth duration. Obviously, extending growth time leads to increased grain size.
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We found that, although increasing growth time did increase grain size by allowing
the existing domains to continue to grow, this method is limited by the nucleation
density, since as crystals grow bigger and bigger, they will eventually merge to form
films. Thus, it is of high importance to decrease nucleation density, in order then
allow for large crystal growth. This balance of nucleation density versus grain size is
clearly displayed in Fig. 2.7, which shows two growths of identical conditions, but
increased growth time. Because the nucleation density stays the same, an increase
of grain growth eventually leads to the formation of films and connected networks
of single-crystals.

1 Hour Growth 3 Hour Growth

Figure 2.7: Optical images of graphene on oxidized copper. Extending growth duration increases grain
size, but since nucleation density is high, grains connect to create single-domain networks. Blue circles
are present to help identify isolated single domains.

Although oxygen is a useful tool to decreasing graphene growth nucleation
density, a number of other key factors also play important roles in determining
nucleation density including heating/annealing conditions, and formation of surface
nanoparticles?324, In addition to using a mid-growth oxygen exposure to introduce

surface oxygen, alternative methods have been introduced in the literature

17



including heating copper foils ex-situ on a hotplate, and annealing under argon with
trace amounts of oxygen. From these experiments, researches have gained a clearer
picture of the role of surface oxygen; conclusively, the achievement of large single-
crystals requires the careful balance of gas (argon, hydrogen, methane/ethanol)
flow and flow times in order to accurately decrease nucleation while enabling grain
growth.

Briefly, it is found that heating and annealing under argon can be
advantageous, since the inert environment preserves surface oxygen species (to
help keep nucleation density low). Additionally, a short annealing time under
hydrogen also assists in decreasing nucleation density by smoothing the copper
surface (compared to the minimal smoothing effect of argon) as believed in early
CVD studies. Although the smoothing of the copper surface is advantageous,
hydrogen also reduces the oxide species, increasing potential nucleation sites.
Furthermore, long hydrogen exposure creates the formation of “pits” in the copper
surface, and subsequently, the formation of nanoparticles that act as additional
nucleation sites*®. Clearly, there is no straightforward flow rate or ratio that can be
used to grow large area crystals, and usually, each system and recipe needs to be
fine-tuned as to optimize growth by controlling surface oxygen species and copper
surfaces. Below, we outline some key parameters that have been adjusted for large
crystal growth.

We first investigate holding the growth parameters constant, while varying
initial pre-growth oxidation conditions. Other groups have approached this in two

ways, pre-oxidation on a hot plate, or pre-oxidation under argon (from leaks in the
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CVD system). Since our furnace is constantly purged in nitrogen (thus the trace
oxygen level should be low), we choose to explore oxidation on a hotplate. Fig 2.8

shows 3 growths with different duration of oxidation on a hotplate.

No 1-Min 2-Hour
Pre-oxidation Pre-oxidation Pre-oxidation

Figure 2.8: Images of graphene on oxidized copper. We study the influence of pre-oxidation on a
hotplate. Results indicate that pre-oxidation helps decrease nucleation density, but over oxidation
could result in additional nucleation. Blue circles are present to help identify isolated single domains.

For no oxidation, and 2-hour oxidation, the surface is nearly covered in nucleation
sites. Interestingly, with only 1-minute oxidation, nucleation density is dramatically
suppressed. We believe the 1-minute oxidation acts as an advantageous addition of
surface oxygen that is not possible when skipping hotplate heating, since our CVD
system is mostly evacuated of lingering oxygen. We theorize that 2-hour oxidation
over oxidizes the surface, and thus, hydrogen works mostly to reduce the surface,
and does not have sufficient time to smooth the surface.

We then investigate the role of hydrogen heating. To verify that preserving
the surface oxide layer from hotplate heating decreases nucleation density, we show
two samples of the same growth conditions, but with one heated under hydrogen,

and the other heated under argon in Fig. 2.9.
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Hydrogen Heating Argon Heating

Figure 2.9: Optical image of graphene on oxidized copper. Hydrogen heating removes surface oxygen
increasing nucleation, compared to heating under argon. Blue circles are present to help identify
isolated single domains.

Indeed, the pure hydrogen heating sample shows a large nucleation density,
compared to samples heated under argon, indicating the removal of oxygen species
on the surface. The graphene samples grown in Fig. 2.9, under hydrogen and argon
annealing are shown after transfer onto SiOz in Fig. 2.10.

Single Nucleation Site Multiple Nucleation Sites

Figure 2.10: Optical microscopy image of graphene transferred onto SiO2 (gold electrodes are also
seen). (Left) We observe one nucleation with some adlayer growth. (Right) The monolayer growth front
is easily observed and looks nice a single nucleation site, but we can see a cluster of adlayer nucleation
centers. Nucleation clusters are common for long hydrogen exposure.
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The growth front appears to be of a single nucleation site, but upon further
inspection, the right image shows a cluster of nucleation sites (more often observed
in hydrogen recipes); this gives us evidence that after long exposure to hydrogen,
growth and diffusion of surface nanoparticles create additional nucleation sites.
After the confirming that argon heating was advantageous to preserving the
surface oxide accumulated during hot plate oxidation, we wanted to explore if
adding a dilute hydrogen anneal could help decrease nucleation density from
surface smoothing (we observed a high nucleation density in strictly argon heating
and annealing). Fig. 2.11 shows a series of growths heated under argon, and

annealed for 45 minutes under 10%, 33%, and 50% hydrogen.

10% H2 33% H2 50% H2
Anneal Anneal Anneal

Figure 2.11: Optical image of graphene on oxidized copper. After heating under argon, the effects of
hydrogen concentration during anneal are tested. We find that 33% hydrogen is the best balance of
preserving surface oxygen and smoothing copper. Blue circles are present to help identify isolated
single domains.

There is a stark contrast between the growths of 10% and 50% compared to that of
33%. From this experiment, we confirm that there is a tradeoff between smoothing
the copper surface (decreasing nucleation density) and reducing copper oxide

(increasing nucleation density) using hydrogen.
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Once we found appropriate parameters for oxidation, heating, and annealing,

we attempt to grow large single crystals by using a two-step fast growth method.

2.4 Fast Growth
What is the most rapid, efficient chemical vapor deposition (CVD) method to

produce large-area, single-domain graphene? This task remains a challenge because
rapid growth conditions usually result in concomitant high nucleation density,
causing merging of domains and ultimately, full film coverage*2647, prior to the
growth of large domains. This results in multiple, detrimental grain boundaries*8
due to the polycrystalline nature of multi-domain films#°. The ultimate goal, and
only way to ensure that no grain boundaries exist within the graphene is the
synthesis of wafer-scale, isolated single-domains. En route to reaching this goal,
researchers have developed numerous methods (such as electropolishing copper
foils#>, high pressure hydrogen annealing>?, low methane flow*’, and oxidized
copper growth®23) to minimize the nucleation density. Of these, CVD growth on
oxidized copper substrates has proven to be one of the most effective®23 at allowing
the necessary surface-area and spacing required to avoid merging of neighboring
domains. However, this method, which relies on low flow rates of the carbon
feedstock gas, comes at the cost of very long growth times®23.244651 measured in
days instead of hours.

We discuss a two-step CVD growth method for rapid synthesis of isolated
large-domain graphene. The key feature of the two-step growth method is to
separate nucleation from growth, performing the nucleation in step-one with a low

feedstock gas (methane) flow rate, and rapid growth in step-two with a high flow
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rate. We find empirically that, even under the high flow rate conditions of step-two,
the nucleation density is suppressed by the geometry of the copper pocket*> used,
until the outside of the copper pocket is fully covered by a graphene film. During
step-two (the high growth rate step), we are able to tune the carbon concentration
on the inside of the copper pocket to be above the threshold concentration required
for edge growth, but below the threshold concentration required for nucleation>?,
even in the presence of high methane flow rates. Operating in this regime produces
large-domain graphene without the formation of full films, ensuring that no
detrimental grain boundaries develop.

A unique combination of mechanisms enables us to grow in this regime.
While a quantitative model is still not available, the mechanisms involved are
believed to include 1) passivation of active nucleation sites through oxidation of the
copper surface?3, 2) reduction of the energy barrier for edge-attachment growth
resulting from the de-hydrogenation of methane by the oxidized copper surface®,
and 3) a unique carbon concentration profile (resulting from the role of carbon
sources and sinks at the inside and outside due to nucleation, growth, and diffusion
of carbon through the copper bulk>3, in both directions). This “window” has not
been explored previously in the literature. Furthermore, we show that this
“window” of opportunity exists only when the outside is not fully covered with
graphene. Once the outside surface is covered, the nucleation density on the inner
surface increases dramatically, and quickly results in fully merged films with grain

boundaries, rather than isolated single domains (the goal of this work). Using this
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approach, we demonstrate growth of 5-mm isolated graphene domains in less than

5 hours of total growth time, much faster than traditional one-step growth methods.
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We performed CVD graphene growth using enclosed copper pockets due to the
improved surface conditions and decreased diffusivity, and hence, decreased
nucleation and growth rate in the interior surface as reported in previous CVD
studies*>47.53, Our findings regarding diffusion from the inside surface to the outside
surface of the copper pocket will be discussed in depth, later in the paper. Briefly, a
copper pocket is used, and large-domains grow on the inside. Our studies show a
critical role of the surface coverage of the outside surface influencing growth on the
inside, elucidated in detail below. Preparation of the enclosed copper pocket is
documented in the methods and supporting information Fig. 2.4. Before growth
optimization (two-step growth) experiments were conducted, we monitored and
adjusted pre-growth conditions (excluding methane flow rate) to achieve the lowest
nucleation density possible. These results including oxidation conditions®>1,
annealing conditions?350, and heating gases?44¢ are documented in Fig. 2.8-2.11.
These parameters are held constant throughout the remainder of experiments

including two-step growth studies.

I 3) Hydrogen Anneal 4) Oxygen
1200 = Lxposure
- - Argon
- Argon/Hydrogen
1000+ - Argon/Hydrogen/Methane 5) 2-Step Growth
5.1) .4 scem Seeding
Q 800 - 5.2) .8 - 2.4 scem Edge Growth
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2
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)
£
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Figure 2.12: A general outline for typical two-step growth including pre-growth optimization.
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CVD growth of graphene is performed using a First Nano Easy Tube 3000 inside a 5-
inch quartz tube. Copper pockets are loaded into the growth chamber and the tube is
evacuated at the beginning of each growth. (Fig. 2.12) depicts a typical growth recipe.
The furnace is heated to the desired growth temperature under argon, followed by a 45
minute anneal in 33% hydrogen. We chose to expose the copper samples to an
additional 50% oxygen exposure at elevated temperatures for 6 minutes to further
suppress nucleation. Graphene synthesis is allowed to occur under the flow of 100 sccm
argon, 150 sccm hydrogen, and 0.4 — 2.4 sccm methane while constantly evacuated by a

dry scroll vacuum pump.
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Typically, for one-step growth procedures, a low methane flow rate is used over
long durations in order to keep the nucleation density low®23244651  This
methodology to achieve low nucleation density comes at the cost that the growth
rate is also low®23.244651 especially since the growth rate decreases overtime>+. As
verified in Fig. 2.13, when using a low methane flow rate (0.4 sccm), distinct mm-
sized domains appear in low density, but long growth durations have limited effects

on increasing domain size.

3 Hour 6 Hour
Growth Growth

Figure 2.13: a-d) The results of control experiments for one-step growth for .4 sccm and 1.6 sccm for
both 3 hours and 6 hour growth duration. Black arrows are provided to identify single-domains. Low

methane flow rates produce distinct, individual domains that are limited in size, while elevated flow
rates yield larger, merged domains.

4 sccm
Methane

1.6 sccm
Methane

To assess if a high methane flow rate could be used to synthesis large-domain

graphene, we performed a series of one-step growths using elevated methane flow



rates (1.6 sccm) to probe the domain-size and nucleation density overtime Fig.
2.15a. Following growth, the enclosed copper pockets are cut open, and oxidized on
a hotplate to reveal graphene growth coverage>>. (Fig. 2.15b-d) shows a depiction
and experimental verification that using elevated methane flow rates can noticeably
increase the graphene domain-size, but due to the increased nucleation density (Fig.
2.14c-d), results in the formation of merged domains, and ultimately, continuous

graphene films, as the growth duration proceeds.
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.4 scem (3 Hours) .4 sccm (6 Hours)
a) b)

6.6 cm™ 8.4 cm?

1.6 sccm (3 Hours) 3 1.6 sccm (6 Hours)
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4 scem (3 Hours) .4 scem (3 Hours) 4 sccm (3 Hours)
.8 scem (3 Hours) 1.2 sccm (3 Hours) 1.6 scem (3 Hours)

Figure 2.14: To estimate the local nucleation density for both one-step and two-step growth
procedures, we used a standard of an area of 1.5 cm width to assess locations of low nucleation. a-b)
shows the nucleation density for a one-step growth using low methane flow rates which results in low
nucleation density. c-d) shows an increase of the nucleation density as the methane flow rate is
increased for a one-step growth. e-g) shows that when using a nucleation step, allows the nucleation
density to remain low, despite using elevated methane flow rates compared to one-step growth of the
same flow rate and growth duration.

From these control studies, we confirm that in order to synthesize large-

domain graphene using an increased methane flow rate (in order to decrease the
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overall growth duration), without the detriment of increased nucleation density
(which would limit the ultimate size of isolated graphene domains), a traditional

one-step growth protocol is not adequate.

One-Step Growth Two-Step Growth
a) ¢)
Step-One Step-Two
2.0 2.0-
<) d) h)
g g } 2 il
512l B g2
o 2 o 2
g -~ 8 g ~ 8.
g 2 g 8 g)
8BS 4 B3 4
2" 1 ] ] =" o SN N
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Growth Duration (Hours) Growth Duration (Hours)
b) One-Step Growth f) Nucleation Edge-Growth
High Methane Low Methane High Methane
Flow Rate Flow Rate Flow Rate
One-Step Growth One-Step Growth Nucleation Edge-Growth
¢) (3 Hours) d) (6 Hours) 2) (3 Hours) h) (3 Hours)
1.6 sccm Methane 1.6 sccm Methane 0.4 sccm Methane 1.6 scem Methane
- . . :‘;. |
Nucleation Density Nucleation Density Nucleation Density Nucleation Density
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Figure 2.15: a) Outline of typical one-step growth, using high methane flow rate b) cartoon depicting
graphene growth using high methane flow rate resulting in high nucleation density, which forms full
films after long duration. c-d) Optical images of oxidized copper after one-step growth for 3-hour, and
6-hour duration. e) Outline of two-step growth, using low methane flow rate stage, followed by high
methane flow rate stage. f) Cartoon depicting graphene growth using two-step growth. Step-one
creates a low nucleation density by using low methane flow rates. Step-two promotes edge-growth
using elevated methane flow rates. g-h) Optical images of oxidized copper after step-one, and step-two.
Step-one (.4 sccm) produces domains of low nucleation density; step-two (1.6 sccm) increases the size
of isolated domains. Black arrows point to graphene domains.

The two-step growth protocol employed here, outlined in (Fig. 2.15e),

consists of a low methane flow rate stage, followed by a high methane flow rate
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stage. Argon and hydrogen flow rates are kept constant throughout the entire
growth duration. Step-one is intended to achieve a low nucleation density in order
to allow the adequate surface area to grow isolated, large-area single-domain
graphene, whereas step-two is aimed at enlarging the size of existing nucleated
domains (Fig. 2.15f). Previous studies using two-step growth were designed to
increase the nucleation density after large-domain graphene was synthesized in
order to fill-in voids, and ultimately, create large-domain films2¢, whereas our main
aim is to avoid merging of domains by maintaining a low nucleation density. (Fig.
2.15g-h) shows growths after step-one, and step-two, and demonstrates that despite
the increased growth rate (from the increased methane flow rate) during step-two,
the nucleation density is does not dramatically increase (Fig. 2.14g), such that
isolated domains are still apparent. The mechanisms that enable these experimental
results are believed to be related to the diffusion of carbon species in copper,
specifically to copper pocket growths, and will be discussed in detail below.
Regardless of the mechanism, by using our two-step growth process, we are able to
synthesize isolated, 5-mm single-domain graphene in less than 5 hours.

Following two-step synthesis, we employed a series of characterization
techniques to assess the quality of the synthesized graphene, and to fully confirm
that the graphene is neither polycrystalline nor multilayer. First, scanning electron
microscopy (SEM) was used to image graphene on the copper foils; we found that
the 120-degree angle of the domain growth front, and the lack of observable defects
or boundaries highly advocate that the synthesized graphene is single-domain®? as

shown in (Fig. 2.17a). Optical images of transferred’.5¢ single-domains onto silicon
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oxide (SiO2) show that the majority of the domain area is monolayer, with only a
small nucleation center consisting of ad-layer graphene present (Fig. 2.17b). To
further substantiate the growth of monolayer, single-domain graphene, we used
selected area electron diffraction (SAED) to investigate the crystal structure of
domains transferred’>¢ onto Transmission Electron Microscopy (TEM) grids. (Fig.
2.17c¢) shows a typical SAED pattern, recorded from one single domain and verifies
that the graphene domain is single crystal>’. (Fig. 2.16) shows a collection of SAED

patterns from one single-domain spanning 2 mm?.

5 1/nm

Figure 2.16: SAED patterns of single-domain graphene over 2-mm? area. The alighment angle of the
electron diffraction pattern varies by less than 2 degrees, and further supports the synthesis of large-
area single-domains.

The alignment angle of the electron diffraction patterns are within 2 degrees of
variation (the single domain graphene was laid on a copper TEM grid, and as a

consequence, patterns recorded across large distances vary from bending of the
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TEM grid) and further supports the growth of single-domains*?50. Raman
spectroscopy was used to assess the quality of single-domain graphene transferred
onto an OctadecylTriChloroSilane (ODTS) modified SiO2 substrate (as to minimize
substrate effects)>8. (Fig. 2.17d) shows a representative Raman spectra of a single-
domain. (Fig. 2.17e-g) shows the intensity of the G-peak (~1583), 2D-peak(~2683),
and the D-peak (~1350) collected for a sample using Raman mapping,
respectively43. In all 3 intensity-mapping images, a clear boundary between the
graphene and the substrate is obvious. A small patch of PMMA contamination near
the bottom of the graphene sample is also evident>?. The lack of D-peak®® (except
around the graphene boundary, and PMMA contamination), in addition to the large
ratio of 2D:G intensities>?61 (> 3:1) (Fig. 2.17h), indicates a very high-quality
monolayer of graphene. Altogether, our characterization methods confirm that the

synthesized graphene using two-step growth is monolayer, and single-domain.
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Figure 2.17: a) SEM image of hexagonal growth edge of large-domain graphene synthesized using two-
step growth. b) Optical image of large-domain graphene transferred onto SiO: substrate. The majority
of the domain is monolayer, with a small observable nucleation center consisting of adlayer graphene.
c) A representative SAED pattern of one single-domain showing the single crystal nature of the domain.
d) A representative Raman Spectra of monolayer graphene e-g) Raman mapping images of single-
domain graphene on a domain corner to spatially track intensities of the G peak, 2D Peak and D Peak,
respectively. Defects are observed on a small patch of PMMA contamination near the bottom edge of
the domain, and on the domain-edge. h) The ratio of the intensity of the 2D:G peaks is greater than 3:1
for the majority of the single-domain, and further confirms high quality, monolayer graphene is
synthesized.

