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Abstract

Graphene is a novel carbon material with great promise for a range of
applications due to its electronic and mechanical properties. Its two -dimensional nature
translates to a high sensitivity to surface chemical interactions thereby making it an ideal
mechanical flexing or strain (Kim, K. S., et al. nature 07719, 2009) offering another
advantage for flexible sensors integrated into numerous systems including fabrics, etc.

We have demonstrated a graphene NQO: sensor on a solid substrate (100nm
SiOz/heavily doped silicon). Three different methods were used to synthesize graphene
and the sensor fabrication process was optimized accordingly. Water is used as a
controllable p-type dopant in graphene to study the relationship between doping and
TUExT 1T Ol z Uuw U l..Expérimentalurés@itsushow that interface water between
graphene and the supporting SiO: substrate induces higher p-doping in gr aphene,
leading to a higher sensitivity to NO 2, consistent with theoretical predications (Zhang, Y.
et al., Nanotechnolog20(2009) 185504

We have also demonstrated a flexible and stretchable graphene-based sensor.
Few layer graphene, grown on a Ni substrate, is etched and transferred to a highly
stretchable polymer substrate (VHB from 3M) with preloaded stress, followed by metal

contact formation to construct a flexible, stretchable sensor. With up to 500%



deformation caused by compressive stress, graphene still shows stable electrical
response to NOz. Our results suggest that higher compressive stress results in smaller
sheet resistance and higher sensitivity to NO-.

A possible molecular detection sensor utilizing Surface Enhanced Raman
Spectrum (SERS) based on a graphene/gallium nanoparticles platform is also studied. By
correlating the enhancement of the graphene Raman modes with metal coverage, we
propose that the Ga transfers electrons to the graphene creating local regions of

enhanced electron concentration modifying the Raman scattering in graphene.
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1 Motivation and Introduction

1.1 Toxic Gas Sensing i Motivation

One motivation for the detection of toxic gasesis the need for environmental
monitoring of gas pollutants such as NOx, CO and CO.. For example, nitrogen dioxide
(NO2), a member of the family of nitrogen oxide (NO x) gases,is an important marker of
air quality standards for the NOx gases NO: forms naturally in the atmosphere by
lightning and is also generated from water, plants or sand. However, only 1% of the
atmospheric NO: is formed naturally and the rest is primarily generated from fuel
combustion processes as a byproduct.Upon reaction with water, NO 2 can form HNO s
which is the main component in acid rain which poses a significant threat to the
environment. Due to increasing population s and industrial development, Los Angles
has suffered from significant air pollution consisting of NOx, CO, Oz and other oxidizers
since the 1940sleading to the first Air Pollution Control Act in 1955[1]. In 1971,the
United States Environmental Protection Agency (EPA) [2] setthe NO2 exposure primary
(for human health) and secondary standards (for public welfare) at 0.053 parts per
million ( ppm).

Gases are critical reactants for numerous manufacturing processes, SO an
accurate and low-cost method to determine gas composition is critical. In addition, the
presence of NO/NO 2 may indicate an explosive event. As a result, wireless sensor

1



network s have been installed in coal mines to detectlow concentrations of NO/NO 2 to
improve the explosions security of the mine [3].

NO«x is harmful to human respiration systems at concentrations of 3 ppm. Sudies
have shown that NO 2 enhances the effects of allergens [4], as well as bronchial reactivity.
NO:is a deep-lung irritant which can cause pulmonary edema (exposure to 50ppm NO 2)
and is fatal at high concentrations (>100ppm inhaled). Recent epidemiological studies
suggest a strong correlation between the development of chronic lung disease and
respiratory symptoms with long -term exposure to NO:z[5]. NO2z concentrations near
vehicles are two to three times higher than that in the atmosphere of a city. People who
spend significant time near vehicles are at high risk for short term exposure to NOx,
putting them at risk for respiratory problems, especially asthma [6]. Therefore, an

accurate and sensitivetoxic gas sensorfor NO 2 is needed.

1.2 Commercial ly Available Gas Sensors

There are several commercially available gas sensors These are described below
in terms of their basic transconduction mechanisms and their limitations in terms of
being developed as a smart sensorintegrating signal processing in an embedded

implementation for mobile applications .



1.2.1 Electrochemical Sensors

Electrochemical sensors utilize specific electrochemical processs resulting from
the reaction of gases ona sensing electrodewhich produces a voltage proportional to the
gas concentration. A typical electrochemical sensor isshown in Figure 1-1[7]. The sensor
is protected from environmental gases and uses a capillary diffusion barrier at the
entrance for the target gas. After diffusion through the hydrophobic membrane, the
target gasinteracts with the sensing electrode leading to oxidation or reduction reactions
on the sensing electrodes. The sensing electrode material is specifically chosen to
catalyze the target gas reaction. A reference electrode is used for calibration. If a resistor
is connected between the sensing electrode and the counter electrode, a current can be

generated that is proportional to the target gas concentration.

/ Capillary Diffusion Barrier

Hydrophobic Membrane

Sensing Electrode

Electrolyte

——— Reference Electrode

Current Electrode

Figure 1-1 Typical Electrochemical Sensor Configuration



Electrochemical sensois have low power consumption and are small, and thus
can be widely used in portable instrument s and confined spaces. However,
electrochemical reactions lead to crosssensitivity which impacts selectivity . In addition,
the temperature impacts detection sensitivity. Although noble metal s such asplatinum
or gold are normally chosenasthe sensing electrode, the lifetime of an electrochemical
sensor is highly compromised at high sensitivity, especially for corrosive and reactive

gases. Normal electrochemical sensos have a life expectancy of 1 to 2 years.

1.2.2 Infrared Sensors

A typical infrared (IR) gas detection instrument is shown in Figure 1-2 [8]. It can
be easily divided into three parts: an IR source, a bandpass filter and a detector. The
basic principle of IR sensing is the adsorption of IR radiation at specific molecular
vibrational frequencies to increase the temperature of the target gas in proportion to

their concentration . The detector in the IR gas sensor measurethe temperature change.

Samplein Sample out

l T

IR Source Filter Detector

Figure 1-2 A basic infrared gas detector lay out



The detector of an IR sensor is protected by optical instruments so that gas
molecules directly react with light. The protection part can be designed to be resist to
corrosion and can be easily removed for subsequent maintenance or replacement.
Therefore a well-designed IR gas detectorhas s life expectancy of more than 10 years.
Infrared sensors are sensitive and have long lifetimes. However, they are typically
expensive, cumbersome and complicated. Also, since IR gas sensos are in essencea

temperature sensor, they can be sensitive to ambient temperature changes.

1.2.3 Metal Oxide Gas Sensors

The mechanism for metal-oxide powder -based and catalyst-free gas sening is
shown in Figure 1-3[9]. In Figure 1-3 (a), metal oxide grains are shown with Oz adsorbed
on the surfaces. Adsorbed oxygen molecules extract conduction electrons from the metal
oxide in the near surface region, depleting a thin layer at the surface. After electrons
interact with oxygen mol ecules, positive donors are left in the material.

Figure 1-3 (b) is a band model, showing the energy barriers created by the
depletion layer . For conduction, these barriers must be surmounted. Therefore, the metal
oxide sensor is based on current change as a functionof different gas concentrations,

through chemically -induced changes in the depletion region width.



With the introduction of 2( , the adsorbed/

(a) PHYSICAL MODEL Region

| L Conduction
. N ectroni¢” :
Barrier i i il Current f/—\ / Band
qVs Electrons
0O 0 0 O 0 0 0 O O 0 0 o0
++++ T+t 4+ + T+ ++
/‘Donors {b) BAND MODEL

Figure 1-3 Grains of Metal Oxide to show the sensing mechanism and resistance
change

If RH2is our target gas, then the chemical process is
I cA o Equation 1-1

2( ¢ ©92/ (/! cA Equation 1-2

Temperature is critical to determining the reactions on the surface and

consequently affects the conductivity change and therefore the sensitivity of the sensor.

depletion layer and increasing conductivity. Higher concentrations of 2( increase the
rate of the reaction in Equation 1-2, yielding a higher conductivity change. If the
temperature is too low, the process given by Equation 1-2 is too slow yielding low

sensitivity . Also, if the temperature is too high, the process in Equation 1-1 is too

6
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aggressive and the reducing agent, RHz, becomes diffusion-limit ed [9] also reducing the
sensitivity. So in order to obtain reasonable sensitivity, a suitable operation temperature
must be determined and controlled .

The energy band gap of typical metal oxide sensors is relatively high and the
conductivity is limited. In order to increase the conductivity, elevated temperature s are
used. Figure 1-4 is the structure of a typical metal oxide-based gas sensor. A substrate is
encapsulated between electrodesand integrated with a heater. The requirement of high
temperature operation makes the metal oxide sensor unsuitable for flexible and smart

sensors applications.
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Figure 1-4 structures for metal oxide based gas sensors



1.3 Flexible and Integrated Sensors
1.3.1 Solid State Sensors

Solid state sensors present numerous advantages forgas molecule detection due
to their low cost, portability and label -free operation. In addition, many solid -state
sensors are based on semiconductor materials such as Si, GaAs, INAS and are, therefore,
readily integrable with signal processing electronics enabling concurrent detection of
multiple ga s phase constituents and other factors such as temperature and humidity.
Extensive research and development has been aimed towards integrating solid-state
sensors with CMOS circuits to create smart sensors[10-12].

Figure 1-5 shows the energy band diagram of a semiconductor integrated with a
molecular overlayer for sensing [13]. Four regions exist in Figure 1-5 (a): the
semiconductor bulk region (neutral charge region), the semiconductor space charge
region, the semiconductor surface and the adsorbed molecular layers. Figure 1-5 (b)
shows the corresponding energy diagram in each region. The electron affinity ? is
defined as the energy for an electron to escape from the conduction band to the vacuum
level % and the work function of the semiconductor 7 is defined as the minimum
energy for an electron to escape from the solid Fermi energy to the vacuum level. So the
relationship between work function and electron affinity is:

Aon A oaen A Equation 1-3

TH AuHAq Aaw Ay A Equation 1-4



Because the periodtity of the bulk crystal is interrupted at the surface, dangling
bonds form, leading to surface states in the band gap. There are two different surface
states: donor and acceptor states. The donor states are charge neutral when occupied
with electrons and are positive when unoccupied, just like a donor in semiconductor.
The acceptor state behaves oppositely; it is charge neutral when the state is empty and is
negatively charged when occupied with electrons. Assuming a clean surface without
any adsorption, unoccupied acceptor surface states and occupied donor surface states
will contribute to a flat energy band at the surface. However, the occupation of the
surface states is normally unbalanced and therefore the surface will be charged.Figure
1-5 (c) shows the energy band diagram of an n-doped semiconductor with a depletion
layer at the surface. The donor states are fully occupied while the acceptor states are
partially occupied, leading to a negative charge on the surface. The positively ionized
donor region has the built-in potential (surface barrier band bending) K6 to balance the
electron flow from the bulk region to the surface. According to Madou, M. J. et al. [14],
the energy an electron needs to attain before they can move to the surfaceN6 is
determined by the net density of the ions in the space charge region. , the density of
charged surface states. , and the permittivity of the semiconductor Rr.

o 1'ET +'E Equation 1-5

And the corresponding electron density at the surface is

Ty "BEaHO 'l S Equation 1-6
i Ag



is the doping concentration of the semiconductor, assuming an uniform

EOxDOT 6w200wpbPli 1 OWEWOOOI EUOI wPUWEOOETI EWEUwWUT I
transfer leads to a dipole formation between the molecule and the semiconductor
surface, which will change the energy band bending at the surface.

Any adsorbed molecules layers will form some molecule dipole outside the solid
(the arrows in the figure shows the dipole direction from positive charge to the negative
charge). This induced dipole layer will change the electrical potential and will ultimately
modulation, adsorbed molecules can modify the surface net carrier density and the
surface potential through a charge transfer process with regards to the difference of the

Fermi level in the semiconductor and the LUMO in the adsorbed molecule layers.
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Figure 1-5 Basic mechanism of adsorbed molecules on semiconduc tor surface.
(a)Four different regions will form in the semiconductor  -adsorbed molecule hybrid
system with the existence of surface states. (b)The energy band of semiconductor
interacts with molecules highest occupied molecular orbit (HOMO) and lowest
unoccupied molecular orbit (LOMO). (c)The occupation of surface states is normally
unbalanced and the surface will be charges. In the case of an n -type semiconductor,
the accumulated charge on the surface is negative. [13].
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As for a molecular sensor, the adsorption on the surface can be divided into two
categories: physical adsorption and chemical adsorption. They are generally defined by
the heat generated in the adsorption process: physisorption is normally | ess than 6 Kcal
mol-1, and chemisorption is larger than 15 Kcal moll. The energy function of both
physisoption and chemisorption is described by the Lennard Jones Model. Physisorption
is preferred for a reversible solid-state sensor with long-lived functi onality. However,
the physisorption solid -state sensors sacrifice selectivity and sensitivity due to relatively
low adsorption energy. Thus chemisorption mechanism is exploited when a high

electivity and sensitivity is needed.

1.4 Outlines of The Thesis

This thesis is divided into seven chapters including this motivation and outline
chapter.

In chapter 2, | review the synthesis, characterization and device properties of
graphene. Graphenez U w U x | fimén€iandl bofleycomb crystal structure results in a
linear E-K dispersion relationship with zero energy bandgap. The doping and transport
properties of graphene are discussed in detail and are critical to understanding
graphene-based transistors. The impact of strain and stress on graphenez dlectronic

properties are also discussed in detail. A detailed review of current cutting -edge

12



graphene-based gas sensos is also reported, as well as gaphene-based flexible gas
Sensors.

Chapter 3 contains a detailed description of the three methods | used to produce
graphene; mechanical exfoliation, high-temperature thermal annealing of SiC, and
chemical vapor deposition on Cu substrates. The device fabrication process developed
for mechanical exfoliated or CVD produced graphene is discussedin detail. Also, the
device characterization and gas sensor testing systens are described.

Chapter 4 describes the investigation of the graphene sensor responseand the
impact of water adsorption on gas sensitivity . SiOz substrates are treated with HMDS to
suppress water adsorption at the interface between graphene and its SiO: substrate.
Graphene on HMDS treated SiOz shows lower p -type doping and an increased mobility.
However, decreased gas sensitivity is observed for graphene on HMDS/SiO: and is
believed to be a result of the reduced doping and its impact on molecular adsorption .

Chapter 5 is a demonstration of a graphene-based stretchable gas sensor
developed in collaboration with Prof. Xuanhe Zhao in Mechanical Engineering and
Material Science department in Duke University. s " U U O xg@aphéne isicreated using
a highly -stretchable polymer substrate. We demonstrated that this sensor under 500%
compressng strain shows higher NO 2 sensitivity compared with unmodified graphene.

