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ABSTRACT

Graphene, an atomically thin and semi-metallic two dimensional material, has been
extensively researched over the past decade due to its superior intrinsic carrier velocity,
electrical and chemically tunable work function, ability to form layered heterostructure
with other materials, and relevant potential applications in electronics, sensing,
optoelectronics, energy storage, etc. However, the confinement of charge carriers within
one atomic layer results in an electrical transport that is extremely sensitive to the
surrounding environment, which is beneficial for sensing applications, but at times
unfavorable for electronic applications due to scattering from extrinsic impurities. In
addition, due to its rather delicate structure, engineering a high quality gate dielectric
without altering its characteristic electronic structure while enabling optimal surface
passivation and gate control is one of the major challenges for graphene device
development.

Hexagonal Boron Nitride (hBN) has emerged as a possible option to meet the
challenges, and has been exploited to alter graphene electronic structure by intentional
crystallographic misalignment between the layers at the time of transfer or synthesis. The
variation in electronic structure by hBN is possible due to its unique properties such as

inert surface, similar hexagonal and nearly lattice matched structure with graphene



and high surface optical phonon modes. Low temperature Pulsed laser deposition (PLD)
grown amorphous BN on SiO»/Si, phase transformed to hBN by forming gas annealing,
has been employed for graphene device application. Graphene field effect transistor (FET)
fabricated from layered heterostructure of graphene/hBN on SiO»/Si exhibited electrical
performance enhancement over graphene on Si0»/Si substrate in terms of mobility, carrier
inhomogeneity and extrinsic doping.

In a parallel effort, taking advantage of graphene’s tunable work function, a novel
genre of sensor based on noble metal nanoparticle functionalized graphene/Si
heterojunction Schottky diode has been developed for sensing non-polar H, and enhancing
response for polar NH3 molecular species. Reverse bias operation of the diode sensor
exhibited orders of magnitude higher response compared to graphene FET based sensors
due to exponential change in reverse current originated from interface barrier height
change. The reverse bias operation also allows low power operation and modulation of the
Fermi level of graphene, which can lead to the tuning of sensitivity and expansion of the
dynamic range. Impedance Spectroscopic analysis of the diode sensor has been carried out
to understand the underlying current transport mechanism. Fitting the impedance spectra
for different gaseous exposure conditions with an equivalent circuit model, the changes in
junction resistance and capacitance have been extracted. Along with these two parameters,
experimentally obtained 3-dB cut off frequency for each gas exposure has been utilized for
multimodal sensing by the diode sensor.

Finally, temperature dependent magneto-transport study of PdHx passivated
graphene has been carried out to elucidate the effect of metal nanoparticle assisted doping

and molecular adsorption on graphene electrical transport properties. It has been observed
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from the systematic study that, the dominant scattering mechanism in bilayer graphene
switched from coulomb scattering to thermal excited surface optical phonon scattering after
PdHx passivation, and Hall mobility exhibited significant enhancement at the measurement
temperature range of 298 to 10 K. Due to recent interests in exploiting metallic
nanoparticles as dopant for 2D crystals, as well as enhancing sensitivity of chemical
sensors and photodetectors, the findings are significant and would pave the way for future

research efforts in this area.
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CHAPTER 1

INTRODUCTION

Graphene, a two-dimensional (2D) allotrope of sp? bonded carbon atoms, has drawn
huge research interests since its discovery in 2004 [1] due to its extraordinary material
properties including remarkably high charge carrier mobility in the range of 10° to 10°
cm?/Vs [2, 3], very high thermal conductivity [4], and mechanical strength [5], as well as
high degree of chemical inertness at room temperature. In addition several other exciting

properties such as optical transparency [6], superior intrinsic carrier velocity, electrical and

(a)
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Figure 1.1 (a) Schematic representation of single planner hexagon consisting of 6 C
atoms connected to each other by sp? bonding with C-C bond length of 1.42 A [13]. (b)
Periodic repetition of hexagonal unit resulting in 2-dimensional honeycomb structure of
graphene [13].

chemically tunable work function [7], and possibility of heterostructure with other