To investigate the dependence on the methane flow rate during two-step
growth, we performed a series of growths, varying the methane flow rate using the
two-step process. Step-one, and step-two were both held for 3-hour duration each.
(Fig. 22a) shows an optical image of the inside surface of the copper pockets after 3

hours of low methane exposure (step-one growth). Distinct mm-sized domains
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appear spread across the inside surface, with the adequate spacing necessary for

edge-growth during step-two (Fig. 2.14a).
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Figure 2.18: a) Optical image of graphene on the inside of copper pockets following copper oxidation
after step-one. Step-one uses low methane flow (.4 sccm) over 3 hours to create low density of
nucleation. b-d) Optical images of graphene on the inside of copper pockets following copper oxidation
after two-step growth varying the second-step flow rate from .8, 1.2, to 1.6 sccm, respectively. By
increasing the methane flow rate (for step-two) the average domain-size increases, without the need to
increase growth duration. e-h) Optical images of graphene on the outside of copper pockets following
copper oxidation after step-one and step-two. Increases in methane flow rate (step-two) causes an
increase of growth on the outside, with greater percent coverage for greater methane flow rate. Using
1.6 sccm methane for the step-two flow rate (for 3 hours) results in nearly full coverage of the outside
surface. Black arrows point to graphene domains.

After defining the low nucleation density set in step-one, we monitored the
effects of increasing the flow rate for step-two. (Fig. 2.18b-d) shows a series of
optical images of the inside of the copper pockets after two-step growth using
identical conditions for the step-one (0.4 sccm), but with increasing methane flow
rate for the second step, ranging from 0.8 - 1.6 sccm, respectively. Interestingly, by
using a two-step growth process, we do not observe a dramatic increase in the
nucleation density of graphene domains to the extent that isolated domains exist,
even though the methane flow rate is increased incrementally for each experiment

(Fig. 2.14e-g). Moreover, as the second-step flow rate is increased, from 0.8 to 1.2,
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and then to 1.6 sccm, the average domain-size increases for respective increases in
flow rate, without the need to increase the growth duration.

Using a two-step growth, it is possible to control the size of large-area single-
domains by choosing the corresponding step-two methane flow rate. Compared to
the single-step growth using low methane flow (0.4 sccm) (Fig. 2.13b), using a two-
step growth over the equivalent growth duration, results in larger domain-sizes (for
all flow rates, 0.8, 1.2, and 1.6 sccm). Furthermore, the increase in methane flow rate
effectively increases the graphene domain-size, without the expense of additional

ad-layer coverage (Fig. 2.19).

.8 scem 1.2 sccm 1.6 sccm
Methane Methane Methane

PMMA
Residue
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Residue —> PMMA
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Figure 2.19: Optical images of large-domain graphene transferred onto SiO: substrate. The domain-size
increases for increases of step-two, methane flow rate, without expanding the area of the adlayer
nucleation center.

Thus, we have shown that by using a two-step growth protocol, it is feasible to
promote domain-edge growth while simultaneously controlling the nucleation
density.

Why does the nucleation density not increase with an increase in the step-
two methane flow rate as revealed in our experiments? The use of high methane

flow rate to grow large-domain graphene while retaining a low nucleation density
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seems contradictory to previous experiments®23.24264647,505155 and indicates that
other factors play a key role in limiting the overall nucleation density inside the
copper pocket. To investigate why elevated methane flow rates could result in low
nucleation density instead of full graphene films, we monitored graphene growth
both on the inside and outside surface of the copper pocket following two-step
growth. We observe that after step-one (Fig. 2.18e), the majority of the outside
surface remains uncovered (27% surface coverage); as the flow rate is increased
from 0.8 sccm, up to 1.6 sccm for step-two, we notice that the surface coverage of
the copper foil subsequently increases, up to nearly full coverage (97%) for the
largest flow rate (Fig. 2.18f-h). Clearly, increases in step-two methane flow rate
increase the overall growth rate*7.5254, generating the increase in domain-size on the
inside surface, and increasing coverage on the outside surface.

We found a significant transition occurs whenever the outside surface was
fully covered. When we used step-two flow rates larger than 1.6 sccm (97% outside
surface coverage), such as 2.4 sccm, the inside surface contains merged graphene
domains, not isolated single-domains (Fig. 2.22a-b). This apparent increase in
nucleation density corresponds to full graphene coverage on the outside surface
(100%). These results provide an important clue on how two-step growth preserves
a low nucleation density inside the copper pocket during elevated methane flow
rates. To assess if the formation of a full film on the outside surface is related to the
increase of the nucleation density inside, or merely a result of using elevated
methane flow rates, we investigated the influence of the growth duration of step-

two, maintaining elevated methane flow rates.
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The increased growth rate that occurs from using elevated methane flow
rates results in faster coverage of the outside surface; thus, by decreasing the overall
growth duration we are able to probe the influence of elevated methane flow on the
nucleation density on the inside surface, before a full film exists on the outside.
Despite using high methane flow rates (2.4 sccm), reducing the growth duration of
step-two (from 3 hours to 1.5 hours) to avoid formation of a full film on the outside,
results in the growth of isolated, large-domain graphene on the inside surface (Fig.
2.22c-d). Similar results tuning the growth duration to avoid full film coverage are

shown in (Fig. 2.20a-d) for an additional elevated methane flow rate.
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Figure 2.20: Control experiments for limiting nucleation density by monitoring outside growth
coverage. a-b) Using 2.0 sccm methane for 3 hours produces increased nucleation density inside, due to
full coverage of growth outside. c-d) If we reduce growth duration to 2 hours, we maintain the low
nucleation density inside and observe that the copper surface on the outside is not fully covered. e-h)
For very high methane flow rates (2.7 sccm, 3.0 sccm) the growth rate is pushed beyond the nucleation
threshold, thus diffusion through the copper bulk is not adequate to limiting the nucleation rate when
the outside surface is persevered (even when restricting growth to 1 hour), as evident in the
widespread formation of small-domain graphene in between large domain sites. At 3.0 sccm (1 hour)
the large-domains are almost indistinguishable from the formation of films.

Thus, we show that the nucleation density inside remains low, only when the
outside surface remains uncovered (by adjusting methane flow rate, or growth
duration). We have verified this method of synthesizing isolated large domains with
over 80 successful growth runs. Regardless of the mechanisms dictating this trend,
we can exploit the fast growth rate (using high methane flow rates) and curb the
increase of nucleation density by avoiding full film coverage on the outside surface,
in parallel. This allows the overall growth duration to be severely reduced when
synthesizing isolated large-domain graphene. (Fig. 2.22e) shows an optical image of
the inside of a copper foil following a two-step growth with only a 4.5-hour (total)

growth duration. We are able to grow isolated, large-domain graphene up to 5 mm
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in domain-size utilizing the high methane flow rate of step-two, and by tuning the
growth duration to avoid full films on the outside to keep nucleation low inside. The
majority of the growth duration is the slow, step-one stage (3 hours), where low
nucleation density is first established. Compared to other methods that utilize only a
single-step growth on oxidized copper substrates, our two-step growth method can
be up to 10 times faster than conventional, one-step methods®23244651 (Fig, 2.22f).
Until the ultimate goal of a wafer-scale single-domain graphene without grain
boundaries is achieved, for various large-area graphene applications where grain
boundaries could be detrimental, continuous monolayer films of merged large-
domains can be useful. Using our two-step method, it is simple to grow a full film (as
shown in Fig. 2.22a) consisting of large-domain graphene on the inside surface of
the copper pocket by extending the growth duration. We investigated the merging of
the large-domain graphene to form full films as the two-step growth duration progressed.
Fig. 2.21a-d shows the growth of isolated large-domains from short growth periods (as
demonstrated as the main goal of this paper), until the merging of these isolated domains
(towards a continuous film) as the growth duration is extended. The time evolution of the
two-step growth suggests that the resultant continuous films start off as large-domain
graphene, and possibly concludes with some areas being patched together by smaller
domains, which nucleate as the growth extends. We further investigated the merging of
these films using SEM. Fig. 2.21e-f shows SEM images of graphene on copper on an area
shortly before the full merging of large-domain crystals; an arrow is provided to help
locate where two distinct large-domains merge with no observable defects. The large

growth front observed under SEM before full film growth suggests the merging of large-
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domains consist of domains at least hundreds of microns in size. Fig. 2.21g-h shows a
continuous lcm x 1cm large-domain film transferred onto a Si02 substrate. Under optical
microscopy, no detrimental defects other than the typical, transfer-induced features such
as wrinkles, tears, and PMMA residual contamination are observed. To further confirm
that the continuous graphene film consists of large-domain graphene, we employed UV
exposure of the full films after growth on copper to reveal the grain boundaries®’.
Following 30 minutes of UV exposure in ambient conditions (~45% humidity), grain
boundaries are observed by the preferential oxidization of copper beneath the boundary.
Fig. 2.21i-j shows optical microscopy images of a full film and an observable grain
boundary following UV exposure. We observed grain boundaries on the order of
millimeters in length, which further suggest that large-domains merge together to form

continuous films.
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Growing Full Films of
Large Crystals

Step-Two Duration Step-Two Duration Step-Two Duration Step-Two Duration
2.0 Hours 2.5 Hours 3.0 Hours 3.5 Hours

SEM Images Optical Images Of
Of Merging Transferred Films

Full Films After
UV Exposure

i) 1))

Figure 2.21: a-d) optical images of graphene on copper foil following two-step growth ranging from 4.5
— 6.0 hours of total growth. As the growth duration proceeds, the large graphene domains start to
merge and form a film. e-f) SEM images of an area before full merging g-h) optical images of continuous
films transferred onto a rigid substrate i-j) optical images of graphene on copper following UV exposure
to observe large-domain grain boundaries

Altogether, by simultaneously controlling nucleation density and edge-growth, the

synthesized graphene demonstrated here highlights the versatility, in terms of

domain-size, growth duration, and continuous surface coverage, of the developed

growth protocol.

42



2.4 sccm Methane (+3 Hours) 2.4 sccm Methane (+1.5 Hours)
a) Inside b) Qutside ¢) Inside d) Qutside

Two-Step Growth Comparing Oxidized Copper Growth Duration
©) 4.5 Hour Growth Duration f)
' = 10 O (2013)
E 8 @ Li(2015)
9 6
N *Pham (2016)
9] X Gan (2013) @ Chen (2015) o
c 4 Zhou (2013)
‘©
€2
[a)]
0 : :
0 10 20 30 40
Growth Duration (Hours)
) Low Nucleation h) Increased Nucleation
Density Inside ~ “Outside Density Inside *Outside
. - . Surface - - Surface
L 2 o ‘

Outside % : % < 1;1?;:23' Outside ¥ : % x Cl(:::lr); d

Pocket ™\ L - - % Pocket N\ * - B ,

Inside ~ , g e 2 . 0% Inside ~ |

Pocket * - . Pocket *® : B :

Diffusion Through Copper Bulk Full Film On Outside Increases
Depletes Carbon Concentration Inside Supersaturation of Carbon Inside

Figure 2.22: a-b) Optical images of inside and outside of copper pockets following copper oxidation
after two-step growth. After full films cover the outside surface, growth inside produces merged
domains/films. c-d) Full film coverage on the outside surface is avoided by reducing the growth time to
1.5 hours for step-two using 2.4 sccm. We observe preservation of low nucleation density inside after
decreasing growth duration. e) Optical image of inside of copper pockets following copper oxidation
after optimized two-step growth resulting in isolated 5-mm graphene domains. f) Comparing other
oxidized copper growth durations (one-step) compared to our two-step growth. g-h) Cartoon depicting
the influence on the diffusion of carbon and the inside nucleation density, before and after the
formation of full films on the outside surface. After formation of a full film on the outside surface, the
nucleation density inside, increases.

In order to postulate how the formation of a full film on the outside surface

influences the nucleation density on the inside surface, we must consider the
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conditions whence nucleation occurs. Verified both by observations in our two-step
studies, and in the literature, growth inside enclosed copper pockets has the
characteristic trend of low nucleation density inside, resulting in larger domains on
the inside surface than the outside surface®4547.51, Nucleation, in addition to edge-
attachment, and ad-layer growth, results from the diffusion of carbon species on the
copper surface525363-73, The formation of large carbon chains and clusters
responsible for graphene nucleation?%-73 occurs when the concentration of carbon
species on the surface, Csurface, is much higher compared to the equilibrium
concentration (CNucleation ® 2CEquilibrum)®%66. On the other hand, if the level of carbon
species is between the nucleation and equilibrium concentrations (CNucleation > Csurface
> Cequilibrum), edge-growth of graphene can occur>5266.68-72,

Our results suggest that, during step-one where we use a low methane flow
rate, the concentration of carbon species on both surfaces remains close to the
equilibrium concentration (Csurface = CEkquilibrum), thus, in order to cause
supersaturated nucleation, long growth durations (3 hours) are required. As soon as
nucleation occurs, the amount of supersaturated carbon species quickly depletes>Z;
hence, the low nucleation density on the inside surface>266. This assumption is
further supported by the nearly bare, outside surface. During step-two, when the
methane flow rate is increased, we observe a dramatic increase of domain-size on
the inside surface, with negligible increase in nucleation density. This suggests that
the carbon concentration on the inside surface still remains in the sensitive region
between equilibrium and nucleation, (Cnucleation > Cinside > CEquilibrum)®266, The

increasing coverage on the outside surface (for increasing methane flow rate) also
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agrees with a rise in the carbon concentration. It is observed that new nucleation
sites on the inside surface do arise, but overall, since we are able to yield isolated
domains, nucleation does not dominate, and indicates that the carbon concentration
level remains close to, or below the nucleation threshold. Finally, after a full film is
grown on the outside surface, indicating that the carbon concentration has
remained above the equilibrium level over long durations®2, we observe increased
growth on the inside surface, which results in the formation of merged domains.
From our experiments adjusting growth duration to compensate for the
elevated methane flow rates, we observed that full film coverage on the outside
surface acts as a convenient, observable threshold where nucleation inside remains
low, such that isolated domains are synthesized. This suggests that, on the inside
surface, before the formation of a full film, the concentration of carbon species is still
relatively close to the nucleation threshold, (Csurface < CNucleation); Subsequently, after
the formation of a full graphene film on the outside, we observe an increase in
nucleation density on the inside, suggesting the carbon concentration on the inside
increases, up to the nucleation threshold>%¢¢. The tuning of growth duration would
hence not be effective in limiting nucleation on the inside if the concentration of
carbon species were well above the nucleation threshold before the formation of a
full film on the outside, as would be in the case of extremely high methane flow
rates. This regime is where previous two-step studies have typically operated?6, and
we confirm these results in (Fig. 2.20e-h). Nonetheless, for our control experiments
avoiding formation of full film coverage on the outside surface to limit the

nucleation density inside, before formation of a full film on the outside surface, we
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believe that the carbon concentration inside is still within the sensitive range
between growth and nucleation. Thus, it is plausible that the formation of a full film
on the outside, could affect the concentration of surface carbon species on the inside
to a large enough degree, such that, distinct changes in the nucleation rate occur. We
speculate that the ability to operate in such a sensitive carbon concentration range
is only enabled by the unique effects of oxidized copper growth, which are utilized
during the two-step synthesis.

Although the growth pathways for CVD graphene synthesis have been widely
studied both experimentally and theoretically26505263-74 the exact evolution of
graphene growth is still not fully developed, especially for oxidized copper
growths®2346.53, Recently, it has been revealed that the presence of surface oxygen
species not only limits the nucleation density®2346, but also plays a crucial role in
decreasing the edge-attachment barrier for domain growth®, and imperative to our
studies using copper pockets, enables the diffusion of carbon monomers through the
copper bulk>3. While the control of the nucleation density via passivation of active
nucleation sites has been exploited in other studies growing large-domain
graphene®23.244651 the use of elevated methane flow rates in our studies directly
utilizes the decreased edge-attachment barrier for domain growth. When using
elevated methane flow rates for two-step growth, due to the decreased edge-
attachment barrier, we expect that the surface carbon species can easily be
incorporated into existing domains to contribute to edge growth®. This is supported
by the fact that we see an increase in domain-size for increased methane flow rate.

We observe this oxygen assisted edge-growth, despite the presence of hydrogen gas
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flow, which can act as a growth inhibitor®869, Furthermore, with an increase in
methane flow rate, we observe a variety of isolated, domain morphologies, instead
of compact hexagons, which further supports utilization of an oxygen aided,
decreased edge-attachment barrier and diffusion limited growth®, and suggest the
observed domain morphologies are not directly dictated by substrate aligned
growth7374, This aspect of our method is dually advantageous, since carbon species
that are incorporated into existing domains can quickly deplete the overall
concentration of surface carbon species, preventing further nucleation®5266.69, [n
addition, metal step-edges, which often act as sites for nucleation, do not effectively
trap carbon monomers’!; therefore, the complete dehydrogenation of CH4 to carbon
monomers from oxygen species® could play a role in decreasing the nucleation
density. For these reasons, a two-step growth on oxidized copper is ideal for limiting
the nucleation density, since existing domains from step-one can easily incorporate
and deplete the surface carbon species during step-two, resulting in a lower
nucleation density compared to a one-step growth of equivalent methane flow rate
and growth duration (Fig. 2.14e-f).

Due to the fact that our two-step method utilizes oxidized copper growth,
which results in the full dehydrogenation of methane to readily yield carbon
monomers, diffusion of carbon through the copper bulk is expected to occur>3.69;
this could be the underlying mechanism controlling increases in the nucleation
density on the inside, after a full film covers the outside surface. Even before full film
coverage, we observe areas of adlayer graphene growth on the outside surface of

the copper pocket for all methane flow rates (Fig. 2.23).
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Figure 2.23: SEM images of the outside of the copper pocket following two-step growth (using 0.4 sccm
methane for step-one) for various methane flow rates. Adlayer growth is observed for all two-step
growths. Our results suggest that the adlayer growth outside and the large-domain growth inside are
closely related.