This enhanced sensitivity is possibly due to an enhanced electricathemical activity at

13



the sample peaks after crumpling the graphene. The work function as a function of the
surface curvature is determining using KPFM measurements.

Chapter 6 covers research supporing the implementation of a possible molecular
sensor utilizing graphene as asurface enhancedRaman spectroscopy (SERS) substrate
We deposited Ga nanoparticles (NPs) using Molecular Beam Epitaxy (MBE) on both
mechanically -exfoliated graphene and high-temperature annealed graphene. X-ray
photoelectron spectroscopy (XPS is used to determine the charge transfer between
graphene and Ga NPs upon contact. An enhanced Raman signal of graphenes observed
and related to the transferred electron density. Numerous reports in the literature show
enhanced Raman of graphene modes using Ag or Au NPs, but the mechanism is under
debate. We show that the charge transfer is the primary mechanism for SERS in
graphene. We also demonstrate the use of Ga NPs/graphene & a substrate for crystal
violet (CV) molecule detection with SERS

Chapter 7 is the conclusion and alsosuggestions for future work .
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2 The Properties of Graphene

2.1 Introductionto Graphene

Graphene is a oneatom-thick planar sheet of sp-bonded carbon atoms that are
densely packed in a honeycomb crystal lattice. The name comes from GRAPHITE + ENE
[15], which first appeared to describe the single sheet of graphite as one of the
constituents of graphite intercalation compounds (GICs). The term was also used in
earlier descriptions of carbon nanotubes (CNT) [16] and epitaxial graphene [17].
However, none of these examples were truly free-standing, two -dimensional graphene
until the first demonstration of a free-standing graphene-based field effect transistor
(FET) made by Novoselov et al. in 2004[18]. Andre Geim and Konstantin Novoselov
were awarded the 2010Nobel Prize in Physics for the development of graphene.

The graphene crystal structure is first described to understand its electronic
properties. Each carbon atom contains six electrons in total: two in the innermost 1<
orbital and the other four in the outer valence shellfilling the s electrons and 3p states
The three p electrons can bedenoted as px, py and pz. Using hybridization theory [19],
these four valence electrons hybridize when carbon atoms bond. The s electron can
hybridize with 2 p electrons (p x and py) to form sp? bonding or with all the three p
electrons forming sp? bonding. Diamond is based on sp? bonding while graphene is a sp?

bonded building block for other sp? carbon-based structures: two dimensional graphene

15



can be wrapped up into 0D buckyballs, rolled into 1D CNT or stacked into 3D graphite
[20].
Figure 2-1 [21] demonstrates the basic carbon structure of graphene and the

corresponding electron hybridization states The px or py elongation is called A bonding

bonds have 120° between them and as a consequence graphene forms a hexagoral
structure. The A bond is a strong covalent bond leading to excellent mechanical stiffness
in graphene. According to the Pauli Exclusion Principle, each energy state can be fill ed
with two electrons with opposite spin, sothe A bond is filled with two electrons while

the A” bond is empty [19].

7t bonds

P:

Figure 2-1Z bonding and  bonding in graphene cell for carbon atoms.

As discussed in ref.[23], the unit cell in graphene has two atoms, A and B. Figure
2-2 (a) shows the real space crystal structure; and a and a2 can be denoted as the basis

vector; Ap  phio A and Ap piVio A in which A is the lattice constant of ¢& ®
16



[24]. Due to its hexagonal structure, the reciprocal spacerepresentation shown in Figure
2-2(b), also possesses dexagonal structure, where b: and bz are the vectors used in

reciprocal space.Using the conversion A QA ¢ A we have

b ‘ ‘ T — N — / h E tl 2_
H H H h_l/l o N h quation 2-1
and "H H H h= o A h Equation 2-2
7 M H 4

Thus the magnitude of each reciprocal lattice vector is

eHs eHs — — - ~ Equation 2-3

Figure 2-2 Graphene lattice (a) real space, (b) Reciprocal space

The first Brillioum zone is shown in Figure 2-3 (a) identifying the points T
@EI OUI UAOwO wah®M &0 z20ud B)QuUDP MHeroradisinOizU E x T ur@1 z U w
cell A (the pink atom) and B (the blue atom) are shown in Figure 2-3 (b). In tight
bonding theory, only the nearest neighbor atoms that are within the lattice constant A
in the primitive unit cell contribute to the energy band [25], so the vectors indicate the
electron hopping direction from A to B (blue vectors) as well as from B to A (pink

vectors). The two triangles represent the sublattice in graphene.
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Following the general procedure for calculating energy bands using tight
bonding theory , the Hamiltonian for atom A is
5 P WB:|=B4||-*=':E|II =B, 45v, » 4P Equation 2-4

+1 Oz UwEI i POl wUPOwI BRxUI UUDPOOUOG w
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between the nearest neighbor carbon atoms;which is also the carbon-carbon orbital

\B/AIA\B/
|

p ~ . e 4
B | | B

Figure 2-3 First Brillium zone in graphene.

interaction energy.

k' M k

From this, the energy relationship in graphene can be denoted as
+H B+ H 3B

where? is the energy overlap integral between nearest neighbors. In the tight

b 7 H B

Equation 2-5

bonding model, the “ bonding can be derived as

 — ¥
o o 48T BT o BT T Equation 26
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& U E x | 1E&Iiretatibnship is shown in Figure 2-4. We can see that the valence

band and conduction band are in contact at both k and Oz w x OdJA H®KOWInt, the

w Z

graphene energy isO - which suggests that the antibonding “ " and the bonding “

statestouch at the K point and form ing a zero-gap semiconductor or as a zero-Density of

States (DOS) metal2q].

Figure 2-4 The energy structure of graphene.

2.2 Electronic P ropert ies and Doping

& UE x 1 llif@ar £4 relationship lead s to zero effective mass for both electrons
and holes [27]. The carriers in graphene are, in essence relativistic particles such as

photons and follow the Dirac equation rather than Schrodinger equations. For a bulk

19



b

material, the carriers inside can be described as( ci ® wherel ®is the effective

mass of the carriers; and massless Dirac particlesin graphene follows equation as

(6 AD, while A is the Pauli Matrix. The energy linear dispersion relation at K point is

described as % B 26 B 96 E E ,6 is the k-point electron velocity:

6 [ —r pm ¥920.

o] o}

2.2.1 Gap Formation in Graphene

With some perturbation or symmetry break, an energy band gap can be induced
in graphene. Suchfactors includ e inequivalent atom s A and B in the unit cell, such as in
boron nitride (BN). Interlayer interactions will induce symmetry breaks in multilayer
graphene or graphene and the supporting substrate such as epitaxial growth . In
addition, an extemal electric field will open a gap in bilayer graphene [28]. Finally, edge
states inextremely narrow graphene nano-ribbons can produce an erergy band gap [29].

Under such condition s, the Hamiltonian is

y e
T, 0%

b Equation 2-7

Ko —.

€17 P on
and the resulting energy band dispersion relationship change is

i Y ofeds Equation 2-8

with a band gap equal to ¢Y. With the introduction of a band gap in graphene,

v

the carriers have an effective massi © Y 6 [30.
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2.2.2 Transportin Graphene and Contact Resistance

# U1l wOOwl uvivximénéidna praperties , the electrons in graphene possess
very long mean free paths in the micrometer range [30]. Graphene exhibits high material
quality and ballistic transport at submicron distances [31]. An electron mobility as high
as 200,000 criV-1st at a current density of 2 x10' cm™ was reported for suspended single
layer graphene [32].

& U E x T 1 n@nimurd aonductivity of TA g occurs when the carrier (electrons
and holes) concentration in graphene is zero, that is, the Fermi energy is at the Dirac
point. A linear dependence of the conductivity on the carrier concentrations is observed

at low carrier density range ( { Aji A even at high doping concentration .

2.2.3 Noise in Graphene

There are three majorsources ofnoise in semiconductor s: thermal noise (Johnson
noise, or Nyquist noise), low frequency noise, and shot noise.

Thermal noise results from the thermal fluctuation s of carriers in conductors, and
has no dependence on applied voltage or frequency. The root mean square (RMS)
voltage due to thermal noise U is ¥ 1TQ"Y'YQover bandwidth Y'QwhereQ is the
of the resistor and due to the high conductivity of graphene, low thermal noise is

guaranteed in graphene[20].
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Shot noise originates from electrical charge variations, and it is related to the
applied voltage [34]. L. Dicalo et al. studied shot noise in graphene [35] and suggested
that graphene has relatively low shot noise due to its good crystal quality.

The third importa nt noise source is flicker or 1/f noise that is inversely
proportional to frequency. The origination of 1/f noise is believed to be fluctuation s in
carrier density and mobility. It has beenreported that bilayer graphene [36] shows
strong noise suppression and that the external impurity charge s on graphene can
effectively screen charge fluctuations and reduce graphene noise level.

3TTwxT1 0001 OOOOT PEE Owd' O®D 1T Tug *$Edn@Rpbdt U w w
indicator of OE U1 UfizlEe®rgoiseuwhich are found to be in the 107 ~ 108 in few layer
graphene and monolayer graphene device at room temperature and even on substrates
[37]. This value is among the lowest known for metal or semiconductor nanostructures.
The extremely low noise level in graphene is attributed to the strong charge screening in

graphene [3§].

2.2.4 Strain Effects on Graphene

Due to its two-dimensional nature, graphene is a soft membrane and is
vulnerable to distortion s which can be caused by thermal fluctuations or interactions
with a substrate, scaffold or adsorbates[39]. Distortion occurs due to the change of the
distance and relative angles between carbon atoms. Threedimensional materials are

immune from this kind of distortion.
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The bending of a graphene sheet is demonstrated in Figure 2-5. Due to bending,
electrons in graphene are subject to a potential change ofw i @ | "I ,where
| p @V is a constant depending on mesoscopic details [30]. This means that
carriers in graphene are scattered by ripples and therefore dependent on the curvature

of the local bending.

2O

QY /—\
d

Figure 2-5Bending graphene effect on electronic properties
2.2.5 Graphene Material Synthesis

There are four primary synthesis methods which are widely used to produce
graphene: mechanical exfoliation (ME), high-temperature annealing of SiC, chemical
vapor deposition (CVD) growth on metal, and chemical reduction of graphene oxide
(GO).

Mechanical exfoliation was the first method used to successfully produce

graphene [18]. A tape is used to peel off layers from highly ordered pyrolytic g raphite
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(HOPG). Almost at the same time of the initial ME demonstration, De Heer and
coworkers demonstrated that SiC thermally decompo ses when heated at extremely high
temperatures [40]. The siicon evaporates and leaving carbon layers on the surface,
which can rearrange forming graphene. Finally chemical vapor deposition (CVD) can be
used to deposit graphene on Ni [41], Cu [42] or other metal substrates. One can also
thermally or chemically reduce graphene from GO. It is important to find a high quality,
low cost and large area material synthesis methods and different methods are best
suited for different application s which we will discuss in detail in the following chapter .
Graphite Oxide (GO) is widely used and is produced by oxidizing pure graphite
powder with subsequent sonication, following the well -known Hummers method [43].
The produced GO can be spin coated or cast on arbitrary substrates to form a large and
continuous film which is easy and low cost. However, pure GO is electrically insulating
with a high concentration of oxygen defects sites creating sp® bonding. Therefore, a
process to restore graphene electricalcharacteristic is required. Basically, there are two
different methods to reduce graphene oxide to graphene: one is a chemically reduction
method using hydrazine, and the other is thermal reduction at low temperature in argon
flow. It is worthy to note that none of these two meti OEUWEEQuwi UOO0a wUI UUOUI
electrical properties and oxygen will remain in the reduced GO film, at a ratio of carbon
to oxygen of approximately 10:1 [44]. With different reduction processes reduced GO

sensor performance varies due to different functional group s left after reduction.
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2.3 The Optical Properties of Graphene

In addition to its extraordinary electrical properties, graphene has unique optical
properties. Its electronic properties produce an unexpectedly high opacity for an atomic
monolayer of graphene. It is predicted to absorb A | ¢& P( is the fine-structure
constant) of white light [45] in theory, wh ich has also been confirmed experimentally
[46]. Graphene has been exploited asa transparent conductor for solar cells [47], liquid
crystal displays (LCD) [48], and light emitting diodes [49, 50]. Some studies also show
that graphene maintains transparency over the UV range comparable to Indium tin
oxide (ITO), a widely -used transparent electrode in optoelectronics; and is therefore
favorable for implementation into ultra violet LEDs [51, 52]. It has also been
demonstrated that graphene exhibits strong fluorescence quenching which is favorable

for bio sensing [53-55].

2.3.1 Phonons in Graphene

Since there are two atoms in each unit cell in graphene, and therefore six
branches of phonons, as shown in Figure 2-6 [56]: three acoustic branches and three
optical phonon branches. Both acoustic phonon modes and optical phonon modes have
one longitudinal mode (LA and LO) and two transverse modes (TA and TO). All the
longitudinal modes are in -plane (iLO and iLA). The transverse phonon modes they

include in-plane (iTA and iTO) and out -of-plane (0TA and oTO) vibrations. Based on
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group theory selection rule s, not all the phonon branches are involved in light -graphene

interactions; we discuss this next in describing the Raman spectrum.
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Figure 2-6 [56] Phonon branches in graphene
2.3.2 Light -Matter Interaction s in Graphene

When light is incident on matter, part of the light will be transmitted, and the
remaining photons will interact with the material through processes including
adsorption, reflection, refraction (light scattering) and light emission [57]. The
vibrational energy states of the material and the incident light energy determine the
degree of the processes interaction since different energy phonons will stimulate
different optical transition sinside the material.

Depending on the incident photon energy, adsorption and light scattering
mechanisms differ and we will review them following ref. [57].

I.  High energy adsorption
Whentheincoming photorenergyis larger than the energy bagapof a

semiconductor, electreimole pairs are created due to photon adsorption. The
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adsorption coefficient inormally around 1&m™. If the photon energy islightly
smaller (10° to 10" eV) thanthe bandap, an exciton may bereatedwith an
adsorption cl6en*toil@dénénartge. ( U) of

When impurity leved are presentin the bandgap, photon adsorption
associatedvith valerce band to donor or acceptor to conduction baagt occur
with Uless than 10 cth
Free carrieadsorption

Free carriecconcentrations are high metak and doped semiconducspr
and they can adsorb photon eneoygr a range of energié®m 1eV to 10meV.
Whenthe photon energy is smaller thdme valence band tacceptor or donor to
conductiorbandenergies free carrier adsorption dominants the light adsorption
process withJaround2cm™.