3D/2D/1D materials [8], etc. made it really attractive for novel applications. With unique

combination of all these characteristics, graphene appeared as one the possible alternatives



to surpass the obstacles faced by the conventional semiconductor based electronic
applications. The atomically thin nature of graphene means that injected charge carriers are
confined to a surface just one atom thick (~0.34 nm). In principal, this alone may allow
graphene-based devices to push the limits of device scaling beyond those of silicon and
other conventional semiconductor by enabling improved gate control and, opening up the
possibility of new device paradigm such as low power and high speed, vertical and in-plane
Schottky devices and tunneling transistors by forming multilayer heterostructures with
other lower dimensional semiconductors. The 2D nature of graphene coupled with
delocalized 7 electrons resulting from sp® hybridization in C-C bond makes it highly

suitable for sensing applications. The 2D nature makes it essentially a surface (as seen in

High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

Flexible Display
Touch Panel

Solar cell, Battery
Supercapacitor

Automobile
Air plane components

Figure 1.2 Overview of graphene applications in different sectors ranging from
chemical sensors to light emitting devices, composites, energy, touch panels and high
frequency electronics [12]



Fig 1.1), enabling analyte molecules to adsorb very efficiently and produce the maximum
change in its physical properties. On the other hand, the presence of delocalized w electrons
makes it sensitive to a large variety of analytes that can adsorb on its surface and exchange
charge with it or modify its surface properties. The noise characteristics of graphene have
also been very impressive in the range of 10 to 10”7 Hz! when compared with carbon
nano tubes [9]. In general graphene shows very low 1/f and thermal noise [10]. These
exceptional material properties have led to the demonstration of graphene based sensors
that are capable of detecting down to a single analyte molecule [11]. The combination of

various amazing properties of the graphene enables its application in variety of diverse

Table 1.1 Graphene Enabled Potential
Technologies and Applications Impact

ORI Flexible devices; thin and flexible electronic [ |
components; modular assembly / distribution Spectrum of new forms of
of portable thin devices j devices, thus enabling new

O GEENREEVEIEN Engineering new materials by stacking concepts of integration and
different atomic planes or by varying the distrbution -
stacking order of homogeneous atomic
planes ||
All-surface Engineering novel 2d crystals with tuneable
rial physical/chemical properties by control of Realization of new (non-
the surface chemistry. Platform for new existing so far) materials,
chemical /biological sensors which properties could be
Solution - Novel composite materials with outstanding engineered and customized
processable physical properties (e.g. high thermal for new applications
conductivity, k; high Young modulus and
tensile strength); Novel functional materials || New
Ultra-high frequency electronic devices

highly-performing
devices available at low cost
and large scale, thus
allowing major step forwards
in many social impact fields

OLITEINERTTEIGM Novel optoelectronic  and  thermoelectric
ELEOIITLIGEN  devices; photodetectors
thermoelectric

(e.g. environmental
Highly sensitive transducers monitoring, communications,
| health / medical applications,

Outstanding supercapacitors | etc)

Significant steps forward in

the realization of sustainable

Energy conversion; energy harvesting; self- devices and green-energy
WuitzI8 powered devices systems

transparency; :

photocatalytic

High Tc superconductors New devices based on yet

experimentally unexplored

physics

O\ i
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areas (Fig 1.2) such as terahertz devices, high speed transistors, displays, batteries,
ultracapacitors, hydrogen storage, solar cells, membrane for separation of gases, magnetic,
charge, strain, and biological sensors, composites etc. to name a few [12]. This list has been
ever expanding as new applications come to light by choosing, mixing and matching the
properties of graphene alone or with combination with other materials. Table 1.1 shows
the possible applications and impacts in a wide range of fields enabled by graphene’s

excellent properties [12].

Figure 1.3 Hexagonal lattice of graphene and Brillouin zone. (a) The 2D lattice of
graphene consisting of two triangular lattices (shown as A & B) interpenetrating each
other. al and a2 are unit lattice vectors. (b) The Brillouin zone of graphene showing
K & K’ as location of Dirac cones [13].