Since adlayer growth on the outside surface results from the diffusion of carbon
monomers originating from the inside surface5367, our observations suggest that
during the two-step process, diffusion through the copper bulk occurs without the
need for full film coverage. These results are markedly different compared to
previous experiments where the formation of adlayer graphene only takes place

after a full film forms on the outside surface>3.67. Although the diffusion of carbon
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through the copper bulk before full film conditions (on the outside surface) has not
been established, the evidence suggests that the diffusion rates could depend on a
number of factors on both surfaces, including the nucleation density, exposed
copper surface areas, adlayer nucleation density, and concentration of surface
oxides>367-69 but the optimization of these parameters is beyond the scope of this
paper. However, our observations of distinct variations (in domain size and
coverage) in adlayer growth on the outside surface (Fig. 2.23) indicate that the
diffusion of carbon, feeding adlayer growth on the outside can be altered upon
changes in the methane flow rate; thus it is reasonable to speculate that the real
time diffusion of carbon species through the copper bulk can influence the local
carbon concentration on the inside surface during growth.

One possible explanation of why the nucleation density remains low on the
inside surface before full film conditions during two-step growth is that the
diffusion of carbon through the copper bulk can “store” excess carbon as adlayer
growth where metal defects or impurities exists®®71. Increases in the carbon
concentration on the inside surface during two-step growth could thus drive the
diffusion rate through the copper bulk?3. This allows the local carbon concentration
on the inside to remain below the nucleation threshold as carbon species are
depleted from the inside surface (Fig. 2.22g). After the formation of a full film, we
observe an increase in the nucleation density on the inside surface (implying an
increase of the local carbon concentration) (Fig. 2.22h). We have not confirmed
where the increase of the carbon concentration arises from, but consider that a

decrease of carbon diffusion through the copper bulk could result as a consequence
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of a decreased concentration gradient as adlayer coverage increases on the outside
surface®3. This hypothesis that the diffusion rate through the bulk is determined by
full film conditions (such as nucleation density, copper surface coverage) is
consistent with previous studies demonstrating a correlation of the inside
nucleation density to adlayer coverage on the outside surface®’”. Further
investigation on the diffusion mechanism during two-step growth could foster
development of new methods to severely suppress nucleation on the inside surface,
and improve bilayer synthesis on the outside surface.

The methods and techniques developed here, simultaneously controlling
nucleation density and edge growth, should be adapted to other graphene growth
substrates to further extend current single-domain size limits and rates. The fast
two-step growth protocol for growing large single-domain graphene can be easily
modified to other metallic growth substrates, where graphene nucleation and edge
growth can be separated into two steps, including but not limited to platinum,
ruthenium, iridium, and palladium?>-77. The increased catalytic activity for CH4 and
Hz dissociation on platinum for example?>, could provide additional means for
accelerating the growth rates of graphene single-domains when used in
combination with a two-step protocol. Additionally, the two-step growth method
could realize the synthesis of large-domain graphene from the seamless stitching of
aligned graphene nucleation centers?’s.

Methods to limit the nucleation density and growth rate by controlling the
carbon diffusion through the bulk, as investigated in this work, could be further

examined using metals such as nickel’8, where the increased carbon solubility, and
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carbon segregation growth mechanism could provide an obvious means to
regulating the local carbon concentration, and hence, large-domain graphene
growth. Methods using nickel and ruthenium substrates under controlled carbon
segregation conditions have already demonstrated utility for growing mm-scale
monolayer domains7%8%; combined with the techniques developed here on copper, it
is reasonable to anticipate metals such as these (as alloys, layered stacks, or pure
metals) as appropriate growth substrates for synthesis of wafer-scale single-domain
monolayer graphene or large-domain bernal stacked graphene.

We have demonstrated a simple method for fast synthesis of mm-domain-
size graphene using a two-step oxidized copper growth inside copper pockets. The
two-step approach, which is supported from oxidative-assisted mechanisms to
control nucleation, promote edge growth, and drive carbon diffusion through the
copper bulk, exploits the low nucleation density using low methane flow rates,
which are then enlarged using increased methane flow rates. We find that the
outside surface of the copper pocket acts as an observable threshold where the
nucleation density remains low inside. Thus, we can easily tune the first and second
stage durations and methane flow rates according to the coverage on the outside
copper surface to obtain isolated, large-domain graphene. Applying this method, we
show that 5-mm single-domains can be synthesized in 4.5 hours of growth. A host of
characterization techniques were employed to confirm that the synthesized
graphene is monolayer and single-domain. Our studies focused on optimizing

growth conditions can be adapted to most existing CVD systems, and will promote
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the development of synthesizing wafer-scale single-domain graphene, which will

further stimulate advances in graphene integration and applications.
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Chapter 3 — Graphene Electrical Tuning and Transfer

3.1 Standard Wet Transfer

The standard transfer technique starts with CVD graphene on copper”2°.
PMMA is spun onto the sample, and cured overnight. Following oxygen plasma
removal of backside graphene, the copper foil is then etched in ammonium
persulfate solution. The floating PMMA/graphene stack is then washed (in DI water,
and often times RCA 1 and 2 solutions to remove residual metal®!), and can then be
wet transferred onto a target substrate. After drying the sample, PMMA is removed
by acetone and then annealed in low-pressure hydrogen environment.

One obvious advantage of using transferred CVD graphene is that the
fabricated devices can easily be on the cm-scale, which is necessary for graphene-
THz devices. The drawback is that the transfer process modifies the electrical
quality of graphene films, usually from contamination, and defects from wrinkles
and tears. This issue is further exacerbated when the device dimensions are on the
cm-scale, since nano/microscale defects and variations could easily be masked if the
device is also on the nano/microscale. Fig. 3.1 shows the depletion curve (Ids v Vg)
for a typical 1 x 1 cm device on SiO2 using acetone wash and annealing to remove

PMMA.
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Figure 3.1: Source-drain current vs gate voltage for a GFET device using standard PMMA wet transfer
with vacuum annealing step. The flat behavior indicates strong substrate interaction which pushes the
Dirac point to > 100 V.

The results indicate high p-type doping from substrate interactions; the device only
changes by 30 uA for a 40 volt change in the gate, and the Dirac point is estimated to
> 80 V. From the electrical data, it is clear that the large-area graphene films are
inferior to the electrical quality of mechanically exfoliated graphene (with a source-
drain current that can easily be altered by a back gate). If we aim to have a\ high
on/off ratio device (easily changes Ids for small Vg range) with low sheet resistance
for graphene-THz devices, we must improve the large-area graphene transfer

techniques.

3.2 ODTS Modification

Literature has demonstrated that the use of self-assembled monolayers
(SAM) can provide a means to decrease substrate interactions with graphene>88283,
Validation of decreased substrate effect has conducted on micron scale GFETSs, and

thus, we employ the technique for our mm scale device. Briefly, the SiO2 substrate is
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cleaned in piranha solution, which creates a large number of OH- groups on the SiO2
surface. The substrate (which at this time is hydrophilic from OH groups), is washed
and dried, and then placed into anhydrous toluene. ODTS is then dropped into the
toluene for reaction at a 1 ul/ml concentration for one hour. Following cleaning and
drying, the substrate is observed to be hydrophobic from the methyl terminated
ODTS SAM. We also performed vapor deposition of SAMs on the wafer following
piranha clean, where a vacuum desiccator is evacuated with a vial containing 50 uL
of the SAM solution.

Graphene is then wet transferred onto ODTS SAM modified substrates using
the standard technique. Two differences should be noted; PMMA is removed only
with acetone since annealing under low-pressure hydrogen is found to be
detrimental to the GFET on ODTS SAM. Another downside of using the SAM
modified substrate is that water becomes trapped under graphene (due to the large
contact angle of water on ODTS SAM) that results in large-scale wrinkles after the
graphene film is dried. Fig. 3.2 shows a typical depletion curve for devices

transferred onto ODTS SAMs.
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Figure 3.2: Source-drain current vs gate voltage for a GFET transferred using PMMA wet transfer onto a
ODTS functionalized wafer. The Dirac point is clearly observed ~29 V, and the transconductance is
dramatically increased.

The Dirac point (point of minimum conductance) is clearly observed ~35 V,
suggesting decrease in substrate interaction. The lowering of the Dirac point (from >
80 V to ~ 35 V) also results in an increase in on/off ratio (from ~1.1 to >
4). Additionally, leakage current is observed to dramatically decrease from typically
[107-6] without SAMs to [10”-8] with ODTS SAMs (the number of leaky devices also
greatly decreases). With a high on/off ratio device, the ODTS SAM modified GFETs
should perform better as a THz modulator than those without SAMs; enabling
greater depth of modulation. Although the SAM modification does create
advantages for THz modulators, using PMMA transfer onto ODTS SAMs achieves a

minimum sheet resistance of ~800 Q /L], which is 2 times greater than our goal of

377 /0.
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3.3 Controlling Doping
Aiming to reach 377 Q/L] we explore intentional doping of GFETs. PMMA

transfer does result in p-doping of the GFETSs, so our devices are inherently already
p-doped. Thus, it could be helpful to further dope GFETSs using additional acceptors.
Typically, for higher doped graphene, the on/off ratio will be decreased as a
tradeoff. We investigate doping our large-scale GFETS with benzimidazole (BI),
following the process by S.] Kim et al84. Briefly, BI (a metal-chelating agent) is mixed
into a dilute etching solution that is composed of a combination of sulfuric acid,
hydrogen peroxide, and ammonium persulfate. Fig. 3.3 shows the depletion curve

for a GFET after wet transfer using Bl doping.
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Figure 3.3: Source-drain current vs gate voltage for a GFET doped with benzimidazole during of etching
of copper. The Dirac point is pushed passed 45 V, which is out of the range that can be applied to the
ODTS SAM.

Doping using BI appears to further p-dope the GFET, indicted by no observable

Dirac point below 45 V (after 45 volts on the back gate, ODTS starts to break down
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and leak), and a decrease on/off ratio. The voltage on the source-drain is 0.1 V,
giving us a DC resistance value of 303 (). We perform van der pauw, 4-point

measurements, and measure the lowest value of 250 Q /L.
We obtain sheet resistance values below 377 Q/[J only by using intentional

doping. Although the devices do exhibit slight changes in source-drain current as we
vary gate voltage, the desired mobility and on/off ratios probably cannot be met
with simple doping. If we are to demonstrate ideal graphene-THz modulation (1 -
99% depth of modulation by back gating), it is essential that we find a method to
transfer graphene without defects, and contamination, in hopes of preserving the

high on/off ratios and low sheet resistance.

3.4 Direct Transfer
We also performed experiments on polymer free transfer of graphene. Most

transfer techniques call for the use of some sort of sacrificial layer (PMMA, PDMS,
polymer, metal) and usually results in doping and additional scattering; we have
developed a novel, direct-transfer method. Briefly, a graphene on copper sample is
taped directly, face-to-face on an ODTS wafer. By placing the wafer and copper into
a copper etching solution, the copper becomes etched, and the graphene adheres to
the hydrophobic wafer. We investigated how to optimize transfer using different
chemical functionalization of the substrate, high-pressure etching, and differing
etching solutions. The most promising result was by increasing the fluid pressure.
Fig. 3.4 shows the influence of the height (and thus fluid pressure) of the etching

solution.
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Figure 3.4: Novel direct transfer using ODTS substrate. We notice an increase in transferred surface area
% as we increase the height (and thus fluid pressure) of the etching solution from 1 - 30 cm.

We speculate that the increase in pressure correlates to the percentage of the
surface area that is successfully transferred. Although we have demonstrated the
proof of concept of a completely sacrificial-layer-free, direct transfer, in a novel
technique, the method is still far from adequate in terms of device properties. Upon
electrical investigation, the electrical properties indicate high p-type doping, and
diode like properties. Furthermore, the DC sheet resistance is measured to be 1000
(). The electronic properties could possibly be improved by differing etching, or by
performing a series of surface cleaning techniques such as annealing and RCA

cleansing. By using the full spectrum of cleaning techniques, a direct transfer
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method could possibly enable fabrication of a highly sensitive GFET with low sheet

resistance.

3.5 Bubble Removal Transfer
Bubbles generated during electro-delamination and chemical etch during

large-area two-dimensional (2D) material transfer has been shown to cause
rippling, and consequently, results in tears and wrinkles in the transferred film. We
demonstrate a scalable and reusable method to remove surface adhered micro-
bubbles by using hydrophobic surfaces modified by self-assembled monolayers
(SAM). Bubble removal allows the 2D film to flatten out, and prevents the formation
of defects. Electrical characterization was used to verify improved transfer quality,
and was confirmed by increased field-effect mobility and decreased sheet
resistance. Raman spectroscopy was also used to validate improved electrical
quality following transfer. The bubble removal method can be applied to an
assortment of 2D materials using diverse hydrophobic SAM variants. Our studies
can be integrated into large scale applications, and will lead to improved large-area
2D electronics in general.

Chemical vapor deposition (CVD) has enabled the synthesis of large-area
two-dimensional (2D) materials including graphene#8586, transition metal
dichalcogenides8788, and hexagonal boron nitride8°. In order to fabricate practical
devices, the synthesized materials often require various wet-transfer processes
which rely on removing the CVD-grown material from the growth substrate®091,
usually by chemical etching” or electro-delamination492. During these steps, the

formation of bubbles between the 2D material and etch/delamination solution lead
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to rippling and detrimental defects?%93, and hence, developed processes have
specifically aimed to minimize bubble formation by using low concentration of
etchant8l, or low voltages during delamination*%4. Although the formation of
bubbles has generally been circumvented, no such method of removing bubbles that
adhere on the 2D material/solution interface has been reported. Here, we report a
scalable method at removing micro-bubbles on the surface of CVD graphene by
using hydrophobic surfaces modified by self-assembled monolayers (SAM), which
allows the graphene film to flatten before transfer to a substrate, which significantly
improves the large-area electrical performance of devices. The enhanced electrical
properties are shown to arise from decreased tears and wrinkles produced from
trapped bubbles. The bubble removal method can be adapted to wafer-scale
processing, and will lead to defect-free 2D electrical devices with uniform device
performance across large-areas.

During transfer, because it is unfavorable for bubbles to be in contact with
water?s, bubbles generated in solution prefer to adhere to the hydrophobic
graphene surface?. One means to remove these bubbles is by a “dry transfer”
method, completely removing the graphene from solution by using exclusively
designed rigid supports such as thermal release tape or pressure sensitive
polymers597.98, [nstead, we investigated a simple “wet transfer” method that can be
easily implemented using counter-adhesion from a hydrophobic surface. The
hydrophobic surface that is used is a vapor deposited SAM of 1H,1H,2H,2H-

perfluorodecyltrichlorosilane (FDTS) on a silicon-oxide (SiO2) layer on silicon (Si).
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Following SAM functionalization, the surface becomes hydrophobic (Fig. 3.5), and

can be used for bubble removal during graphene transfer.

a) b) c)

Figure 3.5: a) Contact angle measurement for unmodified SiO2 on Si wafer. b) Contact angle
measurement for 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) self-assembled monolayer
modified SiO2 on Si wafer. c) Contact angle measurement for octadecyltrichlorosilane (ODTS) self-
assembled monolayer modified SiO2 on Si wafer

To grow large-domain monolayer graphene on copper foils, we use an
oxygen-assisted CVD process with two-stages of methane flow rate to first, decrease
the nucleation density, and then, promote edge-growth until a full film forms®°.
Following graphene synthesis, the graphene films can be “wet transferred”
following standard protocol using a poly (methyl methacrylate) (PMMA) support
layer. The graphene/PMMA stack is then removed from the copper foil growth
substrate using an electro-delamination process in NaOH solution, where the
copper/graphene/PMMA is used as the cathode, and a carbon rod is used as the
anode. Previously, researchers have used a small voltage between the cathode and
anode in order to deliberately avoid the generation of bubbles on the graphene
surface*!l. Instead, as the main purpose of this work, the generation of bubbles is not
avoided (as the bubbles will be removed using the hydrophobic SAM wafer), and the
voltage used to delaminate does not need to be delicately tuned. The bubble

removal process is illustrated in Fig. 3.6 and described below.
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The process begins after the graphene/PMMA stack is delaminated from the
copper foil where bubbles generated on the graphene surface cause rippling, Fig.
3.6a. The floating graphene/PMMA stack is then moved to a clean deionized (DI)
water bath, as per standard transfer process. While in DI water, the
graphene/PMMA film is brought into contact with the hydrophobic SAM wafer by
“scooping”, Fig. 3.6b. The bubbles act as a capillary bridge between the substrate
and the graphene film?, which prevents irreversible adhesion to the wafer that
would damage the graphene film3°. By submerging the wafer into DI water, the
graphene film is subsequently released from the hydrophobic wafer, though the
bubbles stay adhered to the hydrophobic substrate. This allows the bubble-free

graphene film to flatten out on the surface of the DI water, Fig. 3.6c.
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a) Bubbles generated during

copper etch/delamination
I'lpple graphene sheet C) Bubbles stick on hydrophobic

substrate allowing graphene
sheet to flatten out

b) Bubbles/graphene sheet brought into
contact with hydrophobic substrate

Figure 3.6: a) Bubbles are generated in solution during the etch/delamination step when CVD grown
graphene is removed from the growth substrate (copper foil). Bubbles stick to the bottom side (in
contact with solution) of the floating graphene film. b) The graphene film with bubbles on the bottom
side is brought into contact with a SAM modified SiO2 chip. c) The hydrophobic bubbles adhere to the
hydrophobic SiO2 surface, which removes the bubbles from the graphene surface, and allows the
floating graphene film to flatten out.

Fig. 3.7a-d contains optical images of bubble removal from an actual
graphene film. Fig. 3.7a shows a floating graphene/PMMA film with bubbles on the
bottom clearly evident. A yellow dotted line was added to help identify the
boundary of the film. In Fig. 3.7b, the graphene/PMMA film is “scooped” from DI
water using the hydrophobic modified substrate, with half of the film still floating in
DI water, while the other half is “pinned” to the substrate. After the film makes full
contact with the hydrophobic substrate, the substrate is immersed back into DI
water to release the film, allowing the graphene to float to the surface of DI water.

Even as the graphene/PMMA film floats away, the square imprint of the bubbles is
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apparent on the hydrophobic substrate, highlighted by the red arrow in Fig. 3.7c.
Upon exposing the hydrophobic substrate to air, the bubbles can be simply popped,
and hence, the substrate can be readily reused for further bubble removal from the
graphene film. The procedure is repeated three more times, each time rotating the
graphene film by 90 degrees in order to fully remove all bubbles from the graphene
surface. Fig. 3.7d shows the floating graphene/PMMA film with all bubbles removed,

ready for transfer to the desired target substrate.
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Figure 3.7: a) Floating graphene film (covered with PMMA) contains bubbles on the bottom surface
generated during electro-delamination. A yellow dotted line is provided to help identify the boundaries
of the floating graphene/PMMA film. b) The graphene/PMMA stack is brought into contact with the
hydrophobic SAM modified SiO2 chip by “scooping”. c) By submerging the hydrophobic SAM modified
wafer beneath water, the graphene/PMMA is released to float on the water surface, while the bubbles
remain on the hydrophobic SAM modified chip. A red arrow points to bubbles that remain on the SAM
modified chip. d) A bubble-free graphene film floats on the surface of water, and is ready to be
transferred to the desired target substrate. e-f) SEM images of a graphene film transferred to a oxide-
on-silicon chip following bubble removal. g-h) SEM images of a graphene film transferred to an oxide-
on-silicon chip without bubble removal. Without removing the bubbles on the bottom side of the
graphene film, bubbles become trapped between the graphene film and target substrate, resulting in
detrimental tears in the graphene film after drying. i) Histogram of the diameter of bubbles on the
graphene surface generated during electro-delamination. The diameter distribution was analyzed with
a Gaussian fit, with a value centered at ~ 140 um.