With higher energy photon injectidd0™ to 10° eV), the electrons ithe
solid canrespond witha harmonic collective excitatioor plasmon. With a much
higher energy(1i 10 eV) photon injection, electrons ithe material are able to
escapand are emitted to vacuum level
Optical Phonons

When the igident photon energys in the range ob0meV to 0.2eV,
photorrphonon interaction or photonrelectronphonon interactiosm can occur

with rich phenomena.
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(b)

./(d) ./(e)

~— ‘
I =
Figure 2-7 (a) vibrational modes in material and (b) ¢ (e) energy modes in
material [57].

Figure 2-7 shows common photon-electron/phonon interactions while Figure 2-7
(a) shows the vibration modes and (b) to (e) shows the enegy band structure.

(a) IR adsorptionif the incident photon energy matches the phonon creation energy
thenthedirect adsorption o& photon by eitheanacoustic or optical phonorac
occur. The process is shownHRigure2-7 (a).

(b) Non-Radiative Decayln a gapless systerfor metak and grapheneincident
photors can excite electrafrom the valence band tdéhe conduction band and
generatean electronhole pair. Electrors and hols will decay to th@ ground

stateggeneratingseveral phonon modes witht any radiation
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(c) Photoluminescencd:or systens with energy bangaps, photeexcited electron
hole pais will thermalize creating phonons and theét recombineemitting light
asshown inFigure2-7 (c).

(d) RayleighScatteringit is the elastic scattering of incident phaavith electrons
in virtual states. The incoming and outgoipigotons have the same energy with
opposite momentum.

(e) InelasticScattering It includes an electreacoustic phonon interaot (Brillouin
scattering) and electremptical phonon interaction (Raman scattering). Brilloin
scattering generally occurs at low energy region of an optical phenomena and
special equipment is needed to filter the Rayleigh scattering.

() Raman ScatteringAs demonstrated ifrigure2-7 (e), one electron is excited into
higherenergy virtual states and then scatters with one or more phonons (the small
arrow), finally emiting another photon with different frequencyhis isRaman
scattering if optical phon@areinvolved in.The Raman spectrum is the scattered

light intensityas a function of photon wavenumber.
2.3.3 Raman Scattering in Graphene

Raman scattering is used extensively to characterize graphene.There are three
important phonon scattering peaks in graphene. For first order Raman scattering

involving only one phonon is involved, due to the requirement of momentum

consavation, the momentum of phonon B 1. Only the optical phonon with zero
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momentum can participate with a frequency around 1600 cm. This peak is calledthe G
peak and is observable in all carborntbased materials.

If more than one phonon is involved in the Raman scattering pro cess, than the
b Tmrequirementis loosenedto 0 p 0 ¢ T The two atoms in the unit cell of graphene
lead to two Dirac cones present in the Brillouin Zone. If the electrons excite/decay in the
same side, it is called inter-valley transition; while it is intra -valley transition with
electron excite/decay in different side. According to group theory selection rules, second
order Raman scattering will yield the ?2D? peak with wave number around 2700 cm-tin
graphene. The 2D peak is actually resonant scattering in which the incident photon
energy coincides with the real energy band. Therefore it is sensitive to Er change in
graphene, as a result ofdoping and other effects.

If disorder is present in the material, the zero momentum requirement can also
be broken since defects in material will provide another energy level to change phonon
momentum O1 EEDPOT w U O aihe Hpeak it BoOobservable in defect free carbon

material.

2.4 Graphene based Gas Sensor

Due to its two-dimensional nature, graphene has amaximum 100% surface to
volume ratio and is highly suitable for sensors based on surface interactions such asgas
sensors In addition, due to its low density of defect statesand metallic conductivity,

graphene has small 1/f noise and low John®n noise. Its low noise and high mobility
30



together lead to high signal-to-noise ratio (SNR) which is critical for the Ul OUOUz Uw
detection limit. In addition, 2 D materials can screen charge fluctuations better than 1D

materials like carbon nanotubes (CNT) [5§]. Finally, compared with a CNT-based gas

sensor, gUE x T 1 Ol z Uw x €&Fe@ablesuHallUpatidrg abrication and four probe
measurements, limiting the contact resistance impact and help to focus on only sensitive

active area.

2.4.1 Graphene -based Gas Se n s o Pesfa@mance O verview

Schedin et al. [59] demonstrate the first graphene-based gas sensordetecting
NO2, H20, CO and NHs. The graphene was produced using mechanical exfoliation and
was fabricated on a SiOz substratewith a back gate. Due to the observed conductance
changes, their results suggest that NO:z as well as H0O are acceptors, and CO together
with NH 3 are donors in graphene. Upon exposure to gas molecules, the carrier density
in graphene changed while the mobility was independent of molecular adsorption. The
authors monitor ed the Hall resistivity A and mobility t during dilute NO-:2 adsorption
and desorption. They observed steps rather than smooth curves in
adsorption/desorption time dependent conductivity changes and claimed that the
guantized response corresponds to individual NO 2 gas molecule detection. The
optimized condition s for them to observe individual gas molecules adsorption or
desorption includ ed: 1) vacuum annealing to tune the Ul OUOUz Uw EEEOw T EUI

neutrality p oint to be close to zero; 2)the use of few-layer graphene (3-5 layers) instead
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of single layer graphene to reduce the contact resistanceto approximately p mmg and 3)
high current sourcing to suppress Johnson noise.
Following this first demonstration of a graphene gas sensor, there arenumerous
reports of sensors based on different device implementations.
Koetal[60 Ul xI EUI Ew2ET 1 EPOwl OwWwEO8z UwuwsitgUOw b b UI
mechanical exfoliation and a more simple two-terminal device structure instead of the
Hall structure used in [59]. This device had a thickness of 3.5nm to 5 nm corresponding
to 7-10 layers of graphene. They observed similar acceptor behavior to [59] when this
thicker graphene two -terminal device was exposed to higher NO:zconcentrations of 1%
at room temperature. However, this sample showed relatively low detection limit
compared Schedin etE O 8 z U w brad)ad indoi®dteta recovery process due to lack of
vacuum during testing .
Jesse D Fowler et al[61] used chemically derived graphene from GO to produce
alarge area(1cm) graphene sensor with four probe interdigitated metal electrode s. They
Ul UUI E wUdrdspotsé tONOS, MK s and 2,4-dintrotoluene (DNT). An [-V (current -
voltage) measurement in both N2 and dilute 5 ppm NO 2, showed good ohmic contacts
for both measurementsin air and in an NO2 environment. It is suggested that the contact
Ul UDUUEOGEIT wEOI UOz Uwx OE a wiasedNDb oriihgRike Eodhe dour O 01 wbd O u
probe measurements, and that the charge transfer is the major contribution. They also

measured the reduced GO response to dilute 5ppm NO: at various temperatures from
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21°C to 149°C. With increasing temperature, a smaller but faster response can be
observed with 7% resistancechange (sensitivity) at 149°C compared to 27% resistance
change at room temperature. Also, measurement taken at 149°C show full recovery

upon exposure to N2. The desorption energy calculated from the initial response slope at
various temperatures was 5.7 kcal/mol (250meV) which is much larger than the

theoretically calculated NO: adsorption energy on pure graphene at 67meV
(1.5kcal/mol) [62]. The axidation processinduces residual oxygen defects, carboxylates
or epoxides that can contribute to the larger adsorption energy leading to a higher

desorption energy.

Robinson et al. [44] also studied reduced GO sensors and observed a two
component response upon exposure to dilute NO 2: a rapid response and a slow
response In order to determine the phenomenon leading to each response component
they tried to control the degree of reduction of the graphene with controlled chemical
reduction time. They observed that with increased reducing time, associated with fewer
oxygen-related functional groups, a larger fast-response component and smaller slow-
responsewere obtained. They concluded that the rapid response is related to molecular
interaction s with low -energy binding site s in graphene such as the sp-bonded carbon;
whereas the slow response resuled from molecular adsorption at high-binding energy

sites such as vacancies, stuctural defects, and remaining oxygen functional group s.
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performed a 1/f noise measurement of rGO and CNT films to understand how the
reduction time impact ed sensing. The measurements $ow that rGO has 1/f noise 10
orders of magnitude smaller than comparable CNT devices. Thus rGO can be used for
higher SNR achieving a noticeably enhanced detection limit compared with CNT film.
Also, the noise level reduced with thicker graphene film .

With the thermal reduction of GO method applied by Lu et al. [63], extra
nitrogen groups induced by chemical reduction are removed. Lu et al. did not observe
the same two component response after a 200°C thermal anneal in argon. By
characterizing the back gate transferperformance, they determined that the GO device is
p-type doped. NO: is a strong electron withdrawing molecul e so after NO2 adsorption
electrons are extracted from graphene to NO 2. The graphene is initially p -type doped,
with more holes presented after NO 2 adsorption, and then the conductance isincreased.

Table 1 summarizes the performance of graphene gas sensorsfor a variety of

analytes.
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Table 1 Comparison of sensor performance parameters based on different graphene material synthesis techniques

Detection Sensor material Gases or Vapor | Detection Limit Sensitivity Response | Recovery | Ref.
Mode Detected Time Time
H20,NH s,nonanal, Photoresist dependent [64]
octanoic acid, <<5 ppm for nonanal
. . trimethylamine without resist;
Mechanical Exfoliated . .
Graphene > 30ppm with resist
NO2, NHs, H20, CO, | ~1ppb [59]
Conduc- ethanol
tance NO: 100ppm 14% @100ppm | ~70 100s ~200 300s | [60]
NO:2 500ppb 10%@18ppm 50 100s 150 200s [65]
Epitaxial Graphene NO2 2.5ppm 0.005@50ppm ~1h ~23h [66]
Ozone-treated graphene NO2 200ppb 19.7% @200ppm | ~12 15 min ~2530min | [67]
Pd- graphene nanoribbon | H2 40ppm 55%@40ppm ~10 30s ~few min [68]
Thermal-reduced GO NO2 2ppm 1.56@ 100ppm 15 min 25 min [63]
HCN, CEES, 70ppb, 0.599b, 5 ppb, [44]
. DMMP, DTN 0.1ppb
Chemically-reduced GO "0 NH 72,4DTN | 5ppm NO2and NH - [61]
28 ppb DNT
Reduced GO H20 0.1 Torr of H20 Vapor [69]
CVD graphene NH 3 65ppm 3.8%@65ppm ~9 14min ~7 12 min [70]
Field Effect Chemically reduced GO Ethanol 16.5%@ ethanol | ~5 10s ~30 40s [71
Transistor vapor
Thermally reduced GO NO2, NH3 2 ppm, 1% 1.41%@2ppm, ~ 15 min ~ 30 min [72]
22.2@1%
Surface Hydrazine reduced FO H2, CO 600ppm H2, 125ppm 1.7kHz (H2), ~min ~min [73]
Acoustic Wave CcOo 7kHz(CO)

(SAW)




2.4.2 Gas Sensing Mechanism s

In order to improve the performance of gas sensos, it is crucial to understand
the underlying sensing mechanism. Although the well -studied CNT gas sensor system
has made tremendous progress in performance sincethe initial work by Kong et al. [74],
the fundamental sensing mechanism still remains unclear. Several mechanisms have
been proposed. Kong et al. suggested that NOz has an adsorption energy% 1@ A én
the CNT surface and 0.1 electrors transfer from the tube to each NO2 molecule based on
density function theory (DFT) [74]. However, there is no binding affinity between NH s
molecules and CNTs. They proposed that the indirect bonding between NH s and the
hydroxyl group on the SiO 2 substrate partially neutralizes the negatively charged-
groups at the interface between CNT and SiO: and changes the CNT conductance
accordingly. Pan et al. use anab initio study to show that the hydroxyl groups adsorbed
on SWCNT can dramatically change the electronic properties of semiconducting
SWCNTs [75]. The pre-adsorbed water on SiO: could be an important factor in the
graphene/SiO./Si system. Levesqueet al. observed an significant change in the Dirac
point shift with pre -adsorbed water at the interface between graphene and SiQ which
affected the gas sensor response correspondingly[76].

As for graphene, when a gas molecule is adsorbed on the surface, the
Hamiltonian of the graphene atoms changesas well as the density of states. Both

Leenaerts[62] and Wehling [77] used DFT to simulate the impact of gas adsorbates on
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resulting charge transfer is calculated using Hirshfeld charge analysis. Leenaerts
suggested that for a strongly polarized molecule such NOz, the LUMO is located 0.3eV
below the Dirac point. By taking the orbital mixture into account, the induced charge
transfer per-molecule is 0.039¢ to graphene.
Imani et al. [78] applied Maximally Localized Wannier function to  specifying the
orientation of adsorbed gas molecules on grapheneas either parallel or perpendicular to
the surface with a constant angle between atoms inthe molecule as in the isolated cases
of NO and NO 2 With optimized orientations of gas adsorbates they derive the same
conclusion: NO:z serves as an acceptor and NO serves as a donor. Also, graphene shows

a larger binding energy and higher sensitivity towards NO2compared with NO.

2.4.3 Increasing Sensor Sensitivity and Selectivity

There are several methods proposed to functionize graphene to improve the
sensorg sensitivity and selectivity. In order for graphene -based gas sensas to respond
to a target gas molecular, two steps are required: 1) the gas molecule must adsorb
graphene, 2)and the molecule must vague with the surface to modify conductivity .

Zhang et al. [79 proposed to increase graphenez Wensitivity by introducing
dopants and defects and studied this using first principle simulation s. Their simulation s
compute the adsorption energy of small gas molecules on graphene, that is: %

% % % , where % , % and
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% are the total energies of the gas molecule on graphene, graphene andthe
molecule separately. While higher adsorption energy indicates a higher density of
molecules on the surface, itdoes not necessary lead to a higher sensitivity. According to
their calculation, NO 2, NHs, CO and NHs, all have higher adsorption energy on p -type
graphene (doping by B), n-type graphene (doping by N) and defective graphene in
comparison to pristine graphene. All of the four gas molecules on pristine graphene
have relatively small adsorption energies (-0.2eV range) and little charge transfer,
indicating that pristine graphene is not suitable for many gas sensor applications and
some modification of the graphene is needed for practical sensos implementation s.
Two-terminal current vs. voltage measurements show that NO 2 on p-type graphene and
NH s on p-type graphene show significant increases (two orders of magnitude) in the

current at the same voltage. Similarly, Ao et al. [80] suggest that CO detection can be
enhancedwith Al-doped graphene due to stronger chemisorption bonds.