1.1 Electronic Structure of Graphene

The physical and chemical properties of materials is determined by their crystal
structure and electronic structure. Many unique properties of graphene are tightly linked to
its 2D crystalline nature and the resulting band structure. In 2D crystalline hexagonal lattice
of graphene, each carbon atom is connected to nearest neighbors through characteristic C-
C bond length, a = 1.42A [Fig 1.1(b)] and each atom has 3 nearest neighbors in a plane

[Fig 1.1(b)] and shares a sp® hybridized ¢ bond with them. The forth orbital, p, consisting



of single electron, is in z direction which is perpendicular to the graphene plane, and is
responsible for conductivity in graphene. These p, electrons from each carbon atom
hybridize to form n and n* bands which give rise to many peculiar electronic properties of
graphene [13]. The unit cell and corresponding reciprocal lattice of graphene is shown in
Figure 1.3 [13]. The unit cell consists of two interpenetrating triangular lattice shown by A
and B type atoms.

The basis of unit cell consists of two atoms. The lattice vectors, and reciprocal

lattice vectors are given by Equation 1.1 and 1.2.

a; =>(3,V3), a; =>(3,-V3) (1.1)

2
by =2 (1,V3), by =2(1,—3) (1.2)

From this lattice structure, the energy dispersion relationship of graphene can be
determined by invoking tight binding model or linear combination of atomic orbitals
(LCAO) following the original work of Wallace in 1947 [14].

In order to obtain dispersion relationship we need to consider the interaction of
carbon atoms to nearest and next nearest neighboring carbon atoms. As seen from Figure
1.1(a) each carbon atom has 3 nearest and 6 next nearest neighbors. The hopping of p;
electron is possible to nearest site (from A to B) or next nearest site (A to A). The
interaction energy involved is given by t ~ 2.9 eV for A to B hopping and t’ ~ 0.1 eV for
A to A atoms hopping. Solving the Hamiltonian for unit cell with assumption of only
nearest neighbor interaction being important, the dispersion relation is given by the

following expression.

E(k) = itJ3 +2 cos(\/§kya) + 4cos (? kya) cos G kxa) (1.3)



Figure 1.4 (a) Energy bands in monolayer graphene in the units of t = 2.7 eV (the
nearest neighbor hopping energy). The upper band is conduction band and lower one
is valence band. The blown up diagram shows linear relationship close to Dirac point
where conduction band and valance band meet. (b) Low-energy electronic structure
of graphene showing 6 Dirac points such points of contact. Two distinct corners of
Brillouin zone are shown as K and K’ [14, 15].

Where k is reciprocal lattice vector. The positive term in Equation 1.3 corresponds
to conduction band and negative is for valence bands as plotted in Figure 1.4(a) appears
linear near low energy points in reciprocal lattice space called as Dirac point. The
conduction band and valence band touch each other at these Dirac point at 6 places [15] on
the corner of a graphene’s Brillouin zone [Figure 1.4(b)] referred as K and K’ points with

the following position vectors in the reciprocal space.
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The dispersion relation at K and K’ points and within =1 eV vicinity of the Dirac

point is given by the following linear relationship.

E(k) = thvgp|k| = 2vp ki + k3 (1.5)
where, v is Fermi velocity given by

_ 3at

vp =~ ~ 09X 10° m/s (1.6)

This linear dispersion relationship at low energy makes charge particles (electrons
and holes) move with vg, as described by Equation 1.6, which is close to relativistic
velocity. Therefore electrons and holes close to Dirac point in graphene is called as Dirac
fermions. This is in stark contrast with most of the bulk semiconductors which exhibit
parabolic dispersion relationship at low energies. The linear dispersion relationship of
graphene is also responsible for properties like vanishing density of states (DOS) at Dirac

points. The DOS in graphene is given by equation 1.7 [16].
_E
DOS = /271712171% (1.7)

The zero band gap state of graphene at Dirac point is called intrinsic state. Therefore

the intrinsic graphene refers to a state at which graphene has minimal charge carriers.
1.2 Electronic Transport and Field Effect Behavior of Graphene