Fig. 3.7e-f comprises of scanning electron microscopy (SEM) images of transferred
graphene films (with the PMMA support layer removed) after utilizing the bubble

removal process. To compare, Fig. 3.7g-h, shows SEM images of transferred
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graphene films without the bubble removal process. In both cases, wrinkles typical
to CVD grown graphene, which are generated upon cooling due the difference of
thermal expansion of graphene and the copper growth substrate*, are observed.
Notably, without the bubble removal process, the SEM images in Fig. 3.7g-h includes
a large number of tears in the graphene film, not present when the bubble removal
process is used. These images show that the flattening of the graphene film before
transfer prevents the formation of tears produced by trapped bubbles?3.
Furthermore, Fig. 3.8 contains optical photographs of transfers with and without

bubble removal.

Figure 3.8: a) Graphene with PMMA film transferred onto target substrate with bubble removal
processs. b) Graphene with PMMA film transferred onto target substrate without bubble removal
process. Trapped bubbles between graphene and the target substrate cause large wrinkles and tears in
the transferred film after drying.

Large-scale wrinkles in the graphene film, caused by the trapping of bubbles
between the graphene film and target substrate film (not from the CVD cooling
process), are clearly evident in the case when bubbles are not removed.

Using the optical image in Fig. 3.7a, we estimate the size of bubbles removed
using image analysis software. The bubble diameter distribution is plotted in Fig.
3.7i, and a Gaussian fit yields a diameter centered at ~ 140 um, although a tail of

large bubbles is present, with ~ 23% of bubbles > 0.20 mm (the 1c@threshold).
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However, nanoscale tears in Fig. 3.7h suggest that nanoscale bubbles that exist on
the graphene surface are removed with the bubble removal process, but we have
not confirmed this with nano-imaging. Nonetheless, the removal of micro-scale to
mm-scale bubbles effectively decreases micro-scale to mm-scale tears and wrinkles
in the graphene film.

In order to investigate the effects of removing micro-scale to mm-scale
bubbles on the graphene device performance, we perform a variety of large-area
(mm-scale) characterization. The large-area measurements allow us to probe
collective device behavior that, elsewise, could be undetectable at micro-scale
dimensions. Following transfer to an oxide on Si wafer (and PMMA removal), we
deposit chromium/gold contacts to probe the graphene electrical properties. Fig.
3.9a shows the large-area source-drain current versus gate voltage of devices of
dimensions ~ 7 x 4.5 mm with and without prior bubble removal. Although the
charge neutral point voltage (Vcne) is nearly identical for both cases, removing
bubbles from the graphene surface results in increased large-area field-effect
mobility compared to when bubbles are not removed, as evident in the depletion
curve data. We define the on/off ratio as ratio of the current at 0 Vg to the current at
Vene; the on/off ratio is ~ 10 (2x larger than when bubble removal is not used),

consistent with increased mobility, Table 1.
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Device With or Sheet Field-effect On/Off Ratio
Number Without Resistance Mobility
Bubble @/0O) (cm?/Vs)
Removal
1 With 1525 1.09E+03 5.11
2 With 770 8.41E+02 4.69
3 With 702 1.56E+03 3.81
4 With 844 1.82E+03 7.07
5 With 498 3.18E+03 8.37
6 With 521 3.15E+03 9.19
7 With 489 3.26E+03 10.3
8 With 541 2.71E+03 9.71
9 With 697 2.87E+03 8.3
10 With 466 2.88E+03 10.2
11 Without 1277 8.58E+02 4.86
12 Without 1305 7.15E+02 5.1
13 Without 1285 8.68E+02 6.15

Table 3.1: Electrical characterization of devices with and without bubble removal. The device sheet
resistance, estimated field effect hole mobility, and on/off ratio are listed.

. . aI 1 L 1 .
Using the equation, upy = =22 ———, where Ips is the measured source-
an Vps W Cox

drain current, Vps is the applied source-drain voltage, L is the device length, W is the
device width, Cox is the oxide capacitance, and Vg is the gate voltage applied, we
calculate the large-area field-effect mobility100. The greatest field-effect hole
mobility calculated for large-area devices is ~ 3260 cm?2 V-1 s-1 (compared to ~ 868
cm? V-1 s-1without bubble removal).

We also measured the large-area (zero gate biased) sheet resistance to
quantify the effects of removing bubbles before transfer. We used a shadow mask to
deposit four contact electrodes separated by 5 mm in a square geometry to ensure
that probed area is equivalent for each device. Table 1 lists the sheet resistance
values for devices with and without bubble removal. For devices with and without
bubble removal, the average sheet resistance is ~ 705 Q/LJ and ~ 1289 Q/L],

respectively. The lowest sheet resistance values obtained is ~ 466 Q/[] when
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bubbles are removed, and ~ 1277 Q/[1 when bubbles are not removed prior to
device fabrication. The combination of increased large-area mobility and decreased
large-area sheet resistance confirm that electrical quality of graphene devices is

improved by the bubble removal process.
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Figure 3.9: a) The source-drain current versus gate voltage is measured over large-areas (mm-scale) for
devices with and without bubble removal. With bubble removal, the on/off ratio is increased to ~ 10. b)
Representative Raman spectra of transferred graphene films with and without bubble removal. c-d)
Raman mapping data of the I[2D]/I1[G] for devices fabricated both without and with bubble removal.
Cracks and tears in the graphene film from trapped bubbles during transfer are apparent. e) Histograms
of the 1[2D]/I[G] for graphene films with and without bubble removal. f) Histograms of the D peak
intensity for graphene films with and without bubble removal
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The improved electrical properties by bubble removal can also be supported
using Raman Spectroscopy. The Raman spectra of monolayer graphene exhibits two
distinct peaks called the G peak (~ 1583 cm) and the 2D peak (~ 2680 cm-1)43.61,
Another peak called the D peak (~ 1350 cm-1), is often used to quantify defects#361,
For high quality graphene without defects, the ratio 2D:G peak intensities should be
as large as possible (> 2 for monolayer graphene), and the D peak intensity should
be as low as possible#361. The representative Raman spectra of transferred samples
with and without using bubble removal are shown in Fig. 3.9b. We performed
Raman mapping to assess the graphene quality across large-areas. Presented in Fig
3.9c-d, are the Raman mapping images of the ratio of the intensities of the 2D:G
peaks. The histograms of the 2D:G ratio for samples with and without bubble
removal are shown in Fig. 3.9e. The histograms reveal the ratio of the 2D:G peak
intensities is generally larger (Gaussian fit is larger amplitude, greater in center
value, and sharper) when bubble removal is used, indicating a higher quality
graphene than compared to when bubble removal is not used . Also clearly
displayed in Raman mapping image Fig. 3.9c (when bubble removal is not utilized)
are areas where the 2D:G peak intensity is approximately zero; these areas are
undoubtedly where cracks and tears exist, and hence, do not exhibit the distinct
graphene peaks. The cracks and tears can also effect the spatial variation of the D
peak. The histograms of the D peak for samples with and without bubble removal
are shown in Fig. 3.9f, and confirm that the sample without bubble removal exhibits

more frequent and higher intensity D peak. The collective information presented
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from the Raman mapping experiments confirm that the electrical quality of
transferred graphene devices is significantly improved using bubble removal.
Although our studies can be directly utilized in applications that require
high-electronic-quality large-area graphene such as graphene-terahertz devices!01-
103, the developed bubble removal method can also improve large-area 2D
insulators such as hexagonal boron nitride (h-BN) by reducing pinholes and
decreasing wrinkles. We have successfully used the FDTS SAMs for bubble removal

on the surface of h-BN films Fig. 3.10.

Figure 3.10: a) Bubbles generated from the electro-delamination process adhere to the bottom surface
of the HBN/PMMA film. b) Bubbles removed by contacting with the FDTS SAM modified substrate. c)
Floating HBN/PMMA film without bubbles on the bottom surface. d) Transferred HBN/PMMA film on
target substrate following bubble removal and drying. Bubble removal also works for HBN (not limited
to just graphene films) and results in flat large-area films without tears and wrinkles.

Hydrophobic functionalization is not limited to the FDST SAMs used in this
work; we have also experimented with octadecyltrichlorosilane (ODTS) SAMs (Fig.
3.5) with similar effectiveness in bubble removal, but possible differences in efficacy
have not been quantified. Depending on the chosen SAM, it is plausible that the
interaction with the graphene (2D material) film may inhibit release from the
substrate, and thus, the choice of SAM may need to be tailored for each material of

choice in future uses. However, vapor deposited SAM functionalization can be
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performed on full wafers, and hence, the developed method provides a scalable
means for bubble removal from large-area 2D materials.

Another advantage of the developed bubble removal method is that, once the
graphene film is released from the hydrophobic substrate, the adhered bubbles can
be cleared simply by pulling the wafer out of solution. This facile technique allows
the process to be quickly cycled, and more importantly, the functionalized wafer is
readily available for further bubble removal. The reusability aspect is not true for
most dry transfer techniques due to the use of non-reusable materials such as
thermal release tape>97. We have successfully used one single functionalized wafer
for repeated bubble removal without noticeable degradation over 100 times.

We have developed a scalable and reusable bubble removal method using
hydrophobic functionalized surfaces that reduce tears and wrinkles created by
trapped bubbles between transferred graphene films and the target substrate to
improve the large-area electronic quality of graphene devices. We confirm that the
developed bubble removal method results in improved large-area mobility (device
on/off ratio), and decreased (zero gate-biased) sheet resistance. Following bubble
removal, the high-quality graphene was also confirmed using Raman spectroscopy
mapping, and shows increased 2D:G peak ratio and decreased the D peak intensity
across large areas. Our bubble removal method could find wide use in applications
such as large-area 2D optoelectronics, and wafer-scale fabrication of 2D hetero

devices.
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Chapter 4 — Graphene-Terahertz

4.1 Transmission Line Model
To analyze the THz transmittance of metallic films on dielectric substrates, a

transmission-line model can provide accurate values of the transmittance,
absorptance, and reflectance over a wide frequency rangel%4. The primary
requirement is that the incident beam be much wider in extent than the thickness of

«

the substrate + metallic film, and that the beam be at, or near, a “waist”. The
secondary requirement is that the metallic film be much thinner than a wavelength,
which is quite easy to satisfy in the THz region. The “waist” condition means that
the constant-phase surface for the beam is a plane perpendicular to the direction of
propagation. Hence, because the transmittance depends heavily on the interference
effects of propagation in the film + substrate structure, the propagation can be
handled as a transverse electromagnetic (TEM) mode. And TEM modes are the basis
of the transmission-line model. From a practical standpoint, it is actually more
realistic than the standard “plane-wave” model in physical optics because the latter
assumes the beam has not only a planar constant-phase surface but also infinite
lateral extent - something impossible to achieve in real optical systems.

The equivalent-circuit diagram of the transmission-line model is shown in
Fig. 4.1b. The incident beam is modelled as a TEM ideal voltage source having
phasor amplitude vs and source resistance no - the intrinsic impedance of free space.

The thin-film-on -substrate structure is represented by the parallel combination of a

complex impedance Zc and a possibly lossy transmission line (to account for
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substrate absorption effects) of characteristic impedance Zo. The free space region

after the structure is represented by the free-space intrinsic (load) resistance no.

a) b)
Thin Metallic Film

Input Beam Output Beam
------------ ] Mo /(&)Y
) ’ o 3 . Nsi=TMo -
J s \ /V\/\ﬂ/v\/\ﬁ
g
Dielectric s '3 ; Zg S
Substrate ;

Figure 4.1: a) Beam propagation through a thin metallic film on substrate b) Transmission-line
equivalent-circuit model

The combination of transmission line plus free load resistance can be written

n(s) =no[Mo + Mo -tanh(y-s)]/[ ne+ no -tanh(y-s)] "
4

where s is the substrate thickness and y is the complex propagation constant,
and 7 is the intrinsic impedance of the substrate = 1o /(&p)1/2. Eqn. (4) comes from
the basic theory of lossy TEM transmission lines such that n(s) represents the

complex impedance “seen” by a generator connected to the input port10s.

Given the circuit in Fig. 4.1b, we can calculate the transmitted power, the power

dissipated in the thin-film-on-substrate structure, and the reflected power as

follows. We first calculate the phasor currents flowing out of the generator i1, into
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the transmission line iz, and into the thin film i3, where i1 = i2 + i3 by the Kirchoff
current law. By voltage division, we then have

Zg iy =ip &)

. Vg L _
=S =i —— 3=1]
no+ZGHn@), Z6+n() . and Zg +n(s)

(5)
where the last two follow from current division. Substitution for i1 then yields
ir= VS ZG
"o +Za 1N Zg +n®)
(6)
and,
_ Vs nE)
no +Zg IIn(s) Zg +n(s)
(7)

The average power dissipated in the thin-film-on-substrate structure is (assuming
Ohm’s law and sinusoidal phasor)

2
2| 1 ZG |
Ino +ZG ) Zg +n(s)|

P = Ziaf” Refn(s)}= 2 v Re{n(9}

(8)

and the transmittance T through the metal film is just P2 divided by the “available

power” from the source, |vs|2/8no. Hence, we can write

2
1. 2 | 1 zg |
T=—liz|" Re{n(s)}=4no- -Re{n(s)}
21 *[no+26 In(s) Zg +n©)|
(9)
By similar reasoning the average power dissipated in Zc is
o= Laretzar- 2|t 10 L g
2 2" [no +Zg In(s) Zg +n(s)|
(10)

Such that the thin film absorptance is
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ne |
G +n6)|

1. 2 | 1
A=—|I3|  Re{Zs}Y=4np - Re{Z
2|3| {Zg}=4n0 |no+ZG TOE: {Zg}

By conservation of energy (and power), the reflectance is just

R=1-T-A

(11)

(12)

This set of equations can handle a wide variety of materials and conditions which

are difficult to calculate by conventional (i.e., plane-wave) propagation techniques.

Special Case#1: No Substrate; Purely Resistive Film

The lack of a substrate is the simplest case since according to Eqn. (4) and the

behavior of the tanh function, n(s) = n(s=0) = no. Substitution into (9) then yields,

| ZG |2

Toand | 1 s [
‘n (1+ZZG/110)|

% [no +Zen0) 1(Zs +70) Zg +no| -

4n

substitution into (11) yields,
2
|

A 4nORG ‘n (1+2ZG/no)|

and substitution into (12) yields

|2

R =1-4n§(moRg +|ZG| ‘| L
Inda+226 Imp))|

In the special case of a resistive film, Zc = Rg, Eqn. (13) - (15) can be greatly

simplified algebraically:

2 2
T__ 4RG/mg
(1+2Rg /Mg)?

A__ Rc/no
1+2Rg /mg)?
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Figure 4.2: The T, R, A values versus sheet resistance for a suspended, purely resistive film.

Interestingly none of these depends on frequency unless Rg is dispersive (more on
that later). Historically, Eqn. (17) is known as the Wolsterdorff equation106.

To check on the physical reasonableness of these last three equations, we
note that in the limit of Rc =0 (thick metal or “ideal conductor”), T =0, A =0, and R
=1, i.e., we have the “perfect mirror”. In the limit, Rc = o (infinitesimal metal or
“ideal insulator”), T =1, A =0, and R =0, i.e., we have the “perfect transmitter”. In the
special case Rc = no, we have T=4/9, A=4/9,and R = 1/9. Plots of Eqn. (16) - (18)
vs Rg are shown in Fig. 4.2. The value of Rs that maximizes A is Rec = no/2 for which
T=1/4, A=1/2, and R=1/4. For all values of Rg, T + A + R = 1, consistent with
conservation of power.
Special Case#2: Lossless Substrate; Purely Resistive Film

Because of the difficulty of suspending thin metal films in free space, a more

practical case is a substrate of finite thickness but negligible loss. This can be
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readily achieved even in the THz region by highly-resistive substrates having zero
or very low polarity, such as high-resistivity silicon. The low polarity is necessary to
make the optical phonons weakly interacting with electromagnetic radiation (silicon

having near-zero polarity). In this case, we can re-write Eqn. (7) as

N(s) = Mo [No+ine -tan(y-s)]/[ ne+ino -tan(y-s)
(19)

which is the familiar expression from microwave engineering textbooks. Because ne
# mo, substitution into Eqn. (9), (11), (13) then creates a distinct frequency
dependence consistent with the well-known behavior of transmission lines that are
not impedance matched to their load. But there are special cases well known from
microwave transformer theory that simplify the analysis once again.

For a “half-wave” transformer, y-s = m(2n/A)-A/2 = mn, where m is any
integer (including zero) and A is the wavelength in the transmission-line medium
having dielectric constant ¢p, and index of refraction, n = (gp)"?. This condition
makes tan(yes) — 0 for all m, so according to Eqn. (19),En(s) = no. And then we
recover the same values of T, A, and R, as given by Eqn. (16) - (18). For a given s, the
half-wave condition is satisfied by a set of periodic frequencies v = m-c/(2ns), where
m = any positive integer (including zero). For a “quarter-wave” transformer, y-s =
(21/A)*\/4 = =, so that tan(yc) =, and 1(s) = (Ns)%/Mo.

Using the transmission line model, the effect of different substrate dielectric
constant/index of refraction can be easily accounted for, and provides a convenient
“device design tool”. For our experiments where graphene is mounted on a silicon

substrate, &, = 11.66, and a substrate thickness of L = 400 BIm is used for the
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calculations of T, R, and A. These values are compared to a suspended film, and a
graphene film on substrate in Fig. 4.3. In order to investigate the frequency
dependence, in the figure below, the scattering time is set as, t = 50 fs, as this value

is widely reported in the literature (see table below). On half-wave resonance (~

c

110 GHz for L = 400 um), which occur at even integer multiples of f = Gy OF

when KL = Nz, the transmittance, reflectance, absorptance values from the

transmission line model reduce to the Woltersdorff1%6 values. In contrast, at odd

integer multiples f = the device is at quarter-wave resonance (~ 164 GHz

c
(4xn=L)
for L = 400 um), and mostly reflecting. The equations for T, R, A are listed below. For
device design, in the limit where the substrate index of refraction n = 1, and
thickness of L = 0, the frequency dependent Fabry-Perot fringes of T, A, R decrease
in amplitudes, and approaches the ideal case of a suspended film where the T, R, A
values are generally flat with broadband, 50% absorption, matching the
Woltersdorff values.