Huang et al. [8]] investigated the impact of edge stateson a graphene nanc
ribbon (GNR)-based gas sensor. Danglingbond defects can form covalent bond s with
confirmed that CO, NO 2, Oz and CO: have electron-withdrawing propert ies and NH s
serves as electrondonating molecule with 10 atom width GNR . Different gas molecules
will induce di fferent effect. The simulation results indicate a strong binding energy

between NO: and dangling bonds at the edge states of the GNR NO:2 adsorption leads
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to fully -occupied, non-localized states which are strongly hybridized with the b ulk
states. This hybridization will pin the Fermi energy at the valence band but will not
change the band structure of graphene. On the other hand, CO2 or Oz adsorption will
contribute to localized states near the valence band, and, as a result, will not lead to a
significant electron conductivity change. CO and NO adsorption will induce impurity
states in the band gap andwill decrease the energy band. It is worth noting that NH s
will create unoccupied local states in the conduction band of graphene, greatly
enhancing the GNRz tbnductivity.

Following theoretical simulation results, some experimental data has been
reported as well. Dan et al. [64] fabricated a two-terminal graphene sensor using
mechanically-exfoliated graphene and E-beam lithography. They annealed this
graphene sensor in an H2/Ar2 mixture at 400°C for 1 hour to completely remove the
PMMA residue induced resulting from the device fabrication process and confirmed
contaminantion removal after annealing with AFM measurement s. They compared the
gas sensor response to Nonanalvapor before and after annealing. It was surprising to
them that the sensois sensitivity was decreased after thorough cleaning They also
found that the clean graphene devices shoved very little conductivity change upon
exposure to NH s concentration < 300ppm.

Defects can also bean important E1 Ul UOD OE O U w éehsitivityd EhwrigetO1 z U w

al. [67] used ozone to create defectsto enhance the sensitivity to NO 2. They used
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graphene grown by CVD and subsequently transfered to SiO: for sensor fabrication. The
sensors were then treated by ultraviolet (UV) lamp irradiation at 254 nm and 20mwW/cmne
for various times. The Raman spectrum showed a reduction of the G/D ratio by a factor
of 30 and the sheet resistance increasedby 800 ohm/sq after a 90 second ozone
treatment, suggesting an enhanced defectdensity in the graphene. By varying the ozone
treatment time, they observed both an enhanced sensitivity and improved response
time, which peaked with a 70s treatment. The introduction of defect states will introduce
two competing factors: 1) defects states provide higher adsorption energies for NO 2

molecules and are therefore favorable for sensitivity and 2) defect states increase sheet

resistance and will degrade sensitivity (3 ——). Soa trade-off exists in introducing

defects.

Similarly, Hajati et al. [82] irradiated graphene with 30keV Ga* ions in an
FIB/SEM vacuum chamber tointroduce controllable point defects by controlling the ion
beam treatment time. Stone-Wales defects or other vacancy defectsare formed after
sputtered carbon atom redeposition. They tried two successive irradiation cycles and
characterized the graphene using Raman spectroscopy and NO: response. Similar to
ChuO1 z[&Twresult, the Raman spectrum showed decreasing G/D ratio after ion
irradiation , and the gas sensor response showd an improved sensitivity of a factor of
three and a faster response timewith 172 secondreduction after the first ion irradiation

cycle. The performance was degraded after the second ion irradiation cycle. They further
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investigated NO:2 gas adsorption on both pristine and irradiated graphene under the
assumption that the modified conductivity of graphene sensor is directly related to NO:
molecule surface coverage. Their modeling suggests that with the higher binding energy
of irradiated graphene, the recovery time constant is decreasedcompared with pristine
graphene which is also congstentt with their experimental results.

Finally, research on the introdu ction of larger size (hm range) defect created with
patterning and subsequent Oz plasma etching has been explored Paul et al.[83] used a
simple reactive ion etching-modified polystyrene - nanosphere lithography method to
produce a graphene nano-mesh with 20nm as the neck width. The material used in this
work was ethanolbased CVD-grown graphene with p -type doping transferred to
SiO2/Si substrate. The bn/lor ratio of the sensorincreased to 6 after nanomeshformation .
In addition, the graphene nano-mesh exhibited 6% sensitivity towards 1ppm NO o,
compared to no response for the continuous graphene film. They also reported a
detection limit of NO 2 and NH s of 15 and 160 ppb respectively; which is comparable to

SWNT detection limit of 44ppb to NO 2[84] and 262 ppb to NH3[85] for pristine material.

2.4.4 Molecular Functionization and Sensor Selectivity

Selectivity is another crucial requirement for many practical gas sensor
application s. Pattern recognition can be used in some cases eliminating the need for
molecular functionization . For example, since N& and NHs serve as acceptos and

donors, respectively, for graphene, thus in an environment where the amount of either
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NO: or NH s present is known , we can recognize the target gas byU T 1 w U 1in®réaGingz U w
or reducing conductivity with gas flow. There are only a few reports on graphene gas
Ul OUOUz U wddat®[i7a-88-80y.D U a w

Gautam et al. [7Q] discussed the crosssensitivity problem which is common for
conductance-based graphene gas sensos. Their results indicate that graphene can
maintain its sensitivity to ppm NH s with H 2 as the background gas, and its selectivity
between H2/CH 4 is promising. However, with the p resence of CH: in NH s detection, no
significant sensitivity degradation is observed.

There is also another experiment reporting on selective gas sensingusing pristine
graphene with different low frequency noise pattern s by Pumyantsev et al. [86]. They
used the mechanical exfoliation method to produce graphene and a standard process to
fabricate a two-terminal resistor. Since the change in conductivity and noise are not
always correlated, upon target gas exposure, they combined the resistance change for
sensitivity determination and the low frequency noise amplitude enabling pattern
recognition for improved selectivity. According to their measure ments, some gas
molecules such as Toluene and Methylene Chloride change the conductivity of graphene
while maintain ing the noise spectrum. Other gas molecules modify both the resistance
and noise pattern simultaneously upon exposure including Ethanol, Meth anol,

Tetrahydrofuran, Chloroform and Acetonitrile. It is worth to noticing that individual gas
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adsorbate will change the noise pattern differently which is favorable for selectivity
improvement.

Another method to improve graphene sensor selectivity is to incorporate metal
nanostructures. Chung et al. [87] used thermally -deposited palladium nanoparticles
(NPs) on CVD-grown graphene transferred to Polyethylene terephthalate (PET)
substrates to form a flexible hydrogen sensor. With 3nm -thick Pd NPs on graphene, the
sensitivity to 1000ppm H:2 peaks at 33%, while pristine graphene almost shows no
response to He.

Albert Gutes et al. [88] used copper substrates which is the catalyst for graphene
CVD growth as a reducing agent to produce gold, platinum or palladium NPs on
graphene. They then transferred these graphene/NPs composites to pre-patterned Au
electrodes ona SiO2/Si substrate. They demonstrate a fast but irreversible slow recovery
with graphene sensor decorated with Au NPs. Deng et al. [89] used reduced graphene
oxide (rGO) conjugated Cu:0 nanowire composite for high -performance NO: gas

Sensor.

2.5 Graphene Flexible Gas Sensor

Flexible devices replace the semiconductor substrate with plastic or a steel roll as
a support. The fabrication processes for thin-film transistors are well established,
however, there are several problems relating to the use offlexible substrates. First of all,

the entire process is limited by the temperature that a flexible substrate can withstand,
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for example, a maximum at 200°C for plastic substrates. Several different approaches

have been explored including amorphous silicon [90], low temperature polycrystall ine

silicon (LTPS)[91] and organic FET (OFET) [92] in order to fulfill the low processing

temperature requirement. However, low -temperature synthesis materials typically

possess highE1l I 1 EOwWET OUPUDPT UWEOQEwWI ROUT 01 GawOOPwWEEUU
counterparts, the CNT, appears to be one of the most promising materials for flexible

electronics. Takenobu et al. [93] reported a transparent flexible transistor based on

carbon nanotubes. They achieved a mobility of 0.5 cn#/V-s and an on/off current ratio of

~ 10. Cao et al.[94] demonstrated the first prototype of CNT -based integrated circuits

on flexible plastic substrates with mobilities as high as 80 cm?#/Vs.

Table 2 Characteristic comparison among different material based flexible

devices.
Mobility( Bending Temperature lon/loff Off current(A)
cm2/V-s) | radii(mm) (C)
OFET[92 0.12 ~ Room 107 ~
temperature
Amorphous 0.8 ~ 75 1 109
Si[90]
Poly Si[91] 30 ~ 150 10 ~
CNT [93 0.5 7.5 180 10 101
Graphene [4]] 3700 2.7 Room ~ ~
temperature
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As for graphene, it is mechanically flexible and possesses extremely high
mobility. Table 2shows a comparison between graphene and other materials, from
which we may see that graphene has extraordinary mobility, compared other materials.
For flexible sensors, it is not only important to have high mobility but also to
maintain the required application -specific sensitivity. There are several reports on
carbon nanotube-based flexible gas sensord95-97]. Graphene-based flexible gas sensors
are being rapidly developed and are based on various material synthesis methods. A
general comparison is listed in Table 3.
Jeong et al.[98] demonstrated a hybrid film of CNT and reduced graphene as a
flexible NO2 T EUw Ul OUOUOwW EaAaw UEODPOT wUT 1T wEEYEOQUETT wo
Graphene is used as the flexible substrate supporting CNTs and serves as the electrical
connection between the CNT and the Au electrode since it is still hard to directly grown
vertically -aligned CNT on a flexible platform. This hybrid film demonstrated
significantly higher sensitivity compared with a n U&. w i DPOOSw 61T BDOIT w Ul 1 u
sensitivity peaks at 200°C, the recovery rate increases with increasing temperature in the
flat state. Subsequent bending tests at room temperature showed that this flexible sen®r
has comparable NOz2gas sensing response under extreme bending states (15mm bending
radius) compared with the flat conformation. However, this method requires prior
graphene oxide deposition on a SiO2/Si substrate and a thermal reduction at 600°C

followed by transfer to an Au/polymide flexible substrate. Because the prepared
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graphene oxide is an insulator, it is not a useful gas sensor, and a reduction is required

to produce conducting graphene. Since thermal reduction requires a high temperature of

600°C, it is not compatible with a flexible polymide flexible substrate.

Table 3 Chracterization comparison among different graphene based flexible
sensor system.

Reference Material Target | Sensitivity Limit of Maximum
molecule detection bending
radius(mm)
[99] CNT/reduced NO: 20% @ 15
graphene 10ppm
[99 Laser Scribe NO:
Graphene
[10Q Inkejet-printed NO:2 6% /10ppm 500ppb
reduced graphene
Oxide
[107 Inkejet-printed NH 3 6% @500pp
reduced graphene m
Oxide
[102 Graphene Foam NO:zand | 3%@20ppm
NH3 5%@20ppm

There are several otherreports using different GO reduction methods to fabricate

graphene-based flexible gas sensors. Strong et al[99] proposed using a laser scriber

technology which is compatible with  commercial CD/DVD s to produce a rGO flexible

gas sensor. This method can yieldrGO with a sheet resistance aroundof ¢ Tt/ Nwhich

is comparable with either thermal or chemical reduction method [63]. In addition , this

method can produce complex lithography patterns without extra steps with areain mm

range. This method enables direct rGO and Au electrode deposition on flexible




substrates with ease and low cost. NG sensor measuremens showed 10% sensitivity to
20ppm NO:zin dry air.

3D macroscopic graphene foans have been used to createa flexible gas sensor
[102. The basic processs to apply a scaffold of porous nickel f oam as the starting mask
and using CVD for graphene formation on the surface of the porous nickel foam.
Subsequently, the residual Ni is removed by chemical etching with either hot HCI or
FeCk. PMMA is spincoated on the graphene before etching serving asa protective layer.
After etching, a macroscopic graphene foam featuring sizes of 0.5mm can be obtained,
which means no substrate is required to support graphene. This graphene foam can be
directly mounted to electrodes. This sensor yielded 5% sensitivity to 20ppm NH 3 and 3%
for 20ppm NO 2, which is comparable with reported flexible reduced -graphene oxide
sensors. Another advantage of this graphene foam is that since the polymer substrate is
not required, the maximum heating temperature limitation during processing can be
removed. The authors also tried to apply current thorough this resistive graphene form
to create joule heating which is helpful for molecul ar desorption reducing the gas sensor
recovery. The sample was heated through a temperature range of 300450k under

vacuum showing almost complete (~100%)recovery after target gasesadsorption.
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3 Graphene Synthesis and Sensor Fabrication Applied

3.1 Comparison of Graphene Synthesis Methods

A controllable, cost-effective and uniform fabrication process for future flexible
graphene-based electronics is desired. There are numerous methods for synthesizing
graphene. Generally, there are four categories: mechanical exfoliation of atomic layers
from Highly Oriented Pyrolytic Graphite (HOPG), epitaxial growth on different
substrates, chemical vapor deposition (CVD) growth of graphene on metals, and
chemical reduction from Graphite Oxide (GO) as described in Chapter 23.5.

Three different methods were employed to produce graphene during this
research including mechanical exfoliation, CVD and epitaxial growth using SiC. | will
discuss the details associated with each method in this chapter. Table 4 is a general
comparison between the widely applied methods for graphene synthesis. From the
table, we can see that the mechanical exfoliation methods yield graphene with the
highest material quality based on crystallite size and mobility, but is limited to the
smallest areawith sample size less than 1 mm. Reduction from GO method produces
graphene films with largest possible areas but poorest material quality. CVD
synthesized graphene falls in between these methods inare and quality . Depending on
the application, different material synthesis methods will be used. Since our research is
to create gas sensos, we implement materials using mechanical exfoliation, CVD and

SiC methods.
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Table 4 Properties of graphene obtained by different methods, adopted from

[103
Method Crystallite | Sample sizg Charge carriel Applications
size |(mm) mobility  (at
ambient
temperature)
(cm2 VI
Mechanical | >1,000 <1 >2 x10° and >| Research
exfoliation 100 (at low
temperature)
Chemical ~100 Infinite as a | 1 (for alayer | Coatings, paint/ink,
exfoliation layer of of overlapping| composites, transparent
via overlapping | flakes) conductive layers, energy
graphene flakes storage, bioapplications
oxide
CvD 1,000 ~1,000 10,000 Photonics, nanoelectronics,
transparent conductive layers
sensors, hioapplications
SiC 50 100 10,000 High-frequency transistors an

other electronic devices

3.2 Mechanical Exfoliation

to Create Graphene

Graphene was first experimentally produced by exfoliating graphite layers [1§].