Electric field applied perpendicular to graphene plane can induce charge carriers,
electrons or holes, also referred as electric field effect. The Fermi level (Er) can move up
in conduction band inducing electrons, and can move down in valance band inducing holes
depending upon the direction of the field. This results in ambipolar nature of graphene
channel. In absence of externally applied electric field, the Er should ideally be coinciding
with the zero Dirac point in graphene according to Equation 1.7. However in graphene

channel there is always finite charge present due to either thermal generation or induction



due to impurities at graphene and substrate interface even in absence of applied electric
field. For this reason the threshold voltage beyond which graphene based field effect
transistor can turn on or off does not really exist. The minimum to maximum current ratio
in graphene based FETs remains in the range to 5-10 and hence render them unsuitable for
switching application despite of their high mobility values. On the other hand, the charge

carrier type in graphene channel can be easily tuned by applying electric field at an

(k)

Figure 1.5 Ambipolar response of a single-layer pristine graphene [1]. The Fermi level
Er is located at Dirac point for V= 0V. At negative Vthe Er is below Dirac point and
for positive Vg, Er goes above it.

insulated gate as shown in Figure 1.5 [1].

The main scattering mechanisms limiting the mobility in graphene are phonon
scattering [17], Coulomb scattering [18], and short range scattering [19] primarily due to
defects such vacancies and cracks in graphene. Due to heavy dependence of these
scattering mechanisms in graphene the mobility is strongly dependent upon the quality of

graphene and underlying substrates. For instance at room temperature surface polar



phonons and defects are two major scattering mechanism for monolayer graphene on SiO».
The typical mobility values of pristine graphene on SiO; ranges from 10000 to 15000
cm?/Vs [20]. These mobility numbers are much higher in those reported in conventional
semiconductors and ever higher than 2D electron gas systems. Removing the substrates or
using the one free from trapped charges has been shown to improve the mobility.
Engineering extreme growth and process steps mobility can be enhanced several orders,
such as, graphene nano-ribbon transistor fabricated from epitaxial graphene grown on
etched sidewalls of (0001) surfaces of SiC exhibited mobility close to 10”7 cm?/Vs [3].

In pristine graphene the current minimum is at zero gate bias, however, in most of
the practical devices, non-zero Dirac point is observed indicating the presence of unwanted
extrinsic doping. Due to presence of disorder in graphene in the form of defects, impurities,
ripples etc. produces fluctuations in the graphene’s electrostatic potential. These
fluctuations become significant at the Dirac point where their screening is weak due to low
charge density. The fluctuations in charge density has been proposed to be electron-hole
puddles which have also been observed in scanning probe methods on graphene/SiO»
samples [21]. This behavior has been attributed to the experimental observation of
minimum conductivity of graphene in the range of 4e*/h even though DOS approaches to
zero at Dirac point. The other claim for the observation of minimum conductivity is the
presence of impurities concentration in SiO; [22].

1.3 Present Status, Opportunities and Challenges

Despite of being highly promising material for various kind of applications

graphene still remains a comparatively new material. It therefore offers many challenges

to be solved like any other new material system such as nitride semiconductors before it



could become a commercial success. Among the major challenge graphene faces are
growth, reasonable transport properties in terms of mobility, contacts, suitable gate
dielectric, etc. Growing device quality, large area graphene still remains a challenge for
mass production. Two approaches appears promising, namely epitaxial and chemical vapor
deposition bases graphene growth.

Epitaxial growth is well established for producing large area graphene of high
quality by thermal annealing of SiC wafers [23]. This method takes advantage of well-
established SiC epitaxy, 6-H or 4-H polytype of SiC is heated in the temperature range of
1200 — 1600 °C in ultra-high vacuum (UHV) of 1x107!° Torr for several minutes. At this
high temperature Si leaves the SiC surface owing to its higher vapor pressure than carbon.
The remaining C rich surface then rearranges on the hexagonal lattice of SiC to generate
single to few-layer graphene [24]. The major advantage of this technique is growth of quite
uniform, wafer scale and high quality graphene is possible, taking advantage of the precise
control of process parameters in a commercial SiC growth chamber. One of the
disadvantages of this method of graphene synthesis is that it is very difficult to remove or
transfer the graphene to another desired substrate, due to the challenges involved in
controllably etching SiC. Therefore, processing of graphene devices needs to be done on
the SiC substrate itself. This can be expensive due to the high cost of SiC substrates, and
also it does not readily allow the usage of a back gate for realizing transistors, or sensors
requiring back-gate modulation and integration with majority of current semiconductor
technologies including industry work horse Si CMOS process, is much tougher. Due to
these reasons, chemical vapor deposition (CVD) method appeared as an alternative growth

technique where graphene is widely grown on either Cu or Ni substrate and subsequently
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transferred on the substrate as needed depending on the nature of device and applications
[25]. Recently, Van Der Waals epitaxy of other layered semiconductor employing CVD
[26] appeared as very exciting opportunity with the prospect of achieving vertical and/or
in-plane Schottky and tunneling devices.