It is important to note that, even though the transmission line model matches
the Woltersdorff values at the half-wave resonance values (Fig. 4.3d,h), the half-
wave resonance condition does not always occur at a transmittance peak maxima.
The half-wave resonance condition occurs at a transmittance maxima up to a certain
critical sheet resistance value (i.e. when the sheet resistance is large), but because of
a phase shift when the graphene film becomes reflecting (i.e. when the sheet
resistance value is small), the half-wave resonance condition occurs at the

transmittance minimal%4. This phenomenon is obvious in Fig. 4.3e; for sheet
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resistance values greater than 156 ()/sq, the half-wave resonance condition occurs
at the transmittance maxima, but for sheet resistance values less than 156 Q/sq, the
half-wave resonance condition occur at the transmittance minima. In this work, we
never reach this critical sheet resistance threshold, and thus, in the manuscript, the
half-wave resonance condition is referred to at the transmittance peak maxima. The
opposite situation occurs for quarter-wave resonance, that is, for high sheet
resistance the quarter-wave resonance occurs at a transmittance minima, but after
the critical sheet resistance is reached, the quarter-wave resonance flips and occurs

at the transmittance maxima.
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Figure 4.3: Two scenarios were analyzed to investigate the effects of the index of refraction of the
substrate used in this work: suspended graphene films, and graphene on a substrate of finite thickness
(n = 3.41, L = 400 um) with the THz beam incident on the graphene film first. a-c) The frequency
dependent T, A, R was calculated for a suspended film for various assumed values of the DC sheet
resistance. d) The single frequency T, A, R values for a suspended film as the sheet resistance is varied.
e-g) The frequency dependent T, A, R was calculated for a film on a substrate, using the transmission
line model for various assumed values of the DC sheet resistance. At the half-wave resonance, the
amplitudes of the transmittance match those of the suspended sheet. h) The half-wave resonance, and

1.0
0.8
0.6
0.4
0.2
0.0

1.0
0.8

0.6

0.4
0.2

0.8

0.6
0.4
0.2

1.0
0.8
0.6
0.4
0.2
0.0

Suspended

n=1 n=I1
— 24 L | | !
— 312 /0
[T w156 V0] =
— 78 Q0
— 39 0/
200 400 600 800 1000 1200
Frequency (GHz)
T eaam ! . J
—_— 3120400
- =156 /1 -
e = 78 /LI
— 39 Q0

200 400 600 800 1000 1200

Frequency (GHz)
T T

I | I
— 624 Q0
— 312 Q0
— 156 /T
78 Q]

|- =300/ —

e
——

200 400 600 800 1000 1200

Frequency (GHz)
I I I
n R I 4
= A =
| 1
10° 10° 10°

Sheet Resistance (Q/0)

e)

g

h)

T, AR

1.0

0.8

0.6
0.4
0.2
0.0

On Substrate

n=341
n=1 n=]
= =
. — 6‘249./D| L .
— 3120701
— 156 QL) .
— 78 QU0
— 39 /0 o
VAVAVAVAVAVAVAVATAUA
EANNNAINNANANANN
200 400 600 800 1000 1200
Frequency (GHz)
edan | . .
— 31200
— 156 /L)
— 78 QLI
— 39 0)/1]

200 400 600 800 1000 1200
Frequency (GHz)

I 1 I I I
—_— 624 V0

—_— 312 /0
— 156 LYT
= 78 QT
—_— 39 /1

200 400 600 800 1000 1200
Frequency (GHz)

10 10*

10°
Sheet Resistance (Q/M)

quarter-wave resonance values for T, A, R are plotted as the sheet resistance is varied.
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Theoretical T, R, A for Suspended Film (Woltersdorff1°¢)
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The absorptance versus sheet resistance is plotted using the general
absorptance Eqn. (10) - (12) in the case where the THz beam is incident on the
graphene side for three values of the n (substrate index of refraction), while varying
kL from O to 2r.When n = 1 the maximum absorptance is 50%. The maximum
absorptance value is also 50% with when n = 3.41 (substrate used in this work) at
the half-wave resonance values (kL = Nm), with a minimum value of ~ 8% in the

quarter-wave resonance case. Although Eqn. (10) - (12) can yield absorptance
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values greater than 50%, this is only satisfied for values of n < 1, which is not
considered in this manuscript, but nonetheless useful for cases such as

metamaterials. Hence, 50% is considered the maximum for incidence on the

graphene side.
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Figure 4.4: The absorption versus sheet resistance for 3 different values of n, while varying kL from 0 to
20,

The case where the THz beam is incident on the substrate first (with a
graphene film on the backside) was investigated analytically with similar results as
ref[107]. Contrary to the experimental setup used in this work, that is, where the THz
beam is incident on the graphene film, if the THz beam is incident on the substrate
side, the transmittance through the etalon remains the same (compared to incidence
on the graphene side), but the reflectance and absorptance are different. The
absorptance is plotted (with n = 3.41) varying the graphene sheet resistance and kL
varying from 0 - 27 in Fig. 4.4a Although the values T, R, A, remain identical at half-
wave resonance when KL = N7, at quarter-wave resonance, as clearly evident at KL =
Mn, where M is odd integer values, the total reflectance can decrease, resulting in

increased absorbance. For this case (which is different from the experimental setup
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in this work) the absorptance values can be greater than 50% for n > 1. The peak
absorption found at very low sheet resistance values calculated here were not
apparent in similar plots in ref[107] (the sheet resistance where absorption begins to
decrease was beyond the range analyzed), but here we emphasize that a sheet
resistance dependent maximum absorption does indeed occur. The maximum
absorptance, and the sheet resistance value at which it occurs can vary depending
on the substrate index of refraction. These values were computed in Fig. 4.5b. Here,
it is obvious that the largest sheet resistance value for maximum absorbance occurs
at 377/2 Q/sq, when n = 1. Absorptance values greater than 90% can be achieved
when n > 3 with the sheet resistance value required decreasing to values < 100

Q)/sq.
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Figure 4.5: a) The absorptance is plotted for the case when the THz beam is incident on the substrate (n
= 3.41) side first as a function of the sheet resistance (ohms/sq) with kL varying from 0 — 2B. b) The
maximum absorptance, and the sheet resistance required for various values of the index of refraction

of the substrate.

T, R, A (Incidence on Substrate Side)

T=
7 gn(n sin(kL) — icos(kL)) ’ 27,
°|(1 + g+ gn?)Zo sin(kL) — i(1 + 2g)nZo cos(kL)| 1+ n2 — cos(2kL) (n2 — 1)

(29)
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R=
(1 + g — gn?) sin(kL) + incos(KkL)
(1 + g+ gn?)sin(kL) — i(1 + 2g)ncos(KkL)

(30)
A=
n
Z2((1 + 2g)ncos(kL) + i(1 + g + gn?)sin(kL)

4875

(31)

4.2 Absorption, Transmission, and Reflection Regimes
The graphene films are mounted on high-resistivity silicon substrates of

thickness ~ 400 pum, which do not absorb significantly in the THz region. Because of
the difference in the index of refraction between the silicon substrate (n = 3.4) and
air (n = 1), there is an etalon effect present in the frequency dependent transmission
(even in the absence of graphene). With graphene present, we can model the effect
of varying the graphene sheet resistance to calculate the net transmittance using the
transmission line model, and compare these values (for a film on a substrate with

incidence in both directions) to that of a suspended graphene film Fig. 4.6a-c.
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Figure 4.6: a-c) A suspended film, and a film on a substrate for two incidence directions were analyzed
using the transmission line model. n = 3.41 was used as the substrate index of refraction for calculation.
d) The suspended film/Woltersdorff equations (plotted as solid lines) for T, R, A versus sheet resistance
were compared to a film on a substrate. When the half-wave resonance condition is satisfied, (kL =
N7, where N is an integer), the equations for T, R, A reduce to exactly the Woltersdorff equations
(plotted for both directions as solid lines, and are indistinguishable from the suspended film). Hence,
analyzing the device at half-wave resonance provides a direct comparison of the graphene absorption
on a substrate to that of a suspended film. At quarter-wave resonance

A plane wave can be transmitted (T), reflected (R), or absorbed (A).
Electromagnetics states that a perfect conductor is a mirror (T=0; R=1; A=0), and a
perfect insulator is a transmitter (T<1, R=0, A=0). What is the quantitative

relationship between T, R, A, and the sheet resistance? The three are not completely
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independent, as T+R+A must equal unity due to conservation of energy. The
relationship for the transmittance, reflectance, and absorptance of a suspended thin

metallic film was derived in 1934106, and is given by,

__4g°
r= (1+ 29)2
(32)
B — 1
(1+29)?
(33)
_ 49
A= (1+29)2
. (34)
g = D/ZO
(35)

These expressions show the change from transmission-dominating to absorption-
dominating occurring at the critical threshold of Zo =377 (). Within the absorption-
dominating regime, the peak absorption occurs when the sheet resistance is equal to
Zo/2, Fig. 4.6d.

When mounted on a substrate of index of refraction, n, numerous
considerations such as direction of normal incidence (on the graphene or substrate
side first) and substrate thickness govern T, R, and A. Furthermore, interference
effects from the substrate cause Fabry-Perot behavior depending on the THz
frequency (f), substrate thickness (L), and index of refraction (n). When incident on

the graphene side first, the general analytical expressions for T, R, A are given by,

2

T=47 gn(n sin(kL)—icos(kL)) 27,
0 (1+g+gn?)z, sin(kL)—i(1+2g)nZy cos(KL)| 1+n2—cos(2KL)(n2-1)
(36)
_ (1—g+gn?) sin(kL)—incos(kL) |2
(1+g+gn?) sin(KL)—i(1+2g)ncos(KL)
(37)
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sin(kL)—incos(KkL) 2
(1+g+gn?)z, sin(KL)—i(1+2g)nZycos(KL)

A=4gzt

(38)
Similar expressions for incidence on the substrate side are given in Eqn. 29 - 31.

For both incidence directions, when KL=Nr, where K, is the wave vector, L is
the substrate thickness, and N is integer values, or when the THz frequency is at

half-wave resonance with the graphene-silicon etalon, which occurs at even integer

c
(4*n

multiples of f = o the equations for T, R, A reduce to exactly the same as the

Woltersdorff equations1%, Eqn. (32) - (34). Hence, for a broadband transmittance
measurement, at half-wave resonance, or at the transmittance maxima (up to a
critical sheet resistance value, after which the half-wave resonance occurs at the
transmittance minima, the behavior of the graphene film can be directly compared
to a suspended film, where the onset of strong absorption occurs at Zo =377 Q, with
maximum absorption of 50% occurring at Zo/2. In Fig. 4.6d the half-wave resonance
condition for T, R, A are indistinguishable from those of the suspended case.

In contrast, at quarter-wave resonance, when kL=M7/2, where M is odd
integer values, the sheet resistance dependent transmission through the graphene-
silicon etalon remains low (transmission never dominates). Although the
transmittance is low and equivalent for both incidence directions (graphene or
substrate first), the sheet resistance dependent reflection and absorption indeed
depend on the incidence direction. When the THz beam is incident on the graphene
side first, interference effects cause the device to behave as mostly reflecting
(always reflection-dominating), resulting in low absorption. On the other hand,

when the THz beam is incident on the substrate first (with graphene on the
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backside), the absorption, transmission and reflection can be affectedly tuned by the
sheet resistance. This allows the absorption maximum to increase to > 50% for low

sheet resistance values (Fig. 4.5a).

The two extreme cases (half-wave resonance and quarter-wave resonance) shows
contrasting behavior, but like the suspended film, there still exists certain impedance
values that determine the peak absorption, and the onset of the absorption-dominating
threshold, Fig. 4.6d. The absorption-dominating threshold and peak absorption can shift
(to even lower sheet resistance values) depending on the substrate index of refraction. We
have calculated and plotted this trend for various values of the index of refraction in Fig.
4.5b. Regardless if the graphene film is suspended, or on a substrate, the largest sheet
resistance value (most resistive) in which the film becomes absorption dominating is 377

Q/[1, and hence, this value signifies the doorway to strong absorption. Detailed below,

we observe a decrease in the broadband transmittance as the graphene sheet resistance is
tuned below 377 Q/L], signifying absorption approaching the 50% maximum for a THz

beam incident on a graphene sheet on substrate.

4.3 Graphene-Terahertz Coupling without Optimization

In order to fabricate a back-gated graphene-THz modulator, we started with
commercially available graphene from Graphene Square. To act as scaffold support
during transfer, we spun a layer of PMMA (30 mg/ml) onto our graphene on copper
foil sample for 30 seconds at ~4000 RPMs. After the PMMA cured overnight,
graphene on the backside of the copper foil was removed using Oz plasma. The

copper foil was then etched away in ~5% ammonium persulfate solution for ~12
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hours. The floating graphene/PMMA stack was then cleaned in deionized water, and
“wet transferred” onto our target, 90 nm oxide on silicon substrate. Following
drying overnight, the PMMA was first removed using acetone, and further removed
by annealing under argon and hydrogen at 400 C for 1 hour. The inset in Fig. 4.7.
shows a typical graphene device fabricated using this method.

In order to assess the DC behavior of the device, electrodes are deposited on
the sides of graphene. Using an electrostatic back gate, graphene carrier density of
the GFET can be effectively tuned; we can easily verify gate voltage induced changes
in carrier density by measuring the source-drain current as we alter the gate
voltage. Source-drain current vs. voltage curves for different back gate voltages are
shown in Fig 4.7. Modest transconductance was observed, but does confirm back

gating field-effects.

.
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Figure 4.7: Source-drain current vs gate voltage for a GFET device. Different Gate voltages induce
changes in carrier density. Inset shows typical 1 x 1 cm? GFET with electrodes.

After confirming DC behavior of the GFET, THz transmission measurements

were carried out in an Emcore PB7100/PB7200 Broadband Frequency-Domain THz
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Transceiver. The Emcore 7100 and 7200 can sweep between .1 - 1.6 THz with 500
MHz resolution while maintaining at least 40 dB dynamic range; the beam size is

approximately 3mm diameter198. The measurement schematic is shown in Fig. 4.8.

CW THz Receiver

e e e o e e o

Figure 4.8: Block diagram of the Emcore PB7200 broadband frequency-domain photomixing
spectrometer used to perform THz transmission measurements through the graphene-on-Si etalon
structures. Two distributed feedback lasers (DFB) are mixed in order to perform broadband frequency
sweeps between 0.2 — 1.2 THz with 500 MHz steps.

For our experiment, we used a range of .2 - 1.2 THz. Before measuring a
control sample of bare silicon, a background measurement (with nothing in the
beam path) and a noise measurement (with a metallic plate in the beam path) were
performed. Then, as a control, a bare silicon wafer (of the same thickness as our
GFET) was placed in the beam path, and the transmission was measured;
transmission maxima (near unity) and minima are observed since the silicon wafer
acts as a Fabry-Perot resonator, setting the “baseline” for our modulation

measurement.
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Upon inserting a GFET device into the THz beam path, we observed a clear
decrease in the maxima of the transmission peaks as compared to those of the
nearly lossless silicon wafer as shown in Fig. 4.9 (left). We know from the DC
measurement that since our graphene film exhibits nearly 20 times the conductivity
of that of the optical value, a significant portion of the incident THz wave should
interact with the graphene, a result that is confirmed over broadband frequencies.
Upon applying 5 V on the gate, we observed a small amount of modulation of the

broadband transmission Fig. 4.9 (right).
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e Gate Voltage =0
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=0.8 F 1 08+t
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Figure 4.9: Nearly lossless transmission from bare silicon control sample (left). Reduction of THz
transmission from addition of graphene, biased at 0 V and 5 V (right).

From the etalon transmission measurement, we can extract the complex graphene
conductivity using the transmission matrix method (TMM) outlined below.
Since we know that the transmittance of the THz beam through the substrate

equates to Te = |S21|%2 where,
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tit,exp(—jksL)

S, =
27 1+, exp(—2kL)

(39)
where L is the substrate thickness, and ks, the wave vector inside the substrate, is

equal to 2mE€s/A. t1 and r1 are coefficients of transmission and reflection for the

air/Si etalon and are given by,

T

40
. , (40)
RN

(41)

where &s is the substrate dielectric constant, and A is the free space wavelength. The

Si/graphene/graphene/air etalon is given by,

-t
SANCEY GO

(42)
- 2./ &
Tt (5 + )

(43)

Where €gis the complex dielectric constant of graphene. Finally, the conductivity of

graphene is given by,

(44)
where 377 Q is the impedance of free space. In order to solve for the graphene

conductivity, we simply needed to fit the transmission data to solve for the complex
dielectric constant, €, applying the TMM. To do so we used a least squares fitting
procedure on each transmission peak to solve for the complex dielectric
constant. Fig. 4.10 shows the calculated real and imaginary conductivity values

plotted versus frequency using the fitted complex dielectric constant.
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Figure 4.10: Calculated conductivity using transmission data for 0 V (left) and 5 V (right). The real
conductivity (at spot frequencies) is fitted to the Drude model to extract the scattering parameters and
Fermi level. These values are inputted into the Drude to plot the imaginary trend.

We then used the calculated complex conductivity values, and plugged them

into the Drude model of intraband conductivity, which are given by,

62 2 8kBTF U
oor= S B
e{Ointra(w)} 4R T h2w?2 + 4T2 Og[ cos 2kgT
(45)
62 2 4‘kBTh(1) U
IM{Oinera(@)} = = J2— 7o~ log [2 cosh (szT)]
(46)

Thus, using the extracted spot frequency conductivities previously attained, we can
do an additional least squares fit to the real conductivities (the standard deviation
for the real was 2-3% while the standard deviation for the imaginary portion was as
high as 50%, thus the imaginary was not fitted to), and obtain I" and p. This fitting of
the spot frequency conductivities (also plotted in Fig. 4.10) yielded values of I' = 4.6

meV, p =-.015 eV for the device at OV on the gate, and I' = 9.23 meV, p = -0.26 eV at
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5V on the gate. Accordingly, the scattering time constants t = h/2I" are 72 fs at Vgs =
0, and 36 fs at Vgs = 5 V. Using these parameters, we can input the calculated I" and p
values to create a fit line for the imaginary Drude prediction (45); this line is added
in Fig 4.10. Calculating the DC conductivity using equation (45) gives us a value of
20.63 e2/4h at 0 gate volts, which is very close to our measured value of 19.7 e2/4h,
and thus confirms the accuracy of our parameter fitting procedure.