HOPG is one of the best sources for high material quality g raphene layers [104. By

continually using tweezers to peel layers off the bulk graphite crystal, monolayer or

several layers of grapheneare eventually obtained. The resulting crystal can beperfectly

free from defects [20]. By placing the graphene on top of SiO: with specific thicknesses

(300 nm or 100nm), it is possible to observe monolayer graphene with an optical

microscope due to SiOz UwUIl I Ol AP YT wbOEI R uw
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We exploited this method to produce material for our initial platform following
ref. [10€. A 100 nm SiO:z on a heavily -doped silicon substrate is cleaned with acetone,
IPA and methanol with ultrasonic for 5 minutes. The cleaned sanple is then heated to
1058 "fau5 min on the hot plate to remove any solvent residue. Our material source is
ZYA grade Highly Orientated Pyrolytic Graphite (HOPG) from SPI. 3M tape is gently
pressed on the HOPG and then peeled away. A new tape is then pressed onto the
previously peeled-off tape to mechanically exfoliate the graphite several times. This
peeling off process is continued until the first tape becomes transparent. At this point , a

beaker is placed on a hot plate upside down and heated for 90s athullY 8 " 0 w

—_—

clean Si&: sample is placed on the beaker, and the transparent tape with HOPG isplaced
on the SI: UE Ox O1 z U w g-ipUsi appleld dnuihe tape to create slight pressure to
the bond between the HOPG and the SiQ: surface. The tapeSiOz/beaker is heated on the
I OOwx OEUIT wi OU isphynieambveditertiltyieshot platé®t aool. The tapeon the
SiOzis not removed until they are cooled to room temperature.

The post-treatment substrate is then investigated under an optical micro scopeto
examine the attached sample Figure 3-1 shows an optical image of monolayer graphene.
Monolayer graphene and few-layers graphene can be differentiated under just the
optical microscope; however, when the thickness is a monolayer or bilayer, it is very
hard to differentiate between them. Therfore a Raman spectrum is needed after optical

microscope investigation , the result of which is shown in Figure 3-1 (b).
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Figure 3-1 (a) optical microscope image of monolayer graphene, (b) The Raman
data of monolayer, bilayer graphene and few layers graphite

As mentioned before, the Raman method allows a non-destructive identification
of numbers of graphene layers [107] andtl Ul | wx UPOEUawx]l EOQOUwWPOwUOT T wli

can be observed.2D peak is smaller compared with G peak in few-layers graphite but is
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approximately two times larger than G peak in monolayer graphene. We can use a

Lorentz distribution function to fit thi s peak and the fitting will yield only a single peak.

3.3 Growth on Copper

The mechanical exfoliation method is obviously not applicable for large -volume
industrial synthesis since it is time-consuming, and inefficient only creating small area
(10-100um?) of material. The CVD method for graphene synthesis overcomes some of
these weaknesseslt has been known for over 40 years thatthe CVD of hydrocarbons on
reactive nickel or transition -metal-carbide surfaces can produce thin graphitic layers
[108. Kim et al. flowed a gas mixture (Ch4:Hz:Ar = 50:65:200 standard cubic centimeters
per minute) over thin Ni film with thickness of less than 300nm o n silicon substrate in
the quartz tube under an argon atmosphere up to 1,000 °C[41]. With rapid cooling of the
samples to room temperature with flowing argon, several layers of graphene can be
grown on the Ni film. The material had a low sheet resistance of 280mper square, with
~80 percent optical transparency. They then used a dry-transfer process with PDMS to
transfer the graphene to an arbitrary substrate after etching the Ni away. After the
monolayer was transferred to the SiO: substrate, the material showed an electron
mobility greater than 3,700 cn®/V-S, which is comparable to that created using
mechanical exfoliation. They also tried to transfer the graphene to a polyethylene
Ul Ul xT UOT EOEUT wop/ $3AWUUVUEUVUUUEUT wpUi BEOOI UUOW a hy

UT DPEOOI UU Gan differgry ehdDg radii for compress and stretch stress
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measurement. The resistance showed little variation up to the bending radius of 2.3 mm
(approximately tensile stress of 6.5%) and can be perfectly recovered after unbending.
This proves that the graphene is a promising candidate for flexible electronics
application s

Some other attempts to produce graphene on other metal substrates have been
made. Li et al. tried to grow graphene directly on a copper surface by a surface
catalyzed process[42] . As shown in Figure 3-2, the solubility of carbon in copper is
relatively low (not exceeding 0.02%)even at high temperature compared to Ni. There is
no copper carbide as well. Since the process isself-limiting, a high ly uniform graphene
thin film can be produced. The film is predominantly single layer graphene with < 5% of
the areacontaining two - and three- layer graphene flakes. The temperature used in this
process isapproximately 1000°C.

There is much more subsequent researchon graphene synthesis. Wafer-scale
homogenous bilayer graphene can be made [109 and transferred to an arbitrary
substrate [11( such asSiO:z [42], poly(ethyleneterephthalate) (PET) or even rubber [42,
117. A number of investigators have explored transfer-free fabrication [112 113.
Levendorf et al. demonstrated a transfer-free graphene batch fabrication method based
on evaporated copper on SiQx. Their results suggest that the copper evaporated during
the growth process so a minimum of 500nm thickness of copper is needed for growth.

Using material produced by this technique, Cao et al. demonstrated the quantum Hall
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effect and weak localization in a device [114]. One of the most significant advantages of
the" 5#wil UOPUT woOl UT OEwPUwWwUT EQwUT T wl UExT T Ol woOEU]
substrate. Bae et al. demonstrated a roltto-roll process and produced a 3Ginch graphene

film on copper in 2010[115.

Figure 3-2 (a)The phase diagram of Cu-C, a really low solubility of carbon in
copper is observed, (b), the mechanism demonstration of graphene growth on copper.

In order to obtain device quality and uniform graphene, we need to understand
the growth mechanism. Gruneis et al. used time-dependent photoemission to reveal that
growth on Cu is a selflimiting process, i.e.the growth terminated when a monolayer of
graphene covered the metal suface[116. Li et al. used carbon isotope labeling to study
the evolution of graphene on Ni and Cu [117]. Their results suggest that graphene on Ni
is initiated by carbon mixing with Ni first, and then segregating and precipitating on the
Ni surface to form a graphene layer. However, growth on Cu is a linear process of
surface adsorption on the Cu surface. Wofford et al. showed the well -ordered graphene

growth is initiated at atemperature above ~790C on Cu [11§.
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University to work on the CVD graphene growth which is described below. A 25-um

thick Cu foil (Alfa Aesar, item N0.13382, 1cm X 1cm) is immersed in acetic acid (99.7%)

EUwt k 8 "miniité3 thwordey ta remove most of the copper oxid e [119. The cleaned

copper is dried using N2 and then quickly loaded into a 3-inch diameter quartz tube in

the CVD system. Argon is first flushed through the system and it is pumped down to 11

Torr base pressure with 150 sccm constant Hflow. The reaction tube is heated up to

by Y WeingaKY s " YOPOWUEOxwUxT 1 E6dw [ Ul UwUIl E§fod O1T wOT 1
5 minutes, 875 sccm of CH is added to initialize the growth while the pressure is

maintained at 11 Torr. The growth step is continued for 15 minutes and then followed
EAWEOOODPOT wEUwWI Y & amd O:Gawlsxnbt iteErinaied! lurdtiluthe tube is

EOOOI EwUOw! YY" dw3T I wFiguweBiBUUwbUwWET OOOUUUEUI Ewb
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Figure 3-3 The CVD growth of graphene on copper process.
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The sample is unloaded after argon purging of the system.Figure 3-4 shows (a) a
Raman spectrum and (b) an SEM image of graphene grown on copper. The Raman
spectrum has a comparable 2D peak to the G peak which suggests a monolayer

graphene is formed.
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Figure 3-4 Raman data for graphene on copper and SEM picture.

Since copper isconductive, we cannot directly use graphene grown on copper to
fabricate devices, so a process is needed to transfer graphene on coppeto a dielectric

substrate, such as SiOz. During the thermal oxide growth, an approximately 100 nm
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thick SiO: layer is also grown on the back side of the silicon substrate and is etched away
using BOE. A 5nm Cr and 100nm Au film is immediately deposit ed to protect the
backside silicon from being oxidized in air. The SiO2 substrate is ready for subsequent

treatment or graphene transfer after backside Cr/Au deposition.

PMMA spin coating

) Cu etch with FeCls
Transfer to SiO2

Device fabrication

graphene Cu foil

> mva A sio

Figure 3-5 Transfer graphene on copper to SiO .
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Figure 3-5 shows our process for transfer. PMMA is used to protect the graphene
and is spun on at 500rpm/5s followed by 2000rpm/30s. The PMMA is then cured at
180°C on hotplate for 3 min. Then the film is immersed in a FeCls solution. The foil will
float on the surface of the solution. After approximately 10 minutes, as the copper is
etched away, the PMMA/graphene is then transferred to SiO: substrate after rinsing
several times with DI water. The film dries overnight to remo ve the remaining moisture
and form a strong bond between the graphene and SiC. Finally the
PMMA/graphene/SiO 2 structure is dipped in Dichloromethane (DCM) for four hours to
thoroughly remove the PMMA.. Devices can then be fabricated.

After successfully transferring graphene to SiQ, it is important to characterize
the film to determine the impact of the process. Pinholes during transfer may occur. In
addition, it is impossible to completely remove the copper during FeCl s etching. An
optical microscope is used to identify holes, as shown in Figure 3-6 (a) and (c). Figure
3-6 (a) shows the image of a good transfer processwhile the graphene film in Figure 3-6
(c) shows holes and wrinkles suggesting poor transfer. We discovered that dark field
imaging EEQWET wOUI Ew0OwUx | E Pléamnésk Mghre :@X5) @rid Figutdi 1 wi D OC
3-6 (d) are the corresponding dark -field image s. We can see that the siwccessful graphene
transfer process not only yields continuous graphene films, it has minimal copper
residue encapsulated between the graphene and SiC: (Figure 3-6 (b)). Figure 3-6 (d)

shows that the poorer transfer has remaining copper contamination .
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Figure 3-6 images for graphene transferred to SiO2, good transfer results for (a)
bright field, (b) dark field , poor transfer results for (c) bright field, (d) dark field.

3.4 High Temperature Annealing of SiC to Produc e Graphene

Another method for producing graphene is the high temperature annealing of
SiC which can produce larger area graphene films, on anon-conductive substrate. De
Heer et al. first used graphitization of SiC substrateby heating substratesfrom 1250°C to
1450°C for 1-20 minutes [12( to generate graphene.

Figure 3-7 shows the systemused to produce graphene on SiC.The system can
be used to heat SiC to 1350°C under ultra-high vacuum (10 Torr). The high-
temperature annealing system is connected to an X-ray photoelectron spectroscopy

(XPS system and the detail s of this system are discussed in the Appendix A .
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Figure 3-7 the system used in our group.

XPScan beused to determine film thickness. The C 1s core levelof annealed SiC

is shown in Figure 3-8 (a) compared to SiC. Two major subpeaks can be observed orthe

bare SiC: adventitious sp® carbon which is normally at 285 eVand the C-Si peak at284.5

eV. After the high temperature anneal, a third peak appears due to sp? carbon in

graphene. Also, we can see that the inensity of the SiC peak is highly damped due to

the graphene formation. The relative SiC intensity before and after the annealing can be

used to calculate the thickness ofthe graphene.
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Figure 3-8 XPS comparison before and after high temperature annealing.

According to Fadly [12]], under 90° emission condition s:

JHTHY §UHTD H
% "Ho 1 "W Equation 3-1
%11 A
where ) is the normalized area intensity of Si 2p peak of the graphene
sample, which is 46946.1 in our sample;) is the normalized area intensity of the Si 2p

peak for bulk SiC sample, which is 79060.1in our sample; t is the thickness of graphene
layer, and 1 is the inelastic mean free path with kinetic energy of % in graphene. Since

this value is unknown for graphene we can usel for graphite as anapproximation. Since
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we are using Mg as thebeam saurce at 1253.6eV this inelastic mean free path isfound to

be 1.82nm[122. Therefore, we can determine thatthe final thic knessof graphene is 95! .

3.5 Graphene Sensor Fabrication

A graphene FET structure is used for the sensor platform. A SiO: substrate is

used for both the mechanically exfoliated graphene and transferred CVD graphene.

Back gate Cr/Au

Figure 3-9 Schematic of mechanically -exfoliated graphene based device.

A schematic of the fabricated device is shown in Figure 3-9. A heavily -doped Si
substrate serves as a backgate. In order to reduce the back gate voltagerequired for
device operation, a 100nm thermal oxide SiQ: (from SVM) is chosen. The details are

discussed in Appendix A.
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(a)

o "

Figure 3-10fabrication process of graphene sensor. a) the distance between
graphene flake and given pattern matrix is measured; b) the mesa patter is formed by
e-beam lithography. c) the graphene flake after O2 plasma etching. d) fina | device
after metal deposition and lift -off. The intersects are the real picture of the process.

The sensor fabrication processusing mechanically exfoliated graphene is shown
in the Figure 3-10. A pattern of markers is pre-deposited on the 100nm SiQG/n-doped Si
substrate using photolithography and Ti/Au deposition, as shown in Figure 3-10 a).
Graphene is then produced by mechanical exfoliation bonded to the SiO2. The distance
between the graphene flakes and the nearest prepatterned mark is measured to identify

Van Der Pauw (VDP) or a Hall Bridge structure is needed, a mesa is etchedusing O:
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plasma (RIE). The source/drain ohmic contact formation using e-beam evaporated
Ti/Pd/Au (2 nm/5 nm/35 nm) and lift -off is subsequently carried out.

The fabrication process is similar for CVD -graphene transferred to SiOz but with
conventional photolithography applied. A mesa etch iscarried out using O: etching
followed by Ti/Pd/Au contact formation. It is a batch fabrication process with more than
one device fabricated simultaneously and much larger devic e active area can be
achieved.

After successfully fabricating the graphene sensor, a two-terminal resistance
and/or back-gated device characterization is performed. Figure 3-11 is the transfer and
output characteristic of one backgated graphene device. Graphene shows ambipolar
conductance with back gate voltage applied from both hole and electron conduction, as
shown in Figure 3-11 (a). The voltage where E aligns with the Dirac point is called the
charge neutral point (CNP or VA OWE OE wb U wUUTl EwUOWET Ul UOPOT wUOT 1
When @ w > 0, Eis higher than the CNP so the graphene possesseselectron
conductivity ; and when w @ <0, Eris lower than the CNP and graphene shows hole
conductivity. Some asymmetry between the hole and electron conductivity curves exist
due to differences in the scattering crosssections for the holes and electrons[123 or the

drift of charged impurities from the substrate [124].
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Figure 3-11 The output characteristic of back gated graphene gate which demonstrate
bipolar conductance.