The other major challenge graphene offers is careful control of its properties since
it is one atom thick therefore its properties are highly affected by its environment and
surroundings. Thus, there is a need to understand and develop better fabrication technique
which would allow preserving its distinctive properties. Initial proof of concept device
demonstrations were done by fabricating devices on oxidized heavily doped Si which is
also used as back gate, is still one of the major device fabrications methods for its
versatility. Even for large scale device fabrication, there has been lots of challenges [27] in
case of graphene devices on any substrate including SiO2/Si such as graphene transfer from
growth catalyst metal foil to the substrate with minimum damage, graphene adhesion with
substrate, reduction of impurity concentration and extrinsic doping, minimizing the carrier
scattering for better electrical transport, etc.

Atomically thin nature of graphene means that injected charge carriers are confined
to a surface just one atom thick (~0.3 nm). In principal, this alone may allow graphene-
based devices to push the limits of device scaling beyond those of silicon and other
conventional semiconductors by enabling improved gate control and forming multilayer
heterostructures with other lower dimensional semiconductors. However, the extreme
confinement means that charge carriers are also directly exposed to the surrounding
environment, making transport through graphene highly sensitive to scattering from

extrinsic impurities. This sensitivity has presented a serious engineering challenge to
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realizing high-performance devices that take full advantage of graphene’s intrinsic
qualities. Graphene has no native oxide layer and has a chemically inert surface with no
dangling bonds, making it difficult to integrate dielectric passivation without chemically
altering the graphene surface and degrading the transport properties of the graphene
channel. The fundamental challenge in the development of graphene field-effect transistors
has been engineering a dielectric that provides optimal capacitive coupling to the gate,
while also minimizing degradation of device performance [28].

To meet these challenges, we need both bottom substrate and top dielectric which
has similar crystal lattice structure both in terms of type and lattice constant to reduce strain
and extrinsic doping, similar phonon mode for better heat dissipation and less scattering,
inert surface like graphene such that growth or incorporation as top dielectric should not
change graphene’s functionalities, with sufficiently high dielectric constant for capacitive
coupling to gate and minimize the coulomb scattering, high thermal conductivity for better
heat dissipation, better surface optical phonon characteristics, etc. Hence, dielectric
engineering is one of the major bottleneck for both development and integration of
graphene based devices.

Due to its two-dimensional (2D) nature that makes it essentially a surface, and very
high carrier mobility [1], graphene is especially suited for sensing applications [11].
Although it has excellent sensitivity to a large variety of polar molecules, (i.e. NO2 and
NHs) it is insensitive to most non-polar molecules, such as Hz, with which it does not
exchange charge. A surface functionalization is therefore necessary for detecting these
non-polar molecules. It has been demonstrated that surface functionalization of graphene

by catalytically active noble metals (such as Pd and Pt) leads to charge transfer between
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graphene and the metal hydride formed in presence of H> facilitating its detection [29-31].
Of these, only the chemically synthesized graphene nanoribbon network based sensor has
so far shown good H» sensitivity (producing ~55% change in resistance for 40 ppm Hb>),
while others showed much lower sensitivity in the range of few percent for tens of ppm H:
exposure and long response time. Thus, better sensor in terms of sensitivity, sensing
tunability, response and recovery time, power consumption is very important to realize
graphene’s complete potential. Recent demonstration of graphene/Si Schottky
heterojunction [32], and its usage in several devices from solar cells [33-34] to “barristors”
[7] have opened up the possibility for developing a new class of “chemi-diode” sensors.
Due to the atomically thin and semimetalic nature of graphene, its Fermi level can be easily
modulated by electrical, optical or chemical means which in-turn changes the Schottky
barrier height (SBH) at the heterointerface. Since the reverse saturation current is
exponentially proportional to SBH change, sensor based on graphene/Si Schottky diode
would provide new paradigm in 2D material based sensors.