We have successfully demonstrated a dramatic increase of on/off ratio of
large-area GFETs devices. Using these devices, we aim to measure the depth of
modulation using a set 101 GHz transmission set up. Initial depth of modulation
experiments are shown in Fig. 4.11; we show both the change of source-drain
current as a function of gate voltage, and amplitude of transmission as a function of

gate voltage.
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Figure 4.11: Initial test for transmission depth of modulation. (top) shows the depletion curve for the
GFET, (bottom) shows amplitude of 101 GHz signal as a function of gate voltage.

The on/off ratio for the above device is ~4, with a depth of modulation ~18%. By
increasing the on/off ratios to ~6, we anticipate that the depth of modulation can be
greatly improved. A noteworthy milestone would be 40% depth of modulation for a

transmission measurement of single-layer graphene.
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4.4 Impedance Matching

In circuits, impedance means the ratio of the voltage across a given element
to the current through a given element, and can be complex (i.e. the current and
voltage may be out of phase). An “element” is a physical object with dimensions
much smaller than the wavelength at the frequency of interest. The resistance,
reactance, admittance, susceptance, and conductance all are various representations
of the real or imaginary part of the impedance or its inverse. However, in our
experiments, there are no “elements” (all of our structures are of order the
wavelength in size), hence one must consider the electromagnetics of waves, not
lumped elements.

In electromagnetic waves, the wave impedance means the ratio of the electric
field to the magnetic field, and can also be complex (i.e. the electric field and
magnetic field may be out of phase). This is also sometimes referred to as the
characteristic impedance or the wave impedance of the medium. In cases where the
medium is not lossy, the electric field and magnetic field are in phase, and hence the
wave impedance is purely real. For example, in vacuum, the wave impedance is 377
Q). Even though there is no imaginary component, one still generally refers to this as
the “characteristic impedance of free space”. For all of our experiments, the medium
is not absorbing and so the wave impedance is always real. In a medium with index
of refraction n (assuming n real as is the case for our experiments), the wave
impedance (or also called the characteristic impedance of the medium) is given by

377 Q/n. Note that a similar definition holds for the characteristic impedance of a
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transmission line, which is a distributed inductance and capacitance (and perhaps
conductance).

In the context of conducting media such as a metal, the wave impedance has
significant imaginary components. In this case, the wave impedance is referred to as
the “surface impedance”,10° even for cases where the waves are propagating and
there is no physical “surface” in sight. We avoid this definition of “surface
impedance” as it does not directly apply to our case.

Instead, we use the concept of sheet resistance. The sheet resistance of a thin
film is the ratio of the voltage through a film of width W and length L to the current
through that film, divided by the number of squares, i.e. L/W. The concept of sheet
impedance is similar; if the voltage and current are out of phase the sheet
impedance can have an imaginary component. The sheet conductance is defined
similarly. While we consider the case of an imaginary component in the
supplementary info for our experiments, we find little evidence for it experimentally
in our frequency range and so the main text focuses the sheet resistance only.

The purpose of this paper is to show that, when a plane wave is incident on a
thin film, the transmission, reflection, and absorption coefficients of that plane wave
depend on the ratio of the characteristic impedance of the wave to the sheet
resistance of the thin film.

The quantitative calculation of the transmission, reflection, and absorption
coefficients is simplified dramatically using a transmission line equivalent circuit

model that captures the key electromagnetic wave phenomena but requires only the
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use of discreet or disturbed circuit elements, and is described in detail. The model
was validated theoretically and experimentally104,

To date, unpatterned monolayer graphene devices have operated exclusively
in the weakly coupled, highly transmissive regimel6-19101102110-116  Here, by
deliberate engineering of the sheet conductance using large-domain graphene films
in combination with chemically modified substrates (to decrease interface
scattering), as well as chemical and electrical doping, we fabricate monolayer
graphene devices with sheet resistance crossing the characteristic impedance of

free-space, 377 Q /L. Achieving this, we show that monolayer graphene can be

tuned to behave as a strong absorber over a broadband frequency range,
approaching the theoretical impedance at which absorption is maximized106.117, In
free-space, the maximum absorption is 50%; whereas on a substrate it can be
greater than 90% depending on the direction of normal incidence, discussed in
detail below. Regardless of the case (free- space or on dielectric), the absorption is
much larger than the 2.3% optical value?, and thus, represents a milestone of
coupling electromagnetic waves to an atomically thin nano-material. This is
measured over an extremely broad range, from mm-wave to THz frequencies.
Strong EM absorption using a single atomic layer exemplifies the fundamental
relationship between nanoscale electronics and classical electromagnetism.

This creates the opportunity to adjust the THz conductance into the regime
where the majority of the incident light is absorbed (A > R, T). This prospect is
indicated schematically within the THz frequency range in Fig. 4.12b, where

hypothetical conductance curves for plausible Er and values are plotted. Fig. 4.12c

102



presents “device design” charts (calculated for 100 GHz), which show how
combinations of Er and affect the AC conductance; the absorption-dominating

regime begins when the sheet resistance < 377 Q/[] (set as red on the z-axis color

scale). Previous investigations of single-layer graphene-THz absorption fail to
surpass the Zo = 377 Q threshold16-19101,102110-116 (denoted as circles in Fig. 4.12c),
even in the case where Er was designed to be purposefully large (using heavy
chemical dopingl6114, or strong electrical gatingl617.101111112114)  [nstead, as
demonstrated in this work and emphasized as an arrow in Fig. 4.12d, by carefully
fabricating devices with improved , the graphene conductance can be large (denoted
as an ‘¥’ in Fig. 4.12c), and the device sheet resistance can be tuned to be below the
free-space impedance threshold. We successfully surpass this threshold with a

graphene sheet, and reach near maximum absorption.
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Figure 4.12: a) Qualitative trend of frequency dependent AC conductance for monolayer graphene with
normalization to e?/4/. The optical frequency range exhibits a universal value of 1, while in the THz
range, the AC conductance can be orders-of-magnitude higher. b) Theoretical trend of THz AC
conductance for monolayer graphene plotted with a linear variation of the Er, and 7. Graphene samples
can cross the free-space conductance value, (Zo)?, within the THz regime. c) Device design plot showing
the graphene sheet conductance (at 100 GHz) in units of (e?/4%) for changes in Er, and 7. The (Zo)*
threshold is set as red on the color scale. Previous graphene-THz device parameters are plotted as
circles, whereas those from this work are denoted as x’s. d) By decreasing the electron scattering in our
devices to increase 7, the (Zo) threshold can be crossed into the absorption-dominating regime.

Previously, researchers used bare, unpatterned graphene, and measured the
THz resistance to be greater than 377 (216-19,101,102110-116 Thjs includes our previous

work1?, where the graphene-etalon structures were fabricated using chemical-
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vapor-deposited graphene films* transferred’ onto a 90 nm gate oxide layer on high
resistivity silicon substrates. To improve 7, so as to increase the conductance of the
devices, we synthesized large-domain (mm-sized) graphene films (to minimize
graphene grain boundaries)??, in addition to depositing octadecyltrichlorosilane
(ODTS) self-assembled-monolayers (SAM) on the wafer (to decrease scattering)>8
prior to graphene transfer.

CVD grown, monolayer graphene films are transferred onto an ODTS SAM on
the SiO2 substrate depicted in Fig. 4.13. The ODTS SAM is vacuum deposited on the
wafer prior graphene transfer. During the transfer step, Bl can be introduced on the
bottom of the film to intentionally dope the graphene. Scanning electron microscopy
(SEM) imaging of the transferred graphene film was performed to determine the
surface film quality following transfer, shown in Fig. 4.13b. Although there are small
topological variations, such as bumps and wrinkles created during the transfer
process, we observe no detrimental defects (such as holes or tears) in the graphene
film. As demonstrated in depletion curves shown in Fig. 4.14b-c, graphene films
transferred onto ODTS modified substrates exhibit a Dirac-point voltage ~ 22 Vg.

This allows greater sensitivity while gating for modulation experiments.
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Graphene Device Fabrication Process
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Figure 4.13: a) Diagram of graphene transfer onto ODTS SAM. First a SiOz on high-resistivity Si substrate
is cleaned in hot piranha solution. This step assists in the vacuum deposition of the ODTS SAM on the
substrate surface. Graphene is then transferred using typical wet transfer protocol, with optional Bl
doping. After the graphene film is transferred and cleaned, electrodes are deposited for electrical
measurement. b) SEM image of transferred graphene film. A gold electrode is seen in the top left
corner, along with topological bumps and wrinkles from the transfer process.
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Across the measured frequency range, the SAM does not significantly affect
the THz absorption. The resulting air/graphene/substrate structure shown in Fig.
4.13a was used for THz transmission measurements with the THz beam incident on

the graphene side first.
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Figure 4.14: a) Transmittance versus frequency of SAM layer on substrate. b) Depletion curve of
graphene film on standard substrate without ODTS SAM modification. c) Depletion curve of graphene
film on substrate with ODTS SAM modification. The Dirac-point voltage on ODTS SAM modified
substrates is ~ 22 Vg, and improves the transconductance.

Fig. 4.14a shows the transmittance versus frequency of a substrate with a
SAM modified surface. The THz transmittance (half-wave resonance) nearly reaches
unity across the measured frequency range. In the most extreme circumstance, the
transmittance is not completely lossless, but is nevertheless over 90%. This value

corresponds to a sheet resistance value of ~ 3500 €)/sq. Because the SAM resistance
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is in parallel with the graphene film, the large resistance of the SAM has limited
effect when the graphene sheet resistance is low, and results in a difference of less
than 15%. The influence of the SAM plays a more significant role when the graphene
sheet resistance is comparable (such as when the graphene film is gated to ~ 2000
Q/sq in Fig. 4.15f). This small absorption contribution from the SAM may
potentially explain why the data point (d) deviates from the theory line in Fig. 58c.
When gating the graphene to the charge neutral point (CNP) without the use
of a SAM, large voltages (> 50 V) must be applied to the high resistivity silicon layer.
Utilization of the SAM layer provides significant improvement of the
transconductance of the graphene film, and a smaller operating voltage window, Fig.
51b-c. The depletion curve shown in Fig. 4.15b, shows a CNP at ~ 22V, and indicates
slight p-doping of the graphene film. We performed a series of THz transmission
measurements on these devices for a variety of sheet resistance values, shown in

Fig. 4.15d-h.
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Figure 4.15: a) Optical photograph of graphene transferred onto ODTS modified oxide on high-resistivity
silicon substrate. The scale bar is ~ 5mm. b) Source-drain current versus gate voltage for typical
graphene on ODTS SAM device. The charge neutral point is ~ 22 V. c) Transmittance versus frequency
data acquired for a control sample (bare high-resistivity silicon substrate with no graphene). d-e)
Transmittance versus frequency data for a graphene sample gated at 20 V, and -7 V. f-h) Transmittance
versus frequency for 3 devices after chemical doping to modify the zero-bias sheet resistance. The
expected transmittance values assuming the DC conductance as the AC contribution (assuming
negligible susceptance) are plotted as dotted lines.
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In order to de-convolve the etalon effect, the broadband transmission
through a bare high-resistivity silicon substrate (without graphene) is first
measured as a control. The multiple interference peaks of transmission around =
1.0, Fig. 4.15c¢, confirm the low-loss nature of the bare substrate. Upon the addition
of a monolayer sheet of graphene on the ODTS SAM buffer layer (and, when
applying a voltage on the silicon substrate near the Vene (= 20 V) as shown in Fig.
4.15d), the graphene film behaves as a nearly transparent film (sheet resistance = 2

kQ/[1), as the amplitudes of the transmission peaks approach unity. The theoretical

graphene-on-Si etalon transmittance vs frequency curves, calculated for an AC
admittance that is purely real (susceptance equal to zero) and equal to the
measured DC conductance, are plotted as dotted lines for comparison, and generally
agree with the measured values. This is clearly in the transmission-dominating
regime, as the presence of the graphene has little effect on the THz transmission
through the sample.

We next demonstrate the ability to electrically tune to the absorption-
dominating regime. By applying -7 V, the graphene DC sheet resistance is decreased

to ~ 515 Q/L1, and we observe considerably decreased maxima in the transmission

peaks, Fig. 4.15e. Despite the fact that the gate voltage drop across the graphene film
is small compared to the high resistivity silicon substrate, consistent with the I-V
curve (Fig. 4.15b), our device still enables significant control of the single-layer
graphene sheet resistance, which results in a large transmittance variation of the
incident THz radiation. The gate-modified transmittance peak values are plotted

together with the IV characteristics in Fig. 4.16a for an additional device. Gate
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leakage through the oxide and ODTS SAM ([10-°] A) was observed at voltages
beyond this range, and hence, gate voltages were restricted to -7 V to +45 V. Across
the broadband frequency range measured, the transmittance variation at the peaks
can be used to define a depth of modulation (DoM) (relevant to the use as a spatial-
light modulator), defined as (Tuigh-TLow)/THigh. The DoM is substantial, with a
maximum value of ~ 52% at the ~ 330 GHz peak (Fig. 4.16b).

The broadband transmittance was measured for a single device at various
gate voltages to test the performance as a THz modulator. The peak transmittance
(centered at ~ 694 GHz) versus gate voltage is plotted on the same chart as the
device resistance, shown below. On a different device (best), the depth of
modulation (using +20 Vg and -7 Vg) versus frequency is displayed, and shows
frequency variation of the DoM, with a maximum value of ~ 52%. Variations may
arise from inhomogeneous gating using the high resistivity silicon substrate. The
use of a high resistivity substrate limits the device switching speed. Experimentally,

we measured a modulation frequency of < 2 Hz.
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Figure 4.16: a) The resistance versus gate voltage is plotted with the voltage dependent peak
transmittance value (located at ~ 694 GHz). b) The depth of modulation of the transmittance peaks for a
device under -7 and 20 Vg gate biasing. The maximum value (~ 52%) occurs around ~ 320 GHz, although
significant modulation is seen across the broadband frequency range measured.

Tmax is the maximum transmittance value at a peak of the spectra. Then the
transmission variation is given by,

d
AT _ 27,0, 1 9y

max

& +0,Z,+1 o
(29)
where Zo=377 Q is the impedance of free space, ¢s is the dielectric constant of the Si
substrate and og is the conductance of graphene film. Assuming the device is
mounted on a silicon substrate (&, = 11.66), the room temperature values from
Banzerus et. alll8, (mobility ~ 145,000 cm?/Vs) approaches 100% depth of
modulation with only ~10 V on the gate.
For a simple, unpatterned device geometry, consisting of only one

monolayer, this is the largest transmittance variation that has been reported to date

for a graphene-based modulator, to the best of our knowledge19.101,111,114,115 " A 5204
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DoM is comparable to other patterned graphene devices such as extraordinary
optical transmission (EOT) structures?! and periodic arrays of graphene
nanodisks11%. Compared to patterned device geometries, which usually create
frequency-or-polarization-dependent behavior, our device structure (which does
not require any lithography) allows for useful THz modulation over 1 THz of
frequency range with polarization independence. This result was independently

confirmed in two different labs (Fig. 4.17).
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Figure 4.17: Data independently confirming the broadband transmittance amplitude modulating as the
graphene sheet resistance is varied (here, by applying a gate voltage on the Si layer) in a different lab
using a Toptica Terascan frequency-domain THz spectrometer.

Fig. 4.21a shows the inferred frequency dependent conductance varying
from much less than (Zo)1 (green curve, Vg=+20V, 10x less than (Zo)1), to
approximately equal to (Zo)! (red curve, Vo= -7 V), and clearly demonstrates

electrical tuning from the transmission to absorption-dominating regimes. In order
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to achieve the necessary sheet conductance values near maximum absorption, and
beyond (Zo0)-1, we utilized chemical (rather than electrical) tuning. We intentionally
dope graphene films to have low sheet resistance in the zero-bias state (to mitigate
inconsistencies that may arise from the inhomogeneous gating using a high
resistivity substrate, and to ensure no gate leakage occurs) by using benzimidazole
(BI) dissolved into the copper etching solution during graphene transfers+.

We measured the depletion curve to investigate the effects of doping on the
electrical properties of the graphene films. Fig. 4.18 shows the depletion curves of
samples with and without BI doping on an ODTS substrate. After doping, the Dirac
point voltage is subsequently shifted to > 48 Vg, indicative that the graphene film
becomes hole doped. We found that with the use of BI doping, we could achieve a
(zero gate biased) DC sheet resistance below the impedance of free-space. Even with
BI doping, the sheet resistance values would vary from sample to sample. The sheet
resistance differences from sample to sample could be explained by spatial

variations in t and Er after doping.

a) ODTS Substrate b) ODTS Substrate
(No BI Doping) (w/ BI Doping)
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Figure 4.18: Depletion curve data for two samples, with and without Bl doping on ODTS substrates.
Following doping with BI, the Dirac-point voltage becomes > 48 Vg.

114



To further investigate the effects of doping graphene, we employed Raman
spectroscopy. Raman spectroscopy was performed using a Renishaw Invia
Spectrometer with a 532 nm laser. Raman mapping was performed using the
Streamline High Resolution (HR) mapping function over a 3 x 3 mm area with 60 um
step size. The peak analysis and fitting was performed using the Wire 3.6 Renishaw

software package. Mapping images are processed using Igor 6 plotting software.

a) Raman Spectra
After Doping

—— Graphene (No BI)
—— Graphene (With BI)
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Figure 4.19: Representative Raman spectra for samples with and without Bl doping on an ODTS SAM
modified substrate. Before doping, the [I]2D/[1]G ratio is much larger than after doping. Also the peak
position of the g-peak becomes blue-shifted after doping.

Fig. 4.19 shows representative Raman spectra of graphene samples with and
without BI doping during transfer. Notably, after the addition of BI doping, we
observe a decrease in the intensity ratio, [[]2D/[I]G. The [I[]2D/[I]G ratio is known to
decrease when both the scattering and Fermi energy of the graphene film increase
in magnitude#35861 and thus provides a convenient parameter to assess the BI
doping of graphene films. Fig. 4.20 shows the Raman mapping histograms and

images of the [[]2D/[I]G with and without BI doping. We confirm the general trend
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(lower average in histrogram) of decreased [[]2D/[I]G ratio, but we also observe
spatial variance of the graphene film after doping. This supports our belief that after
doping, the graphene sheet resistance is not dominated merely by changes in Er, but
instead, by a combination of both Er and 1. The extracted AC conductivity
parameters (outlined below) further support this hypothesis, since under chemical
doping, the lowest sheet resistance devices are not the largest Er, but instead, a

combination of moderate Er and long .
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Figure 4.20: Histograms and spatial mapping of [I]2D/[I]G ratio for two samples, with and without BI
doping. After doping, the [1]2D/[I]G ratio decreases across the sample.
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Fig. 4.15f-h shows the broadband transmittance versus frequency for three
graphene films having zero-bias DC sheet resistances of 515, 373, and 250 Q/[]
respectively. Similar to the electrical modulation, we observe a steady decrease in
the THz transmittance peaks. The lowest sheet resistance is clearly less than 377 ()

and the trend of reduced transmission with reduced sheet resistance is observed

over the entire measurement band.
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Figure 4.21: a-b) The AC conductance values calculated by fitting the measured transmittance peaks for
both electrically and chemically modified devices from Fig. 3 are plotted as squares. Drude model
trends estimated from the frequency dependent AC conductance data are plotted as solid lines. c) The
measured transmittance peak values (at ~ 655 GHz) are plotted as a function of sheet resistance.
Colored (labeled) circles represent data from devices shown above, grey circles are from devices
measured, but not displayed in Fig. 4.15, and the white circle represents the control sample. The
theoretical transmittance, absorbance, and reflectance values calculated from the half-wave resonance
case for a device on a substrate are plotted as solid lines. The transmittance value becomes less than
the absorbance value at sheet resistance values < 377 Q/[] marking the beginning of the absorption
regime.