Hall measurements were conducted at room temperature using a Hall bar
pattern as shown in Figure 3-12. A typical Hall measurement at room temperature has
an electron sheet density 0f4.85 x10%? cm2 and an electron mobility of 8597 cm#Vs. This

mobility is comparable to that in numerous reports [125.
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Figure 3-12 Layout of the Hall Bridge for Hall measurements.

The device is then wire bond ed to a commercially-available plastic substrate for
gas sensor measurements. This plastic substrate contains fourcontacts: I, I, V*, V- as
shown in Figure 3-13. Current is sourced into the chip from port | *to port | -, andvoltage

is measured correspondingly from V *to V-.

Figure 3-13the device is wire bonded to the supported substrate

3.6 Graphene Gas Sensor Performance

The devices are tested in the system shown inFigure 3-14. The system can be

divided into three parts: 1) Sources:Eight different channels are connectedto N2, O,
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NO, NO2 CO, CC: and NH 3 sources separately. The individual gas flow rate s are
controlled by mass flow controller s (MFC) and mixed after the control values. The
minimum flow rate is 2 sccm and the maximum flow rate is 100sccmfor all but N2 which
is 1000sccm. The gas concentration is monitored and controlled real-time and

synchronized with electrical measurement s using a LabVIEW program.
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Mechanical Pump

Figure 3-14: Gaseous Environment VDP Experiment Apparatus
(2) Measurement Cell: The sensors are in a closed cell connected to &iethley
system 279Q A flask is filled half full of non-reactive paraffin oil and is used to prevent
the backflow of O2 or other possible contaminants into the system while atmospheric

pressure is maintained in the measurement cell.
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(3) NO Calibration: an outlet is connected to anitride oxide analyzer (NOA)
system which can measure NO concentrations from 1 ppb to 100ppm. This is used to
calibrate the system. Normal test exposures are in the part per million (ppm)
concentrations. We can relate this to gas flow with:
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Figure 3-15 shows the response of a graphenedevice to NO2. A gas mixture of
NO2/N: at a flow rate of 200 sccm isused. The graphene sensor is exposd to the NO2/N2
gas mixture with varying NO:2 concentrations for 10 minutes and then pure Nz for 20
minutes. The resistance of the graphene sensor is measurediuring the exposure cycles.
A pulsed current source is applied for 3 minutes and the voltage is measured. The
resistance first decreases after exposure to N@N:2 gases and increases when pure N is

introduced. The sensing signal is highly dependent on the NO:2 concentration: the larger
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the NO2 concentration, the larger the resistance change. The sensitivityis 10% when the
NO:zis 300ppm. The figure also demonstrates that reversible NO:detection at a response
time of less than 1 minute in the ppm range can be achieved. Though the resistance
cannot be fully recovered after each NO2/Nz2and Nzcycle, our device shows comparable
or even better performance compared with previous work [60, 61]. Ko et al. reported a
5% sensitivity for a mechanically exfoliated graphene-based two terminal device when a
100ppm NO: is sourced into the system [60]. Fowler et al. reported a 5% sensitivity
corresponding to 5ppm NO 2 concentration gas flow based on arGO sensor with a larger
area (2.4mm 1.9mm) [61] compared to this work (200um 100 pm). Since the current

(10uA) supplied is small, the graphene sensor also has low power consumption.
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4 The Impact of Interfac ial Water on Gas Sensitivity

4.1 Introduction

A key challenge to effective sensing isT U E x | Isdbsitigity to environmental
conditions including its interface with its substrate or support. Recent work has shown
that the substrate can impact graphenez U w O O U x [i126 @ZJ]| eifeative doping [128,
mobility [129. Bolotin et al. demonstrated that very high electron mobility in excess of
200,000 cmV-ist is achieved by suspending the graphene to eliminate the impact of
substrate [32]. Ambient environment ¢ an impact graphene performance [13Q and the
presence of moisture can worsen this effect[131].

The SiO: surface is saturated with ¢ OH groups from water and O 2from the
possible reaction: Oz2+ 2H:0 + 4é Y 40H! [137, and this -OH group layer will transfer
charge with the graphene, serving asa p-type dopant for the graphene [62]. Moser et al.
[133 used electrostatic force microscopy to measure the potential of graphene in both
dry and humid environment s. Their results suggest that water and O: form a dipole
layer on top of the graphene.

Water can split on graphene and underlying substrates like SiC [134 and Ru
(100) [135. By applying van der Waals density function theory simulation, Li et al.
found that the charge carrier doping can be tuned after water adsorption which is

weakly bond ed to the graphene/metal contact yielding an approximately 100 meV Fermi
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energy shift in graphene [13§. Yavari et al. discovered a tunable bandgap in graphene
can be achieved by controlling water adsorption [137].

(Owi EVwWET 1 OwUT OPOwUT EOwT UExTT Ol zUwx1 Ul OUOE
Boron Nitride [13§ or self-assemble monolayers(SAM) [139 in between the graphene
layer and SiO: substrate. SAMs like HMDS ([(CH 3)sSi]2NH) spin-coated on SiOz is a
simple, and inexpensive method to render the hydrophilic SiO 2 surface hydrophobic
[140. On hydrophobic surfaces, the adsorption of water and other molecules is
suppressed [141.4 OH group concentration is reduced on SiOg, therefore leading to a
reduced doping level s and increased mobility in graphene [142-144.

We modified the graphene/SiOzinterface using an HMDS -coating to investigate
the effect of moisture at the SiOz interface on sensor response Raman and XPSare used
to characterize graphene on both HMDS-coated Si® and bare SiC;, and the results show
that the p-type doping of graphene is reduced with HMDS -coating. Back-gate FET
transfer measurements confirm the doping level reduction for graphene/HMDS/SIO 2
and show increased mobility [139 144. However, the gas sensitivity to both NO 2 and
NH s are reduced. This effect is interpreted as areduction in the adsorption energy of

target gas molecules (NO: and NH 3) on graphene, due to the doping reduction .

4.2 Experiments and Results

The uniformity of HMDS on SiQ:zis critical. The sample was cleaned in acetone at

55°C for 15 minutes, and then in IPA at 55C for 15 minutes, followed by a 2 hour bake at
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120°C. After baking the sample, it is immediately dipped into HMDS solutio n for

overnight coating.

Figure 4-1 Contact angle measurement for bare SiO 2 (a) and HMDS coated
SiO2 (b).

Contact angle measurements were used to confirm the coating of HMDS . The DI
water droplet on both bare SiO2 and HMDs -coated SiC are shown in Figure 4-1. The
contact angle for water on SiO: is measured to be 42° which suggests a hydrophilic
surface. The contact angle for water on HMDS-treated SiO: is 102° confirming that
HMDS creates ahydrophobic surface.

CVD graphene grown on copper is transferred to both HMDS -treated or bare
SiO: for subsequent gas sensor fabrication. The process is demonstrated in Figure 4-2.
Graphene grown on the copper foil is spincoated with PMMA for protection; follow ed
by the copper etch process in 1M FeCk The dean PMMA/graphene film is then
transferred to both HMDS -coated Si®: substrate and bare SiQ. HMDS coating
introduces difficult ies in this seemly simple transfer process due to its hydrophaobic ity .

Since graphene isalso hydrophobic, the water associated with transfer process forms big
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droplet s sandwiched in between the graphene and SiC.. Additional baking at 180°C for
2hours is used to introduce PMMA | B Oréfiowtaiproduce much continuous graphene
film and also desorb water underneath the graphene [145. After transfer, the graphene
is submerged in Dichloromethane (DCM) solution for four hours followed by acetone

and IPA cleaning to minimize PMMA residual contamination.

Back gate Cr/Au

Sampple cleaning

+ dipping in HMDS overnight

Back gate Cr/Au

-

Transfer and remove PMMA

Back gate Cr/Au

graphene PMMA Cu foil

Figure 4-2 graphene transfer to HMDS coated SiO: substrate.
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After graphene transfer, Raman scattering measurements were performed.
Figure 4-3 shows the Raman spectrafor both graphene transferred to HMDS treated and
bare SiQ: substrates. As we already discussed in previous chapters, there are two
primary components in Raman spectroscopy for graphene: G peak for the double
degenerated Bq [107] edge representation at approximately 1580cm?, and the 2D peak at
2680 cm! which is sensitive to doping level [146. Raman can be used to detectdifferent
doping level s in graphene with both G and 2D peak frequency shift s, and their intensity
ratio (lzo/lc) change. According to Das et al.[147], |20/l decreases with both electron and
hole doping. As can be seen inFigure 4-3, both graphene on HMDS-coated Si& and
bare SiQ» show a small D peak suggesing relatively low level defect density. The G
peaks are almost the sameintensity while there are significant differences between the
2D peaks. The lzo/lc ratio increased from 1.6 for graphene on non-treated SiOz to 1.9 for
graphene on HMDS treated substrate. The relative change after HMDS coating for lo/lc
ratio is 1.176 while the reported change in + 1 I z U w139 8 GrOUndul.153. Thisis
consistent with ref. [139 suggesting a reduced doping level for graphene on the HMDS -

treated sample using our fabrication process.
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Figure 4-3 Raman comparison for graphene on SiO 2 and HMDS coated SiO 2.

We also conducted an XPS study on both graphene samples to determine the
water adsorption level in both samples. From Figure 4-4 (a), we may see that there is
only one peak fit for the Si 2p for graphene on SiOz, which is the Si-O bonding.
Additional peaks appear on HMDS-coated SiC: due to HMDS bonds. Since graphene is
only an atomic layer and the XPS depth is always around 10 nm, the 102 eV peak
confirms HMDS coating even after graphene transfer. There are two primary peaks for
the O 1score levels: 533eV for SiQ and 534eV for adsorbed water at the SiO: interface
[148. We may see that the water peak (534eV)is larger on the graphene/SiO: sample
compared with HMDS -treated one; which confirms that, the HMDS -treatment
suppressed water adsorption on SiOz. The C 1speak fit is more complex and five sub
peaks can extracted after deconvolution. We setthe adventitious carbon peak at 285eV

as a calibration. The sp? carbon bonding in graphene has a lower energy at
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approximately 284.5eV. The three peaks with higher enerdes are the carbon oxides
including C-OH, C-O and O-C=0H with peak areas of 9.98%, 5.09% and 5.2% fothe
HMDS sample and 13.19%, 6.99% and 7.59% for notreated SiO. sample. These data
indicate that the HMDS results in adventitious carbon-oxygen contamination as a result

of the reduced water adsorption.

Si2p HMDS O1s HMDS C1s HMDS
Graphene
HIDS
Sio, $i0, sio,
o 108 106 104 102 100 540 538 536 534 532 530 528 526 294 292 290 288 286 284 282 280
Binding Energy (eV) Bnding Energy (eV) Binding Energy (eV)

Figure 4-4 XPS comparison for graphene on HMDS/SIO 2 (upper) and bare SiO 2
(lower) for (a) Si 2p core level (b)O 1s core level and (c) C 1s core level.

Hall bar devices were fabricated on both samples using conventional
photolithography. The graphene active area is etchedusing Oz plasma, followed by 5nm
Ti/20nm Pd/200nm Au metal contact deposition and lift -off. Figure 4-5 a) shows the
cross-section of the device. As mentioned before, a back side Cr/Au contact is applied

before the graphene transfer processand serves as a back gate. TheHall bar dimensions

76



are 540um (length) and 20um (width ). Each adjacent pairis 50 um long. Figure 4-5 b)
shows the device after fabrication. The final wire -bonded and PCB mounted device is

shown in Figure 4-5c).

Figure 4-5 (a) crosection view of graphene device after fabrication, (b) photo of
Hall bar device under optical microscope, (c) device wire bonded to print circuit
board.

The back gate transfer curves are shown in Figure 4-6 (a). A two terminal
resistance measurementfirst ensured good ohmic contact formation between the metal
and graphene. The transfer curve shows drain current and transconductance as a
function of variant gate voltage. The ambipolar nature of graphene with both electron
and hole conduction yields a valley shaped curve on different gate voltages. At the CNP,

Fermi energy is at the Dirac Cone intersection point and no carriers are involved in the
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conducting process and maximum resistance (smallest drain current) is achieved. By
comparing the characteristics, we can see that both HMDS- and non-treated SiO:
samples show a positive CNP, indicating p-type doping for both graphene samples.
However, the HMDS-sample has a smaller CNP of approximately 15V compared with

19V for the non-treated SiO: sample, suggesting a bwer p-type doping level. Lower
doping is confirmed using Hall measurements. The Hall measurement indicated p-type
carriers with densities and mobility at cg@ 1 p mAl and ¢t pmAi 6 for
graphene on HMDS, as well ast® ¢ p mTAl andp8tt p mAl 6 for graphene on
the non-treated SiO.. The mobility of the HMDS -treated sample was higher consistent
with the report of ref. [144, 149. When sweeping the gate voltage from positive to
negative, the CNP shifts towards higher voltage in both samples, showing hysteresis.
Hysteresis is observedin many graphene devices [150-153. The gate voltage hysteresis
is 4V for the HMDS-treated sample and 7.2 V for non-treated SiO: sample. The
hysteresis is modified by the gate voltage sweep sped. From Figure 4-6 ¢), we see that
the voltage sweep speed from 1.7V/s (fast) to 1V/s (medium), the transfer curve for the
device on the HMDS-treated SiO: is approximately unchanged. When the sweeping
speed is continually decreased to 0.3 V/s (slow), a small difference can be observedas
the CNP is slightly increased (~3V). The differences aremuch larger in the SiOz sample

as shown in Figure 4-6 d). The CNP increases with reduc ed sweep speed. With fast,
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medium and slow sweeping, the CNP for positive sweep is

respectively and the hysteresis increases.
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Figure 4-6 Back gate (a) transfer curve for graphene device both on HMDS and
on SiO 2, (b) conductance change.

The CNP hysteresisis discussed in many papers[150-153 and the mechanism is
not known with certainty . Two types of hysteresis are observed One is CNP hysteresis,
which is due to water molecule adsorption on the substrate [154. Another is

transconductance hysteresis as the gate voltage is swept in different direction s, the
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transconductance (slope of this curve) changes This is caused by electron traps in the
near-surface silanol groups on SiO: [151]. However, a recent study claims that the
electron trapping centersin SiOz could not be the causefor the hysteresis observed using
high frequency pulsed gate measurements[155 as models indicate the traps cannot
provide the required e lectron density changes, consistent with the data.