In addition to realizing novel sensing paradigm, it is important to understand the
inherent mechanism. Since the sensing mechanism is dominated by electrical transport,
how different device component responds to the sensing condition and quantifying those
changes is necessary to obtain efficient sensing mechanism. For that, we might even need
specialized electrical spectroscopic technique which would help to get better insight as well
as new sensing parameters. Besides this, modelling the electrical response analytically with
representative parameters for different device components and extrapolating the relevant

change would help in achieving multimodal sensing archetype. Finally, analyzing the
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change in all the experimental and theoretical parameters would help even selective sensing
of analytes.

Metal nanoparticle (NP) functionalization of 2D materials and its effect on device
characteristics and sensing has attracted significant attention recently, since this method
can change the doping of atomically thin materials [35], enhance sensitivity of sensors by
higher adsorption [36], boosting photosensitivity due to electromagnetic scattering [37],
etc. However, there has not been any comprehensive study of the effect of NP decoration
and subsequent sensing on fundamental electrical properties such as mobility, carrier
concentration, scattering mechanism, etc. This sort of study is very essential to improve
the sensor performance which might even lead to new applications based on conventional

and non-conventional semiconductor materials and devices.
1.4 Outline of the Dissertation

In this dissertation, CVD method has been used to grow high quality, large area, single and
bilayer graphene on cupper foil for the investigation of graphene based electronic and
sensing devices. Chapter 2 started with CVD graphene growth steps including substrate
preparation, annealing and final growth phase, etc. Raman spectroscopy is a non-invasive
technique for structural characterization which is used to assess the quality of graphene.
Details of graphene transfer on arbitrary substrate utilizing widely used PMMA assisted
aqueous transfer method is described next. Fabrication process for graphene field effect
transistor and other electrical characterization test structures such as Transmission Line
Method (TLM) patterns for contact, Hall Bars for magneto-transport study, etc. has been
developed for CVD graphene which can be extended to any other 2D material. Electrical

characterization of CVD graphene on SiO2/Si substrate to study field effect mobility, Hall
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mobility, metal contacts, etc. have been performed and processing steps has been included
for improvement.

In chapter 3, Pulsed Laser Deposition (PLD) grown boron nitride (BN) [38] has
been introduced as an alternative substrate and dielectric for graphene electronics due to
certain unique characteristics which would help to achieve better performance of graphene
based devices. Low temperature growth of BN is described along with elemental and
structural analysis such as XPS, Raman, AFM, etc. Afterwards, graphene device
fabrication on BN, electrical characterization, and comprehensive analysis has been
performed along with comparative study of electrical transport properties on SiO2
substrate.

In chapter 4, the sensing response of catalytically active noble metal functionalized
Graphene/Si Schottky diode H» sensor is presented. The sensor operated in reverse bias,
takes advantage of the exponential change in current due to SBH change, and exhibits
several times higher sensitivity compared to the best performance of graphene based
chemiresistor type H> sensor functionalized similarly. The reverse bias operation also
allows modulation of the Fermi level of graphene depending on the magnitude of the bias,
which can lead to the tuning of sensitivity of the sensor and expansion of the dynamic
range. Another advantage of the reverse bias operation of the sensor is its low power
requirement due to low steady state current in the range of pA flowing in reverse bias.

In chapter 5, dc amperometric measurement of graphene/p-Si Schottky diode has
been carried out to study the Polar gaseous molecular (NH3) sensitivity enhancement by
noble metal (Pt, Pd and Ag) nano-particle functionalization. To understand the sensing

mechanism AC impedance spectroscopy (IS) has been used as a sensing measurement
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technique. In addition to the dc amperometric measurement, analyzing the IS response
utilizing an equivalent circuit model, the change in junction capacitance and resistance has
been obtained for both polar NO; and NHs, and non-polar H> gaseous species. Finally,
change in 3dB cut-off frequency for each gas exposure has been utilized as a sensing
parameter. The mentioned parameters have been compared for all three molecular species
to obtain multimodal sensing methodology.