The measured transmission spectra can be used to determine the AC sheet

conductance, using the bare silicon control sample as nearly lossless “calibration”1?
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(although, it is noted that the transmission peaks do not necessarily remain at a
fixed frequency when covered by a thin film). For devices covered by a graphene
film, each transmittance peak is fitted to yield a AC admittance (real conductance
and imaginary susceptance) value; the measured DC conductance and the estimated
THz conductance are then fitted according to equations (2) and (3) to estimate Er

and zfor each device.

Device DC Sheet Modulation Type 1 (fs) Er (meV)
Measured Resistance

Fig. 3d ~ 2000 Q/sq | Electrical (+20 Vq) | 44 105

Fig. 3e ~ 515 Q/sq Electrical (-7 V) 99 209

Fig. 3f ~ 515 Q/sq Chemical Doping 28 583

Fig. 3¢ ~ 373 Q/sq Chemical Doping 74 339

Fig. 3h ~ 250 Q/sq Chemical Doping 111 284

Table 4.1: Table of DC resistance, and the extracted Er and 7t values for both electrical and chemical
modulation of devices measured in the main text.

The calculated peak conductance values are shown in Fig. 4.21a-b, with a
dotted red line showing the 377 ( threshold. The predicted Drude conductance
using the estimated Er and ris plotted as a solid line, and closely matches the
measured DC value (shown on the y-axis). Fig. 4.22 summarizes in a graphical
representation our achievement crossing the free-space impedance threshold
within the mm-wave and THz frequency ranges, and compares our data to previous
measurements in the literature. In this work, the frequency domain measurement is
especially broad (spanning the sub-THz regime), and the optical conductance and
THz absorption of the graphene film are remarkably large for one atomic layer.
Table 1 shows the extracted Drude parameters, Er and 7, for measured devices.
Notably, the values of Er are moderate, while the values of 7 can be large (> 100 fs),

and stress the importance of engineering 7, as initially outlined in the device design
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plots in Fig. 4.12c-d. These figures clearly demonstrate our ability to tune the sheet
resistance of monolayer graphene, either electrically or chemically, from well above
to below the characteristic impedance of free-space.

We now discuss the relationship of this work to prior work on graphene in
the THz domain. Fig. 4.22 shows the range of conductance versus frequency for
other monolayer graphene devices previously measured in the literature. Each
trend line is plotted using equations (2) and (3), using data points supplied from
each reference. The labeled and colored hashed (solid) regions (lines) indicate
frequency domain measurements, whereas the transparent grey regions (lines) are
for time-domain systems. The frequency range measured for this paper is one of the
broadest (with 500 MHz spectral resolution) investigating graphene-THz coupling,
complemented by an extensive range of conductance values, including the

achievement of surpassing the free-space impedance threshold.
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Figure 4.22: Conductance versus frequency range of other graphene devices in the literature. Hashed
regions indicate frequency domain systems, while the transparent grey regions show time-domain
measurements.
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The table below shows both the conductance range and the frequency range
of the references used in Fig. 4.22. The optical conductance values are those
measured and reported from each reference, and t and Er are estimated to reflect
this value. In reference 8, t is defined as T = h/T’, where T is the scattering time, h is
the Planck constant, and I" is the phenomenological scattering parameter, whereas

in our calculations, T is defined as, T = h/2T.
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Reference | Frequency Range Measurement Optical Estimated to
(GHz) Type Conductance | Equal Optical
Range Conductivity
(e?/4hbar) | t(fs) | Er
(meV
)
Yan et al. 1190 - Frequency 23.7 *23 560
Domain (FTIR)
Horng et al. 900 - Frequency 1.9-16.09 55 170
Domain (FTIR)
Rouhi et al. 100 - 1000 Frequency 14.07 50 150
Domain
Zhang et al. 200 -1200 Frequency 20.63 72 150
Domain
Sensale — 560 - 660 Frequency 3.28-14.8 50 153
Rodriguez et Domain
al.
Ren et al. 100 - 2200 Time Domain 5-27.41 50 252
Cervertti et 300 - 1000 Frequency 3.94 - 36.18 123 157
al. Domain
Min Woo et 250 - 2100 Time Domain 23.87 50 254
al.
Maeng et al. 200 - 1500 Time Domain 5-27.09 48.8 | 295
Buron et al. 250 - 1200 Time Domain 3.2-23.02 50 246
Mics et al. 400 - 1200 Time Domain 19.73 140 70

Table 4.2: Table of frequency range, measurement domain, and achieved conductance range for each
reference used in Supplemental Fig. 13.

We next focus on our more quantitative demonstration of the relationship between
the transmittance and the sheet resistance.

We plot in Fig. 4.21c the predicted transmission (blue line), reflection (green
line), and absorption (red line) for a graphene film as a function of sheet resistance
for a film mounted on a silicon substrate, at half-wave resonance satisfying the
condition kL=N7. At half-wave resonance, the free-space and etalon effect give the
same predicted T, R, A vs. sheet resistance (Fig. 4.16). We also show the measured
transmittance peak (centered around ~ 655 GHz) values (color points are from

devices measured in Fig. 4.15, grey points are for devices measured during this
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work, but not displayed in Fig. 4.15). The 377 Q vertical dotted-line indicates the
characteristic impedance of free-space threshold, and marks the start of the
absorption regime, where the fractional absorbance (~ 0.44) of the THz radiation by
the graphene film becomes greater than the fractional transmittance (and
reflectance)1%6. Here, we have realized the crossover from the transmission regime,
and have measured correspondingly small transmittance values for devices within

the absorption regime. For our best single-layer device of ~ 250 Q/[], the value of

the graphene film absorbance is calculated to be = 48.6%: approaching the
theoretical limit of 50% (for normal incidence on graphene side first).

Instead of designing the single-layer sheet resistance to cross into the
absorption-dominating regime, previous experiments for unpatterned graphene
devices boosted low absorbance by the addition of multilayers!20-123, or by
suppressing the transmission channell?4 using double-pass/reflection/“Salisbury
screen” geometries!10113, QOther thin film (multilayer) materials have also
demonstrated remarkable control of absorption by controlling film thickness, such
as niobium nitride (NbN)125-127 and indium tin oxide (ITO)104 Here, our experiments
show that exceptionally large, near maximum, absorption can be reached in the
thickness limit of one single-layer of graphene.

Impedance matching to the free-space threshold using a double-pass,
reflection mode geometry could achieve 100% absorption122128 and may further
enhance the single-layer reflection DoM110.129, Pertaining to designing devices that
operate in transmission (such as the work performed here), the suspended film and

Woltersdorff equations10¢ stand as the ideal situation for broadband absorption.
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Using the transmission line model for a film on a substrate, as the substrate index of
refraction value approaches n = 1, or the substrate thickness approaches, L = 0, the
amplitudes of the Fabry-Perot fringes decrease, and the widths of the fringes
increase (as calculated values converge toward the suspended film/Woltersdorff
equations for all frequencies). Although it is shown by calculation197 that the
(quarter-wave resonance) absorption can be greater than 50% if the THz beam is
incident on the substrate side first, this geometry does not easily allow for use as a
transmission-mode modulator, because changes in the sheet resistance have less
effect on the transmittance compared to the geometry employed in our experiments.
Nevertheless, it could still be useful as a reflection-mode device, however the major
challenge of engineering low sheet resistance values remains, since absorption
greater than 80% in this geometry requires sheet resistance values of less than 100
Q/0].

We were able to achieve a large transmission DoM by improving the
transconductance (allowing the sheet resistance of a single device to span a broad
range) of the graphene on ODTS SAM layer. The high quality, large-domain graphene
films on SAM used here were confirmed via Raman mapping#3¢! and suggest that
substrate modification improves the sheet resistance by improving mobility at high

carrier density>8130 (Fig. 4.23).

124



T T T LI IIII T T T T IIII T T T L
N
5 N
10 E ~N —
sF N 3
e ~N -
- N -
N
4} N -
- ~N -
N
2+ N -
(o) N
N
10" N -
sFE ~N -
= O~ . 3
6 N ]
B X > ]
4+ ~ .
~ X
L \)( _
ot @ o~ - ]
Lo TN
~
3 N
10 F N —
C ~ ]
C ~ ]
£ x> ]
~
4+ o ~ -1
- ~ -
~
~
2 ~
1 1 1 11 llll 1 1 1 1 llll 1 1 1 1 1 11
By 2 34 56789 2 34 56789 2 34 56789
10 10 10 10

Figure 4.23: The mobility versus carrier density calculated'3! using the scattering time and optical
conductivity values from this work, and those reported in Supplementary Table 2. The dotted line
shows the 377 Q) threshold.

Although other materials can exhibit tunable conductance such as vanadium
dioxide (V02)109132133 NbN125-127 [TQ104, metal thin films, or even multilayer
graphite, the conductance of monolayer graphene can be easily tuned via external
voltages due to the extremely high mobility. For high frequency applications, the
mobility of single-layer graphene is superior to bilayer (multilayer) graphenel34,
and other semiconducting materials!29135 but fabrication remains a challenge for
large-area devices which precludes electronically tunable devices operating at very
low sheet resistance (even in the simple case of EM incidence on the substrate side
first). A combination of substrate modification to improve mobility with techniques
such as electrolyte gating!?!, or device integration!!> could yield electrically

controlled devices with high modulation frequency and low operation voltage.
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Additional improvements in large-area (mm-scale) graphene synthesis and transfer
will foster better control from the transmission-to-absorption regimes (towards the
reflection-dominating regime), as recent reports on large-area CVD graphene
demonstrate mobility values as large as 350,000 (cm2V-1s-1) with sheet resistance
spanning ~ (e2/4h - 500e2/4h) at DC applying only ~ 5 V118, Our studies reveal the
opportunity for a device based on the tunable electronic properties, without
complicated fabrication steps required for other THz modulation schemes such as
metamaterials21.119136 . nanophotonic  resonators!3’, thin film thickness
tuning104109,125-127  or materials with switchable metal-to-insulator phase
transitions109.132,133,

We have demonstrated that the control of the large-area graphene DC sheet
resistance enables the tuning, either electrically or chemically, from the
transmission to absorption-dominating regimes at mm-wave to THz frequencies.
This could have wide ranging application in the tunable and controllable
manipulation of mm-wave and THz light, including, for example, gate tunable THz
modulators, electronically steerable phased array antennas and radar, and tunable
variable focus lenses and cones. However, while we have clearly demonstrated a
single-layer tuned from the transmission to absorption regimes (the grey shaded
region in Fig. 4.21c where A > T, R), we have not pushed well below the inflection
point between poor to excellent conductor (the lower bound in Fig. 4.21c where R >
T, A). Future work with increased conductivity (e.g. by improved materials

synthesis, using other 2D materials other than graphene, etc) may enable complete
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tuning from strong transmitter, to strong absorber, to strong reflector, and would
enable new technologies to manipulate EM radiation in powerful ways.

The effective thickness of each device is held constant during calculation and
fitting using the values listed above. The peak-to peak spacing of each transmittance
peak of all devices were analyzed, and the average values are also listed in Table 3.
Small deviations in the peak-to-peak spacing are apparent. This variation could be
due to the common issue collimating the THz beam, where, when the device is not
absolutely parallel leads to a spread in the effective substrate thickness.
Nonetheless, the peak-to peak spacing agrees with the different effective thickness
from the various device. Furthermore, the instrument used is a fiber-based
frequency domain photomixing spectrometer; insertion of a sample into the THz
beam may shift the interference fringes on the THz arm, leading to a slight off-
balance with respect to the optical arm. Therefore, some irregular frequency points
in the measured transmittance may be contributed by “instrument drift”. To
mitigate the experimental uncertainty from both the instrument drift and beam
collimation, post experimental data analysis was employed. Here, we performed
fitting to every individual interference pattern around every peak which contains up
to hundreds of frequency-transmission points. From the extracted conductance at
those individual peaks, we obtain Er and t with the Drude model, and compare the
calculated DC conductance to the measured DC value, as seen in Fig. 4.21a-b. Here,
we find that the two values agree with each other, and supports the reliability of our

data.
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Device Fig. 3c Fig. 3d Fig. 3e Fig. 3f Fig. 39 Fig. 3h
Measured
Thickness | 395 um 395 um 395 um 398 um 382 um 401 pm
Peak-to- 113.48 + 112.04 + 113.23 + 110.74 £ 115.50 £ 109.64 +
peak 151GHz | 1.15GHz | 355GHz | 1.32GHz | 288 GHz | 4.97 GHz
Spacing

Table 4.3: Table of the effective thickness used for calculation for each device. Also listed are the peak-
to-peak spacing averages of the experimental data for each device.

A Drude-like roll off is expected for frequencies greater than 1/t, as the
imaginary contributions become significant, especially when t is long. During fitting
of the measured transmittance peaks, both the real and imaginary contributions
were calculated. However, when fitting for t and Er only the real contribution is
used. Because the Kramers-Koenig relation relates the real and imaginary
contributions, a fit on only the real yields valid results1®. Fig. 4.24 shows the real and
imaginary values calculated, and the calculated Drude trend from the (real part)
fitted Er and t values for the best device of 250 Q2/sq. The predicted line generally
agrees the measured conductance trend. Though the error of the imaginary fit is
larger than that on the real part, this error can potentially be improved from a direct
measurement of the phase. This would improve the fitting of t, and would provide a
more accurate range of the Drude-shaped roll off (o ~ 1/1)Bl. For our best device (~
250 Q/sq), the high frequency transmittance peaks start to deviate from the
predicted trend (when using the measured DC sheet resistance as the real part,
ignoring imaginary contributions), suggesting significant contributions from the
imaginary. The frequency dependent amplitude deviation is generally not observed

in other devices.
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Figure 4.24: The real (red) and imaginary (blue) contributions of the AC admittance calculated by fitting
the broadband transmittance data for the best device of 250 Q/sq. Using the real values, the Drude
parameters were calculated, and the Drude prediction is plotted as solid lines.

4.5 Graphene-THz for DNA Detection

The terahertz frequency regime could find new applications in biomolecular
detection because of rotational and vibration resonances occurring within the THz
band. We performed preliminary experiments to understand how GFETS might be a
good candidate platform for biodetection. Specifically, we performed experiments
on single stranded DNA and DNA origami. The GFET structure provides a platform
for simultaneous electrical reading and THz signal on one devicel38.

The GFET structure was operated with the backgate bias of 25 V from a low-
noise power supply, and a drain-source constant-voltage bias of 0.1 V from a
Keithley 2400 source meter. This backgate bias was chosen because of its proximity

to the Dirac-point bias of ~30 V, which was attainable but only with a large degree of

fluctuation in the drain-source current. The 25 V backgate bias creates a significant

background electron sheet concentration in the graphene, and the Vps is just high
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enough to allow accurate measurement of the sheet conductance without excessive
drift and 1/f noise. Because the graphene geometry between the S and D electrodes
is approximately square (area 1 cm?2), the absolute DC sheet conductance is Gpc =
Ips/Vps. For the specific GFET tested we measured an Ibps of 0.2132 mA, or sheet
conductance of 2.132 mS. The corresponding background 101-GHz transmittance
signal was X = 0.8527 V where the last digit is significant given the high SNR.

To validate the measurement technique and assess its accuracy, we used the
backgate to induce a known-change in graphene DC sheet conductance and compare
this with the derived change of the 101-GHz quantity. We applied backgate voltages
of 30 V and 20 V to straddle the nominal +25 V and allow for mean-value estimation.
The DC current values at the two gated voltages were 0.2017 and 0.2255 mA,
respectively, corresponding to AGpc = 0.0238 mS. The lock-in signals for the same
backgate voltages were 0.8661 and 0.8412 corresponding to a transmittance
difference of 0.0292.

The biodetection protocol was to apply 13-mer single-stranded DNA
solutions of three different molarities (0.01, 1.0, and 100 nM) sequential at 900-s
intervals, starting with the 0.01 nM solution. A drop of each was placed directly on
the graphene with a syringe, allowed to settle for 300 s, and then blown dry with an
oil-free air gun. The Keithley-2400 DC current was recorded simultaneous with the
THz transmitted signal via the output from the lock-in amplifier. The experimental
results for DC current are shown in Fig. 4.25a where we see an initial value of
222 pA between = 600 and 900 s, corresponding to a sheet conductance of 2.22 mS.

Then a large fall in DC current occurs with the application of all three drops, and a
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lesser fall upon blow drying 300 s later. Both effects are most pronounced with the
0.01 nM solution and become progressively weaker with the other two. The 1.0 and
100 nM drops have a significant effect in their aqueous form but little further
change occurs upon drying. In all cases, however, at constant bias voltage the DNA

decreases the DC sheet conductance of the graphene.
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Figure 4.25: The effects of DNA on DC and 101-GHz signals.

Similarly, the transmitted THz signal plotted in Fig. 4.25b shows a large and
precipitous decrease upon application of each drop of DNA solution. But unlike the
DC current, the THz signal recovers to its previous level and goes slightly higher

upon drying. The decrease and recovery can be explained by the strong absorption
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coefficient of ~100 cm-1 for liquid water at 101-GHz. Although each drop is ~1 mm

thick, they don’t fill the entire beam footprint so the net attenuation caused by the
liquid water is only ~3 dB. The increased post-dry transmission level compared to
initial level suggests that the 101-GHz sheet conductance, like the DC conductance,
is decreasing with each drop.

To quantify and compare the effects of the DNA on the DC and 101-GHz
signals, we define and calculate relative sheet-conductance changes, AGpc and AGrr.
A plot of these quantities vs molarity is displayed in Fig. 4.26 showing a monotonic
increase in absolute value but a relatively small change in slope vs molarity,
especially for the which changes less than 40% over the entire range. Interestingly,
the AGrr is always smaller in magnitude, especially for 0.01 nM where it is

approximately 5-times lower. The reason for this is not yet understood.
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Figure 4.26: The variation of graphene sheet conductance vs molarity at DC and 101 GHz.