A recent study reveals the relationship between hysteresis and surface-based
electrochemical proceses caused by water adsorption [1568 w # Ul w UOw T UExT 1 «
hydrophobicity, water is only present at edge s and contaminants, such asphotoresist
residue. The electric field resulting from the back gate will cause water to besplit into H*
and OH- which changes the pH, changing the CNP. This is also confirmed with a pH
sensor study [157] showing only hydrophilic graphene with contaminants that can
respond to pH changes.

As stated earlier, previous literature [77] reports that graphene is sensitive to
both NO:2and NH s, and NO:z acts asa p-dopant while NH s introduces electrons. In order
to explore and differentiate the hysteresis mechanism; we used both NO2 and NH s due
to their opposite doping type .

Four terminal measurements were used. As illustrated in Figure 4-5 (b), 10uA
current source is applied from terminal 1 to 6. The voltage drop is measured on pairs
2(10)to 3(9), or pairs 4(8)to 5(7). This measurement configuration allows us to eliminate

any contact resistance difference in the devices. Also, no back gate voltage bias is
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applied and both devices exhibit p-type doping. The recorded gas sensor response is the
measured resistance change forthe device (measured voltage /applied current source) as
a function of time.

The gas sesor response is shown inFigure 4-7 a) (the inset is an expansionafter
pre-saturation). We note that when the samples are first exposed to NO2 or NH 3, the
sensor shows a very large sensitivity with small recovery, suggesting possible
chemisorption of species and/or surface afters EO1 EOPOT z wEUw UThisw i PUUU
behavior has not been reported. After the first stage of one hour exposure, the resistance
begins to recover. We call this first stage the Pre-saturationz stage and use 25 ppm
concentration of NO: for one hour to re-saturatez w (Giaphene surface. The sensor
sensitivity in this stage is 25.32% on HMDStreated and 35.3% on SiQdevices. After the
pre-saturation stage, we apply NOz gasusing a random concentration vs. time pattern to
determine the sensorresponse linearity. Generally, we can see that the relative resistance
changes for both samplesare dependent on NO:2 concentration. In order to accurately
determine the linearity, we extract the relative sensitivity for each specific concentration
as shown in Figure 4-7 b). Both samples show good response-concentration linearity .
The sensitivities of graphene on bare SiO remain larger than those of graphene on
HMDS sample.

Similar measurements are taken for both samplesusing NH s and the results are

shown in Figure 4-7 (c). The graphene on the SiO: sample again demonstrated better
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sensor response compared with graphene on HMDS-treated SiOz. 25ppm NH s is used to
pre-saturate graphene device surface and the initial sensitivities are 36% for graphene on
bare Si® and 29.5% for graphene on HMDS-treated SiO.. The sensitivity dependence to
NH s after the pre-saturation stage is shown in Figure 4-7 (d). Again, the graphene
sample without any treatment has a higher sensitivity compared to the device on

HMDS -treated SiO-.
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Figure 4-7 Sensor response comparison between graphene on HMDS/SIiO 2 and
SiO2for NO 2 (a) and NH s (c).
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4.3 Detection Mechanism

As shown in the Figure 4-8, the only difference between the two devices is the
graphene/SiO: interface. According to Y. H. Zhang et al. [7990w U1 1 wh st&ed @E D OT w
normally not conductive , and conduction results from electron hopping in the w honds.

As discussed earlier, Wehling et al. [77] suggested that when an NO:2 molecule is
adsorbed on graphene, due to the difference betweenthe Er in graphene and the LUMO
and HOMO position s of the NO2, charge transfer can occur. When NO: is introduced
into the cell, some NO: molecules will be adsorbed on the graphene. We do not expect
interfacial water or HMDS to impact this adsorption. If a back gate voltage is applied
during sensing, then we may expectthe water at the graphene/SiO: interface to affect the

results, but in this case,no back-gate voltage is applied.

NO:2

Back gate Cr/Au

Back gate Cr/Au

Figure 4-8 Graphene gas sensing mechanism demonstration
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The sensor response results help us exclude the charge trapping mechanism in
SiOzas the source for different sensitivity . If the electron traps interact with the incoming
molecules, then electrons will transfer from NO2, for example, to the traps, and negative
charges will occur at the SiO:z interface. We would observe a conductivity increase. In
this case, graphene on SiQ: will exhibit a larger sensitivity compared to the HMDS -
treated sample for NO2, but the result will be opposite for NH 3. Given that we observe
enhanced sensitivity for graphene on SiO:2 to both gases we conclude that another
mechanism is at play.

The indirect impact of water is that the induced additional p doping may play an
POx OUUEOUWUOOI dw EEOUEDOT wU ¢ra) aHe BEdSdrptidd arérgly3 wU B O U G
of both NO:2 and NH 3 decrease on ptype graphene compared to pristine graphene. That
means the concentration of adsorbed molecules will increase with additional holes from
water acting as the dopant. There are also experimenal results showing that after Hz
and Ar:z anneals at 350°C, graphene possessegeduced gate hysteresis as wel as reduced

sensitivity to gases [64]. So wetherefore assume thatthe additional doping assists the

gas sensing through increased adsorption.

4.4 Summary

In conclusion, an HMDS treatment introduces two effects in graphene: a lower p-

type doping concentration and reduced electron trap density. P-type doping from water
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surface adsorption.
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5 Flexible and Stretchable Graphene Sensors

5.1 Introduction:

As mentioned in the background, rGO or graphene foam are promising
candidates for flexible gas sensor applications due to their mechanical strength,
flexibility and high carrier mobility under stress.

CVD graphene, patterned into hexagons [15§ or strips [159, has beenutilized as
a stress or strain sensor. However, both reports use PDMS as the flexible substrate,
which has limited strechablity. So it is important to find a suitable substrate which can
maximize grpahenez kechanical stress

Zang et al. [160 has demonstrated a new method to produce ? EUUOx Ol E»
graphene with 500% stretchability U7 EUw OE B O U E b @Eatnidal UcBneldctivi i z U w
under high stress. Applying this method, | collaborated with Dr. Jianfeng Zang in Prof.

91 EOz Uwtd teMdahstrate a highly flexible and stretchable graphene-based gas

Sensor.

5.2 Experiments and Results:

Many-layer graphene grown by CVD on nickel substrates was processd to
produce crumpled graphene as shown in Figure 5-1. PDMS is spin-coated onto the
graphene/Ni film and cured for ten minutes at 110°C. The sample is then etched to
remove Ni with FeCk. After Ni is fully etched away, the remaining graphene/PDMS s
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cleaned with DI water. In the meantime, a highly-stretchable polymer (VHB) to tape
(3M) is loaded onto a custom device which can stretch the VHB in either one or two
directions. For example, we can stretch the VHB film to 500% of its initial dimension
which induces 400% stress insidethe VHB films.

After the VHB film is stretched, the graphene/PDMS sample is pressed onto the
VHB tape. Since the adhesion between graphene and VHB is larger than that between
graphene and PDMS, itis easyto peel off the PDMS and leave the grapheneon the VHB.
It is worth mentioning that the VHB is now 500% gretched, and there is no force on the
graphene flakes. After successfully transferring graphene onto the VHB, we can then
wire bond contacts to it with liquid metal a nd soft indium wire as illustrated in Figure
5-1b) to d).

The stretchable module is designed so that we can readily modify the stretch
percentage ard consequently modulate the strain level in the graphene and the VHB
tape. As demonstrated in Figure 5-1 b, the VHB tape is initially 500% stretched andthe
graphene is unstretched. We then release the 500% stretch irthe VHB to 200% as shown
in Figure 5-1 c. Now the graphene is under a 200% equal compressie strain. Due to this
strain, the area of the graphene shrinks and its transparency is reduced. Under
compressve strain, the sample will buckle up to release the strain and ridges will form
in the graphene. These nano scaleridges are shown in the AFM and SEM image in

Figure 5-2.
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Ni etch with FeCls
Transfer to VHB

Remove PDMS In wire bonding

Release stress in VHB

graphene

PDMS

Figure 5-1 Transfer demonstration

We can continue to reduce the strain level in the VHB to zero, correspondingly

increasing the compressive strain in graphene to 400% The image of the released VHBIs
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shown in Figure 5-1 d. The width of the graphene flake does not change due to strain
only in x direction . As the transparency of the graphene correlates with the thickness,
the image shows that the thickness per unit area is larger with compressively-strained
graphene.

Figure 5-2 b) is an expanded image of the graphene. The ridges have height of around
400 nm while the width is around 100 nm. In addition, the ridges have some periodicity
and the wavelength can be roughly estimated to be 1 um. Figure 5-2 c) and d) are the
SEMimages. From Figure 5-2 c) we can see thatsome regularity in the structure and the
ridges are roughly aligned perpendicular to the direction of the compressive stress If we
look carefully of the Figure 5-2 d), it is interesting to observe that even under high
(400%) compress$ve strain, the graphene is still continuous: no obvious breaks can be
observed in the film . As we mentioned earlier in the background, the bending of the
graphene fimwillch EOQT 1T wUT 1 wE 01T+ wEEIOQEDHIAT Quduijuw O OWEEUE OO W
will ultimately modify the electronic properties of the crumpled graphene. However,
since the film is still continuous, we assume that no significant edge states are
introduced.

As reported by Zang et al. [16(], the same graphene material with less area will
result in smaller resistance. After 50 cycles of stretching and releasing, the crumpled

graphene still acts as a resistor. Also, the resistance of graphee is relatively constant
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even after 50 stretching cycles. Therefore the crumpled graphene is robust, both

mechanically and electrically.

500.0 nm

1
0.0 1: Height 8.0 im

Figure 5-2 (a) and (b)AFM image , (c) and (d) SEM image of crump le graphene
We used Kelvin probe force microscope (KPFM) to determine the work function

difference between the ridges and the valleys in the structure. KPFM measures the
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OEUI UPE Oz Uw p@idgan IAEM) FigueO%Rua) shows the AFM image of

uniaxially crumpled graphene and Figure 5-3 b) is the corresponding KPFM image.

Bl Datazoon | e | DaiaZoo |

!
W

1: Height g 2: Potential

Figure 5-3 (a) AFM and corresponding (b) KPFM image, (c) overlay plot for
both AFM and KPFM as a function locations

We observe similar patterns but it is difficult to correlate the images. Matlab was
used to correlate the measured height and work function as a function of location as

shown in Figure 5-3 ¢). The color image is the potential data (KPFM) with deep blue
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corresponding to lower work function and red to higher work function. The three-
dimensional slope is plotted . There is a66 percent correlation betweenthe potential and
the slope data. This is consistent with a report that the work function of monolayer

graphene increases for positive strain and decreases for negative straif161]].

—500 nm=—

Figure 5-4 Au NPs on ridges

We also tried to visualize the free energy difference between the ridges and the
valleys. Due to the different work function s, the surface free energy differs between
ridge and the bottom. We deposited 60 nm Au NPs rom solution (purchased from SPI)
using spin-coating on the crumpled graphene and after solution evaporation, we can
image the sample using SEM as shown in Figure 5-4. The Au NPs are not uniformly

distributed on the surface. We know that NPs tend to aggregate at the defects and we
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see that theAu NPs sit on top and along the ridge s while no Au NPs are observed on the
relatively smooth surface.

We performed gas sensor measuremens using crumpled graphene devices with
150% stress and 400% stresss shown in Figure 5-5. We see that with higher stress in

the graphene, a higher sensitivity is observed.
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X% strech

Remove PDMS In wire bonding
Release stress in VHB

graphene - Ni film
PDMS W B

Figure 5-6 biaxial stretch process

We can also stretch the VHB tape biaxially so that graphene will encounter
compressive stress in both the x- and y- directions. Figure 5-6 shows the biaxial

stretching process. Similar to the uniaxial process, the graphene film on the Ni is first
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protected by PDMS and then etched away with FeCls solution. We then stretch the VHB
tape in both directions with different percentage s. Later we can release the stress irthe
VHB, thus compressing the graphene by different percentages in both directions.

The SEM image for a biaxially crumpled graphene is shown in Figure 5-7. From
the zoomed-in SEM image in Figure 5-7 b), we can see that the graphene is still

continuous.

—500 nm=—

Figure 5-7 SEM image of biaxial crumple graphene
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Gas sensor measuremens are compared for crumpled graphene with different
biaxial stretching and flat states. Here again alarger stressyields a larger gas sensitivity

asshown in Figure 5-8.
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Figure 5-8 Gas sensor measurement comparison for graphene under different
biaxial stretch states.

5.3 Conclusions
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We prepared crumpled graphene with either uniaxial or biaxial strain. The films
are found to be continuous with high compressive strain . Flexible and stretchable

graphene gas sensos are demonstrated.
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6 Gallium Nanoparticle s (NPs) on Graphene*

6.1 NPs on Graphene

Graphene possesses demonstrated strong lightmatter interactions [162
providing a strong basis for the pursuit of graphene -based optical sensors[163 164.
Raman scattering has been the primary means of characterizing the materials properties
of graphene. Raman fingerprints reveal electron-photon interactions and allow the
nondestructive identification of graphene thickness [107], edge structure [165, doping
[166, 167] and defects[168 169 .

Metal nanopatrticles (NPs)/graphene platforms are useful not only as a structure
for exploring the fundamental properties of graphene and their interfaces and
interactions with metals, but also for creating functional structures. In addition, metals
on graphene allow the controlled modification of the Fermi energy across the system,
enabling effective graphene doping [170, 171 From a technological point of view,
graphene-metal NP nanocomposites [172 are a novel class of materials with substantial
promise across numerous applications such as plasmonic enhanced photonics[173,

plasmonic advanced graphene based photodetectors [174, plasmonic photocatalysis

L Part of the text of this chapter has been adapted from the following previously published article: i,

"O01T Pl OOwW3 00T 1’ Ow*POOwW6ET OAUEOW) PEOOWSEODT w8EDT Ow OO01 w+EAE
Brown, and Maria Losurdo. "Evidence of Plasmonic Coupling in Gallium
Nanoparticles/Graphene/SiC." Small(2012).
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(e.g. Ag-graphene based nanocomposites)[175, sensors (e.g. Pt/graptene/SiC is used as

H2sensor)[176, 177 and memories [17§].

Table 5 Summ ary of Studies of M etal Nanoparticles on Graphene

Graphene | Metal/preparation | Enhancement Mecha | Notes
material method -nism

J.leeet | ME 4nm Ag/Thermal 24(G)/16(2D) Layer dependent G

al.[179 graphene | evaporation peak splitting

H. Zhou | ME 2nm & 4nm 15.9(G)/8.3(2D)* | EM High temperature

et al. graphene | Ag/Thermal 49.5(G)/17.9(2D)# annealing.

[18Q evaporation Larger Ag NPs, larger
enhancement

J. Leeet | ME Au film/ Thermal 120* EM Enhancement depends

al. [181] | graphene | evaporation on density and
excitation wavelength

F. ME Cr/Au disk /EBL 60* EM

Schedin | graphene

et al.