Finally, we can obtain a metric for the sensitivity of both methods by
calculation of the post-detection signal-to-noise ratio (SNR). For the DC method, the
SNR is just Alpc/Irms=|IN=Io|/Irms, where Irms is the rms fluctuation dominated by a
fast (white noise) component from the current source (Keithley 2400), and a slow

(drift) component from the graphene. The noise was observed over a 600 s time
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span with the graphene kept dry, and yielded Irms = 8.5x10-7A. Thus, for the 1.0 nM
case with Alpc = 0.124 mA we get an SNR of 145 [43.2 dB power SNR]. And for the
0.01 nM case with Alpc = 0.010 mA, the DC-SNR is 117 [41 dB]. The DC SNR drops
only 2 dB for the two-order lower molarity, which bodes well for detecting even
smaller concentrations but the nonlinearity precludes an extrapolation in that
direction.

For the 101-GHz method the SNR is AXrr/Xrms=|XN—Xo|/Xrms Where Xrms is the
lock-in output noise which was attributable primarily to white-noise from the
Schottky rectifier and the low noise amplifier (LNA). Observed over the same 600 s
time window, and for the given modulation frequency (1 kHz) and integration time
(0.3ms), we measured Xrms=1.22mV. Thus for the 1.0nM case where
|X1-X0|=0.079mV, the SNR =64.6 [36.2 dB power SNR]. And for the 0.01 nM case
where |X1-X0|=0.017mV, the SNR = 14.0 [23 dB]. The 101-GHz SNR drops 13 dB for
the two-order lower molarity, more than the DC drop, but still nonlinear.

Interestingly, the ~7 dB lower SNR for the 101-GHz signal is very close to the degree

of sub-optimal performance. If the operating frequency was 112 instead of 101 GHz,
and the DC sheet conductance was 1.0 mS instead of the 2.1 mS displayed by the
present device, then the sensitivity factor would be = 2x higher and the post-
detection SNR higher than the result reported here. In principle, this lower sheet
conductance could be obtained by increasing the backgate voltage, but even 50 V
only reduced it to about 1.5 mS and the drain-source current was noticeably

unstable at this point. Alternately, one should get ~3 dB improvement in SNR by
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starting with a thicker Si substrate (435 um) for which the first non-zero resonance
would occur at 101 instead of 112 GHz.

We also investigated the use of graphene as a platform for sensing using DNA
origami. The original goal was to use “tiles” of DNA origami to make self-assembled
nanowires, with each tile of origami specifically designed to sense a particular
molecule by way of aptamer functionalization. In this approach, highly sensitive
multiplexed detection could be performed with graphene as the electrical platform.
We first aimed to understand the interaction of the DNA origami tiles with the
graphene substrate, as both materials are expected to be influenced by n—n
interactions.

CVD graphene was transferred onto mica following the standard wet transfer
procedure, utilizing a poly(methyl methacrylate) (PMMA) coated graphene layer
followed by rinsing in acetone and annealing’. Annealing under low pressure and
elevated temperature is necessary to remove most of the PMMA from the surface of
graphene but presents the possibility of damaging the mica surface with the loss of
intercalated water. However, mica was observed by AFM to maintain its flat surface
after annealing at 400°C. The resulting sheets of graphene deposited on mica were
well-formed with some contamination and structural defects detected by Raman
spectroscopy. Graphene exhibits two main features in Raman spectra for visible
irradiation (532 nm) namely the G (~1583 cm) and 2D (~2685 cm) bands*3.
Although it has been demonstrated that the position of the G band can be a useful
indicator of graphene doping#3¢1, interpreting variations in the G band position

across the graphene surface due to the interaction of DNA is non-trivial. This is due
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largely to surface changes, including the possibility of delamination from the
substrate, during deposition, and is currently being evaluated as an additional
metric for monitoring DNA origami adsorption.

DNA origami solutions were prepared by annealing M13mp18 plasmid with
commercially available synthetic oligonucleotide “staple” strands in 1X Tris-acetate-
EDTA (TAE) buffer containing 12.5 mM MgCl: (origami buffer) slowly from 90 to 20
°Cover a 13 h period. The freshly formed origami were then purified with centrifuge
membrane columns to remove the excess staple strands that are used to promote
high yield origami formation from the plasmid starting material. The removal of
excess staple strands is required, as short ssDNA molecules will readily coat and
passivate the graphene surface, preventing observation of the direct interaction of
the origami constructs with the bare graphene surface.

Purified origami (8 pL, 1 nM) was adsorbed onto the graphene/mica surface
by drop coating with a 1 minute incubation at room temperature before a brief rinse
with 18 MQ Millipore water (40 uL) and rapid drying with a stream of nitrogen.

AFM imaging revealed the surface to contain regions of thin strips of
graphene and tears within larger graphene sheets, which exposed the underlying
mica surface, Fig. 4.27 - 4.28. These areas provided a unique opportunity to
visualize DNA origami on both graphene and mica in the same image. Samples were
observed, using AFM, in three conditions, after initial adsorption, after rinsing, and
in solution phase. These three conditions were chosen in order to ensure the
washing/ drying process was not significantly affecting the apparent degradation of

the origami constructs. The same phenomenon, complete disintegration of the
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origami upon adsorption to graphene, was displayed under all three conditions,
over numerous replicates, while the structures that adsorbed onto mica displayed
well-formed morphologies.

Fig. 4.27 - 4.28 show AFM images taken after depositing purified
cross-shaped DNA origami onto graphene-mica substrates. Additional AFM images
of different sample preparations are available in the supporting information. The
AFM images show “ribbons” of graphene, defects formed during deposition and
washing of the sample, laying on top of mica with cross-shaped origami deposited
on both materials. The complete loss of origami structural definition on the
graphene-mica regions of the sample is in stark contrast to the expansion and

partial deformation observed for origami adsorbed on HOPG139.
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Figure 4.27: AFM images of cross-shaped DNA origami deposited on graphene-mica substrate. Scale
bars, 500 nm (lateral), 10 nm (height scale).

Figure 4.28: AFM height images of a large area (right) of graphene deposited on mica after interaction
with cross-shaped DNA origami. A tear is present in the right-hand corner sheet exposing the mica
surface where well-formed origami can be seen. (left) Zoom in of the tear seen in the image on the
right. Scale bars, 1 um (AFM lateral), 20 nm (height scale) for both AFM images.
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Mica supported graphene dramatically altered the morphology of the
adsorbed DNA origami. Only the rough texture of the graphene as compared to the
mica surface, visible in the AFM images, serves as evidence of the presence of dis-
associated origami based DNA. Furthermore, pristine origami which are visible on
the mica revealed by tears in the graphene film are closely juxtaposed with a fibrous
network on nearby graphene Fig. 4.29. Phase imaging, which yields qualitative
surface composition discrimination between different materials, provides further
evidence that the material coating the graphene is DNA. The contrast in the phase
image Fig. 4.29b is the same for the origami on mica (dark brown) as for the
majority of the graphene. Similar contrast is apparent in the phase image of Fig.
4.30. It may also be noted that material in the holes in the thin DNA film on
graphene Fig. 4.29 has mechanical properties similar to mica (dark yellow). The
complete loss of morphology of the DNA origami is only distinguishable by contrast

with the same material on mica.
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Figure 4.29: AFM height (a) and phase (b) image of DNA origami deposited on graphene-mica substrate.
Scale bars, 100 nm (AFM lateral); 6 nm (height scale); 30 mV (phase).

=

Figure 4.30: AFM height (left) and phase (right) images of a tear in a graphene sheet exposingthe mica
surface. Cross-shaped origami are present unperturbed on the mica only. Scale bars, 400 nm (AFM
lateral), 15 nm (height scale); 30 mV (phase).

AFM height analysis has previously been used to probe DNA structure on
mica for lattice arrangement, supercoiling, and to distinguish ssDNA from dsDNA140-
142 Sample preparation and microscope conditions are critical for establishing

reproducible and reliable AFM comparisons between experiments43. The present
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approach, scanning over two different surfaces simultaneously under identical
temperatures, tip conditions, humidity, etc, overcomes many of these limitations.
Here, the height of DNA “origami” can be measured when adsorbed on graphene
with respect to the height measured when the intact structures are presented on
mica. The relative difference in height, measured by the difference in local minima

and maxima of DNA on graphene or mica respectively, is shown in Fig. 4.31.

Height difference between DNA on graphene and mica

B DNA height vs graphene surface DNA height vs mica surface
18

16
14
12

10

Counts

2N

0.5 0.6 0.7 0.8 0.9 1 11 12 13 14 15 16 17 1.8

Local height difference (nm)

Figure 4.31: Histogram of height differences, between local minima and maxima, of cross-shaped DNA
origami adsorbed onto graphene compared to a single duplex sheet of cross-shaped DNA origami
adsorbed onto mica. Inset, representation of the method employed for determining relative height of
DNA on graphene by calculating the difference between the average pixel intensities of a local
minimum (a hole, white box) and the average of three local maxima (DNA surface coating, black boxes).

The histogram in Fig. 4.31 shows that DNA origami adsorbs under two
normally distributed modes on graphene but only one mode for a single layer of
cross-shaped DNA origami on mica. Two separate height modes suggest that DNA

origami partially melts into ssDNA upon adsorption on graphene. The difference in
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height average between melted origami on graphene, the lower mode, and duplex
DNA on mica (0.2 nm) is in agreement with reported differences for ssDNA vs
dsDNA on mica (0.3 nm)142 It is important to note that only the single duplex region
of the cross-shaped DNA origami, “the arms”, were measured on mica in order to
probe the relative height of one sheet of duplex DNA. The parallel raised rods at the
center of the cross-shape are the result of two DNA duplexes stacked vertically on

top of one another.
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Chapter 5 - Conclusion and Future Work
We synthesized high quality CVD graphene by increasing the domain size to

use in a variety of devices. In addition to increasing the domain-size of
polycrystalline monolayer graphene films, we optimized CVD growth conditions to
develop a fast growth of individual graphene domains using a two-step growth
protocol which allows the nucleation density to remain low while promoting edge-
growth.

Following CVD synthesis, we optimized graphene devices by implementing a
variety of techniques during graphene transfer. In order to decrease substrate
doping, and to increase the device mobility and on/off ratio, wafers were modified
with SAMs. Because of the hydrophobic surface following SAM functionalization, the
SAM modified wafers proved to be useful in removing bubbles from the graphene
surface during transfer in solution. Bubble removal was demonstrated to further
increase the device on/off ratio and mobility, especially over large-areas. In order to
produce low sheet resistance devices, chemical doping was employed during
transfer and enabled the fabrication of large-area graphene devices with sheet
resistance less than the impedance of free-space.

Improved graphene devices (high mobility, low sheet resistance) were used
for graphene-THz applications. Using transmission line theory, we show that at half-
wave resonance, the sheet resistance dependent transmittance for a graphene-
silicon-etalon matches that of a suspended sheet with a critical threshold of 377
ohms/sq where the absorptance dominates. Using the high-quality CVD graphene

with a variety of transfer techniques, we demonstrate a graphene-THz device that is
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impedance matched to the absorption dominating regime, and the largest depth of
modulation for single-layer across broadband frequencies.

Graphene was used as a platform to investigate the detection of DNA. We
simultaneously measured the change of conductance of a graphene film and the
change in transmittance at 101 GHz when DNA was added. The signal-to-noise for
changes induced by the DNA on THz transmittance was greater than that of the
conductance change. DNA origami was also deposited on the graphene surface and
was investigated by AFM. The interaction of the DNA origami with the graphene
surface was strong enough that the DNA origami completely dissociated and could
not be distinguished as the designed “tile” shape, which was confirmed on a bare
mica surface.

The experiments started during this dissertation lays the foundation to
developing new graphene-THz devices. A single-crystal graphene-THz device has
yet to be demonstrated, and using the combined techniques, could realize a high
mobility device capable of voltage switching from the transmission to absorption
regime, toward the reflection regime. Furthermore, transfer using HBN films could
further increase the graphene device mobility, especially by employing the large-
area bubble removal method to produce flat HBN transfers. The transfer technique
could be used to provide an insulating layer on top, and be used for top gating,
increasing the modulation frequency.

In addition to simple top gating, gating using interdigitated electrodes or ring
resonators could provide strong gating, and open the possibility of phase

modulation. Furthermore, graphene devices could be patterned into arrays to study
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THz beam shifting. Similar studies could be performed on patterned graphene films
such as grids, and these devices could be placed on flexible polymers such as PDMS
for mechanically actuated THz lenses.

Large-area graphene films with high mobility also could be used for new
biosensing applications. These films could be patterned specifically toward
plasmonics devices which would be useful for DNA detection, or graphene
encapsulated by HBN could be used for scanning microwave microscopy with the
capacitive sensing of species such as mitochondria.

The large-area devices developed in this dissertation merely demonstrates
that large-area applications with high quality, single crystal graphene are possible,
but surely, these concepts could be applied to fabricating improved
nano/microscale devices and arrays. By spanning nanometer to centimeter device
scales, a plethora of new and powerful microwave to optical frequency devices

could be realized.
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Appendix A — Recipes and Protocols

CVD Graphene

e Cutouta~6x6cm copper foil (Alfa Aesar 13382)

e Prepare electropolish solution as detailed below

o Solution: 60mL H20: 20 mL H3P0O4:20 mL Ethanol: 4 mL IPA: 0.4 g UREA
Place the copper foil grains going vertical into the solution parallel to a gold glass slide
Connect ground to the plate and source to the foil
Apply 5V for 2 mins
Remove foil from solution
Clean with water spray
Clean gold plate with water (to remove the copper precipitates from the slide)
Dip in water bath ~5 times then ~5 more times in ethanol
Blow dry with air
Set on hot plate for 30 secs on 200°C (*omit for polycrystalline growth)

I 1 5V r

Plate

e Fold copper foil into Pia Pocket (*omit for polycrystalline growth)
e Run CVD Recipe
o Standard Anneal Recipe - 20171205 _ANNEAL_50PureH2
Annealing_5_Slow_360-385(400) 1hour_5mTorr.rcp
o Standard Polycrystalline Film Recipe - 20170510 _GrapheneSeedFill_70-00810-
1040-005_1.rcp
o Standard Single-Crystal Recipe - 20160921_02-6_GrapheneGrain_Ar_01_150-
8 2.0 4-1044-005 5.5 45-33perH2_ArHeat.rcp

PMMA Spinning to Cover Graphene for Transfer
e Prepare PMMA
o PMMA recipes:
= A3 30 mg /ml PMMA/Anisole => Add 30 mg PMMA (996,000 MW Sigma
Aldrich) to 10 mL anisole (long metal syringe) a brown dropper bottle.
Stir overnight.
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= A6 60 mg /ml PMMA/Anisole => Add 60 mg PMMA (996,000 MW Sigma
Aldrich) to 10 mL anisole
Tape sides of foil with graphene facing up on a glass slide
Using double sided tape, tape glass slide with the graphene-copper foil on spinner with a
post-it in the middle for ease of removal (see image)
Use a glass pipet to drop just enough PMMA to cover foil surface area
Spin PMMA on graphene surface at 10V for 30 secs

Wet Transfer — Copper Etch

Allow PMMA to cure overnight

After curing, flip sample over so that PMMA/graphene/copper is on the bottom.
Tape corners of copper foil to glass slide for O, plasma cleaning (100W for 2 mins)
Prepare ~5% ammonium per-sulfate solution (usually for 4 dishes, 240ml H20: 12¢g
ammonium persulfate).

Stir until dissolved

Cut PMMA/graphene/copper to 1.5cmx1.5cm squares

Place sample with PMMA on top (will usually take around 3 hours to fully etch)
After etch, transfer floating PMMA/graphene stack into numerous DI water baths.

Wet Transfer — Electro-delamination

Prepare delamination solution
o Solution: NaOH- 0.2M, from 1 N- 90 mL and 360 mL
After spinning, bake PMMA at 90°C for 30 mins
After curing, flip sample over so that PMMA/graphene/copper is on the bottom.
Tape corners of copper foil to glass slide for Oz plasma cleaning (100W for 2 mins)
Place in oven at 60°C for over 24 hrs
After baking at 60°C, cut PMMA/graphene/copper to 2x1.5 cm squares
Score about 2-3mm on the PMMA side along longer side (so the PMMA/graphene can
disconnect from the tweezer)
Using a flat headed tweezer, place sample with PMMA facing towards the carbon rod
Fill a small crystallizing dish very close to the top with the NaOH solution
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Connect the ground to the tweezer and the source to the carbon rod (see image)

Make sure the carbon rod is in the solution and the graphene/copper is over the solution
Apply voltage ranging from 2.5-3 V while watching for bubbles as the graphene/copper
foil is lowered into the solution

The PMMA/graphene should lift off from the copper foil

After delamination, transfer floating PMMA/graphene stack to DI water bath.

RCA Cleaning

Removes metal and organic particles from the graphene surface

RCA:: acidic 20 H20 :1 HCI :1 H2O2 typically 220 mL H20: 11mL HCI: 11
mL H202

RCA:: basic 20 H20 :1 NH4OH :1 H20- typically 220 mL H>O: 11 mL
NHsOH: 11 mL H20>

Performed in the sequence of RCA: (30 mins), deionized water bath (short
while), RCA: (30 mins), deionized water bath

Basic Wafer Clean

After breaking into about 2.5x2.5 cm square, acetone bath (swish bowl to make a small
vortex, to remove dust on surface)

Repeat in IPA bath

Blow dry with air

Wafer Piranha Clean
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Measure 60 ml sulfuric acid in 100 ml graduated cylinder. Remember acid gloves
Pour the acid into a large crystallizing dish

To the acid, slowly add 20 ml H202 in a 50 ml graduated cylinder such that for no
bubbles form, but steam is let off

Heat on hot plate at 120°C for 1 hr (gradual increase in temperature)

Let cool

Water bath all samples

Spray water several times while changing grip on sides to ensure no acid residue
Blow dry with air

Up to 12 wafers can be clean at a time

ODTS SAM in Solution

Clean needle with toluene (the 2 small beakers) about 2-3ml

Using steel needle syringe, add 10uL OTS (about 32 drops) to 10 mL of toluene (1ml
toluene :1uL OTS) Let functionalize for an hour.

After 1 hour, place wafers into acetone bath and IPA wash

Dry with N2

Up to 8 wafers can be functionalized

Vapor Deposition ODTS

Measure around 50ul of ODTS into a glass jar with a lid while working in the glove box
Cover the jar

Transfer from glove box to a smaller vacuum chamber/desiccator

Remove the blue stand and place wafer on top

Take off cap of OTS jar quickly leaving jar inside the chamber

Quickly place stand with wafer inside desiccator over uncapped OTS jar (see image)
Cap chamber/desiccator

Evacuate chamber and close vacuum seal. Leave overnight

Up to 12 wafers can be functionalized
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