[182

X.Fuet | GO Au & Pd NPs /in Two orders of SPR Charge transfer

al. [183 situ chemical magnitude D&G occurred

synthesis resonant at D/G ratio increased
593nm

K. Jasuja | GO Dendritic Au 250%, 800% Band gap and

et al. nanostructure/ Schottkey Barrier form

[184 Chemical at the metal graphene

synthesis interface

X. Zhou | GO Au and Ag EM

etal. NPs/chemical

[189 synthesis

N. Kim CVvD Au substrate & Au | Few tens EM

et al. graphene | NPs

(186

L. Gao ME Al 203 substrate & | 108

et al. graphene | SMO substrate

[164

However, most studies of metal NPs/graphene interface interactions are with

structures with high defect densities. Two methods for incorporating metal NPs on
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graphene are primarily used: 1) thermal evaporation or electron beam lithography (EBL)
pre-patterning for depositing noble metals [182 187]; and 2) chemical synthesis enabling
the integration metal nanoparticles and graphite oxide films in solution [184 185 18§.
Both of these methods suffer from limitations in controlling the metal NPs surface
coverage on graphene, particularly the NP ensemble distribution , and the NP size and
shape. EBL offers the advantage of controlled position and size; however, the super
hydrophobicity of graphene causes metal NPs to have low adhesion and hence they are
easily peeled off from the graphene surface after lift-off [182. Annealing presents
another challenge in such systems. It has been shown that the thermal evaporation of Ag
or Au NPs on graphene creates ensembles that are not sensitive to differences in the
number of graphene layers, and hence to electrostatic interactions, before annealing
[180, which means that their ensemble properties are ceated under kinetically -limited
conditions. In order to study Au NPs on graphene nearer to equilibrium, annealing at
1260°C in vacuum for 30s [189 or at 400°C in forming gas for 5 hrs is needed [190.
However, it has been shown that post-deposition anneals applied to Au/Ag NPs induces
defects in the graphene as shown by the increasing intensity of the Raman D peak at
1350cm™[19]]. In terms of exploiting solution -based chemical synthesis structures are
limited to those with graphite oxide (GO) with high defect states. Furthermore, it should
be pointed out that the SERS phenomenon has been primarily observed using gold NPs

deposited on graphene/SiO2/Si substrates, where, in addition to the electromagnetic and
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chemical enhancement interactions, an enhancement resulting from the multiple

reflections between SiO: (300 nm)/Si substrate and the depositel metal NPs must be

considered.
Unlike transition metals, Ga (gallium) is an sp metal yielding a predominantly

ionic interaction with graphene, i.e. without strong hybridization between the p : orbitals

of graphene and the valence electrons of Ga, and with a weak bonding charge yielding

minimal distortion of the graphene lattice [17(. In addition, Ga does not react with

carbon to form carbides. We compared the valence band maximum (VBM) determined

using XPS on graphene before and after Ga deposition inFigure 6-1. According to [197],

there are two peaks in the valence band spectrum in XPS whichrelate to ywE OOE D OT 8 w6 1

see after the Ga NPs deposition, these two peakspreserve their form without any

distortion which suggest sthat & E WE O1 UwOOUWET i 1 EQwwl UExT T O z Uww
The evolution of the Ga NP ensemble is driven by the interfacial properties of

Ga, the support on which it is deposited, and the synthesis process and specific

conditions: in our case via vacuum deposition using a molecular beam (MBE) system.

Ga deposition follows Volmer Weber (VW) process and Ga atoms assemble to form

truncated NPs on the substrate with island formation. The thickness of Ga NPs layer is

guantified using equivalent monolayers [193 with every seconds of deposition yield ing

0.0014mono layers (mLs) Ga.
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Figure 6-1 Valence band maxium of graphene before (red) and after Ga NPs
deposition(blue).

Wu et al. have demonstrated that the room temperature deposition of Ga yields
ensembles that are themally stable upon heating from 30°C to 700°C [194]. We have also
determined that the Ga NPs distribution depends on the number of graphene layers on
which the ensemble is created without annealing. In addition, the Raman signal D peak
does not show a significant increase after NPs deposition, which suggests no defects are
induced. Graphene/NP platforms are of interest as a surface Raman enhancement

spectroscopy (SERS) substrate for the detection of specific molecule§195199.
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Figure 6-2 MBE system embedded with SE measurement facility. (b) Ga NPs
deposition on material with MBE system.

6.2 Ga NPs on Graphene/SiC

Among the various graphene/support platform snow available, the graphene/SiC

heterosystem is important for high performance electr onic devices [200. Before this
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work , there has been noprevious report on NP -based SERS of graphene/SiC or on the
plasmonic properties of metal NPs on graphene/SiC. An attempt to observe SERS for
graphene/SC was reported by Domke et al. [20]] using a scanning tunneling
miscoscopy (STM) tip to enable TERS (tipenhanced Raman spectroscopy). However,
they observed SiC mode enhancement rather than the Raman enhancement of graphene
modes.

The plasmonic characteristics of graphene/SiC coupled to gallium (Ga) NPs are
studied here. We show direct evidence of the LSPR of Ga NPs on graphene/SiC by
observing in real-time the changes in the extinction coefficient of the ensemble during
the nucleation and growth of Ga NPs on graphene/SiC. The plasmonic Ga
NP/graphene/SiC (C-face) is chosen for this study because Ga is weakly bound to
graphene, as stated earlier [170 202 203. Specifically, Ga NPs offer broad LSPR
tunabili ty, from the UV to the near-IR range [204, 205, enabling coupling of the plasmon
resonance with graphene UV absorption at 4.6 eV [206 and its intri nsic wyplasmon [207].
The role of graphene in the charge transfer, between the metal NPs and the SiC support,
on the plasmon resonance energy and amplitude is discussed.

Ga nanopatrticles are deposited onto the graphene substrate in a Veeco GENII
plasma-assisted molecular beam epitaxial system under ultra -high vacuum conditions
[194). The growth time is varied to tune the average NP size and, hence, the LSPR

energy. For comparison, the same Ga overlayers were also deposited on Eface 4H-SiC.
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The LSPR of the ensemble of Ga NPs can be tuned from 6.5 eV to 0.6 eV (the limits of our
measurement setup) on a variety of substrates including SiC, glass, sapphire, GaN and
ZnO [20§. Reattime spectroscopic ellipsometry (SE)[209 was used to monitor the in
situ evolution of Ga induced plasmons.

Figure 6-3 shows a large-area SEM image of the interrconnected graphene
islands heterogeneously seeded across the SiC substrate; the presence of boundaries
suggests that graphene sheets do not always uiformly merge into a continuous
graphene layer for the low annealing temperature (1350 °C) and time used here, as also
found by others [21(. In fact, it has been established that temperatures higher than
1500°C (not reachable in our equipment) are necessary for complete coverage[211]. The
graphene islands consist of smaller graphene crystallites whose size is evaluated by
Raman analysis below.

Figure 6-3 b shows that self-assembled truncated Ga nanaspheroids form on
graphene/SiC with a distribution of diameters peaked at approximately 60 nm (see also
AFM hystograms in Figure 6-5). To quantitatively describe the graphene/SiC samples
before and after Ga NPsdeposition we used XPS, which provides not only the relative
volume fractions of components but also their chemical state. The XPS survey spectra
with compositional analysis for the graphene/SiC before and after Ga NPs deposition are
also shown in Figure 6-3. For the graphene/SiC sample only the C1s and Si2p (and Si

2s) photoelectron core levels are seen due to the SiC substrate and the graphene island
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on it; the Si2p peak is at ~101.3 eV showing only the SiC substrate contribution, whereas
the details of the C 1s peak are discussed below (seeFigure 6-6). Upon Ga NPs
formation, the Ga characteristic photoelectron core levels and Auger lines [217 also
appear together with the O 1s photoelectron peak, the latter being since Ga NPs exposed
to air are covered by a very thin stabilizing shell of Ga20s, while the C and Si

contribution are still primarily from the SiC and graphene layers (see also in this case fit

of Cls peak inFigure 6-6).
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Figure 6-3 SEM images of a) graphene/SiC and b) Ga NPs/graphene/SiC; the
corresponding XPS survey scans used for the quantitative determination of th e
elements for ¢) graphene/SiC and d) Ga NPs/graphene/SiC are also shown.
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Figure 6-4 (a) shows the experimental extinction coefficient spectra, <k>, for bare
SiC, graphene/SiC, Ga NPs/SiC and Ga NPs/graphene/SiC. For comparison, the
extinction coefficient spectrum of graphene, showing an absorption peak at 4.6 eV due
to the van Hove singularity in the graphene density of states [213 is also shown.
Analysis of the ellipsometric spectra in order to extract the thickness of the graphene
layers requires an appropriate optical model to fit the experimental data. The model
used herein for the C-face SiC consisted oftwo layers, i.e., substrate/graphene/air. Using
this model and the graphene optical constants from ref. [20€], the only variable required
for the fit was the graphene thickness that we estimated to be 9.4 1 A . This thickness is
consistent with the value of 9.5 A determined by XPS using the attenuation of the SiC
substrate signal by the graphene overlayer. As both evaluations are done on a macro-
spot, this thickness should be considered an average resulting from random bilayer and

trilayer domains.
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Figure 6-4 a) Experimental ellipso metric spectra of the extinction coefficient k
of Ga NPs/graphene/SiC; for comparison, the k spectra of Ga NPs on bare SiC, of bare
SiC, and of graphene/SiC are also shown. b) Experimental k spectra of Ga NPs of
increasing size on graphene/SiC (the increas ing size of Ga NPs is determined by the
increasing deposited Ga monolayers, MLs); typical AFM images of the growing Ga
NPs are also shown. c) Realtime evolution of k spectra of Ga NPs deposited on SiC.

d) Real-time evolution of k spectra of Ga NPs deposit ed on graphene/SiC.

The deposition of Ga NPs with a diameter of approximately 60 nm results in a
LSPR peak at ~3.4 eV (365 nm) on graphene/SiC. Tuning of the LSPR from the UV to the

visible by increasing the size of Ga NPs is shown by the experimental spedra in Figure
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6-4 (b). For comparison, the LSPR spectra of equivalent Ga NPs deposited on bare SiC
and on garphene/SiC are plotted with the same time resolution (i.e., every 1 sec) in
Figure 6-4 (c) and Figure 6-4 (d), respectively. The LSPR peak for Ga on graphene is
observed to dampen and broaden with growth and is slig htly blue -shifted (365 nm) in
comparison to that on the SiC (387 nm). The damping for Ga/graphene/SiC is an
interesting observation since it is well known that the plasmon absorption and, hence, K,
should increase with the increase of the deposited Ga amouwnt (which is the situation

observed for the Ga/SiC in Figure 6-4(c).

123 ML Ga NPs/Graphene/SIC 247 ML Ga NPs/Graphene/SiC

50.0 nm

247 ML Ga NPs/SIiC

804

\

604

Numbers
Numbers
.
15
8

40

7%
)

. \

s NN -
5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
Radius(nm) Radius(nm) Radius(nm)

%

Figure 6-5a,b) AFM images of Ga NPs of different size obtained by depositing
124 and 247 MLs Ga, respectively, on graphene/SiC. For comparison, (c) shows the
AFM of equivalent Ga NPs on bare SiC (247 MLs). d ¢f) The corresponding densi ty of
Ga NPs is also indicated as well as the diameter histograms.
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The properties of the LSPR are very sensitive to the geometry of the
nanoparticles [214]. Figure 6-5 shows the Ga NPs size, density and distribution on
graphene/SiC and SiC as characterized by atomic force microscopy (AFM). For the same
amount of Ga deposited on both the bare SiC and on graphene/SiC, the Ga NPs have a
similar density, size and aspect ratio (defined as NPs diameter/height ratio, D/H) of
approximately D/H=3.2 0.2, and also the same surface roughness (RMS) being 8.02 nm
and 8.18 nm for the Ga/SIiC and Ga/graphene/SiC, respetively. This implies that the
different LSPR dynamics observed for Ga/SiC and Ga/graphene/SiC inFigure 6-4 are not
a result of differences in particle size, shape and different surface roughness.
Furthermore, graphene and SiC have similar static dielectric constants of 9.8 ruling out
any effect of the refractive index of the support on the observed differe nce. Therefore,
other factors must be considered, such as changes in electronic properties of Ga
NPs/graphene/SiC ensemble. In the context ofthe Drude model [215, the plasmon peak
becomes narrower and its intensity increases with increasing particle size due to the
increased lifetime of the collective plasmon oscillation resulting from reduced electron -
surface scattering relaxations (i.e., the 1/R effect, whee R isthe radius of the NPs) [21§.
This can be clearly seen in the evolution of the LSPR for Ga on SiC inFigure 6-4 (c).
Conversely, broadening with nearly constant amplitude is observed for Ga NPs on

graphene, despite the NPs enlargement.
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We have alsocheckedfor a possible effect/perturbation on the Ga NPs plasmonic
dynamics from the surface palsmon polariton (SPP) at the graphene/SiC interface
forming i n the rest region of 8-10um detected and reported by Daas et al.[217]. We have
performed FTIR measurements for Ga NPs/graphene/SiC and graphene/SiC, without
observing any significant difference in the graphene/SiC SPP induced by the Ga NPs.
Therefore, we can infer that also in the experimental range of 1.56.5 eV investigated
here, electronic effects arebeing sampled, which do not couple to phonons, ruling out
any effect of the graphene/SiC SPP on the Ga NPs LSPR. Additional evidence of the
electronic coupling of Ga NPs with the graphene/SiC is provided by XPS which has
been used to characterize the chage transfer and potential barrier in the composite. It
has been shown that it is difficul t to quantify charge transfer [203 218; therefore, we use
XPS to qualitatively infer electron transfer.

Figure 6-6 shows the fit details and the shift of the C1s photoelectron core level
upon graphene formation and Ga deposition. The Cls was fit using a Lorentzian
including a Shirley background. Con sistent with previous studies [219 the C 1s
spectrum can be fit with fo ur components ascribed to the SiC substrate at 283.20.1 eV,
sp? carbon at approximately 284.4 0.1 eV, sp3 hybridized carbon resulting from
adventitious hydrocarbon contamination at about 285.0 eV, and finally a component at

288.8 0.1 eV due to adsorbed cabonyl -carboxyl (CO/CO2) contamination.
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Figure 6-6 XPS spectra of the C 1s photoelectron core level for bare SiC, Ga
NPs on bare SiC, graphene/SiC, 124 MLs Ga NPs on graphene/SiC, and 247 MLs Ga
NPs on graphene/SiC.
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