In chapter 6, temperature dependent electrical transport study of CVD graphene in
Hall geometry has been carried out at different condition: as fabricated, after Pd NP
deposition and subsequent H> exposure to study the effect of graphene electrical properties
such as mobility for NP functionalization and in H> environment. Hall measurement of
single layer graphene showed increase in mobility with decrease in temperature, which
implies that substrate surface optical phonon scattering is the dominant scattering
mechanism. For bilayer graphene, Hall mobility increases with temperature in the range of
10 - 298 K, indicating Coulomb scattering is the most prevailing scattering mechanism.
Mobility reduced after 2 nm Pd NP deposition on bilayer graphene. However, with H
exposure, temperature dependent Hall mobility of the Pd-functionalized bilayer graphene
enhances significantly and the dominant scattering mechanism switched to thermal excited
surface optical phonon scattering. In chapter 7, the dissertation research is summarized and

possible future direction is discussed briefly.
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CHAPTER 2

GRAPHENE GROWTH, MATERIAL AND ELECTRICAL CHARACTERIZATION

The chapter starts with detailed discussion on developed CVD graphene synthesis
procedure including substrate preparation, annealing and final growth phase, etc. for high
quality, large area, single and bilayer graphene growth on cupper foil for the investigation
of graphene based electronic and sensing devices. Structural and material characterization
of as grown and transferred graphene has been carried out by Raman spectroscopy,
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Graphene
transfer on arbitrary substrate by PMMA supporting layer in aqueous medium is discussed.
Fabrication process for graphene field effect transistor and other electrical characterization
test structures such as Transmission Line Method (TLM) patterns for contact, Hall Bars for
magnetotransport study, etc. for CVD graphene is described subsequently. Electrical
characterization of CVD graphene on SiO2/Si substrate to study field effect mobility, Hall
mobility, metal contacts, etc. have been carried out and improvised processing steps is

included for performance enhancement.
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2.1 Chemical Vapor Deposition Growth of Graphene

Chemical vapor deposition (CVD) involves the activation of gaseous reactants or
precursors and the subsequent chemical reaction, followed by the formation of a stable
solid deposit over a suitable substrate. The energy for the chemical reaction can be supplied
by different sources such as heat, light, or electric discharge as in thermal, laser-assisted,
or plasma-assisted CVD respectively. Two types of reactions could be possible for the
deposition process namely homogeneous gas-phase reactions, which occur in the gas phase
and may results in formation of powders, and heterogeneous chemical reactions which
occur on or near a heated surface leading to the formation of powders or films. Though
CVD can be used to produce ultrafine powders, but in case of depositing extremely thin
graphene films heterogeneous chemical reactions should be favored and homogeneous
chemical reactions are avoided during the designed experiments. The CVD technique of
graphene growth has assumed prominence due to its ability to grow large area, monolayer,
low defect graphene on inexpensive substrates such as cold rolled, high-purity (99.999%),
25 pum thick Cu foils using inexpensive CVD growth hardware and operational cost. Cu
substrate has proved to be excellent candidate for making large-area, uniform thickness
(95%) monolayer graphene due to the low solubility of C in Cu [1].

The CVD setup consists of the three gas cylinders, each for CHs, Hy and Ar
connected to the corresponding mass flow controllers (MFC) through manual valves and
4> stainless steel tubing. The stainless steel tubing serves to provide higher conductance
path and better leak characteristics as compared to polyethylene tubing. The MFCs were
MKS Type 1179A each calibrated for the gas being used. Ar MFC was 1000 sccm range

for flow larger amount of Ar and a carrier and diluent gas. H> and CH4 MFCs were 200
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Figure 2.1 The home-build CVD graphene growth system

and 50 sccm range for keeping CH4 to H» ratio low during the growth. The output from
MFCs are joined together using a Swagelok Union Cross. One end of the cross is connected
to the 4 quartz delivery tube by a stainless steel bellows. The reaction chamber consist of
1% diameter wide and 2’ long quartz tube. It is also fitted with 4" thick compressed BN
heat blocker at both the ends. The enclosure is formed by stainless steel end caps with
sleeves. The sample or substrate is mounted on a flat quartz boat. The other end of the
chamber has one outlet connected to stainless steel tubing with bellows. A barometer and
a Pirani gauge (MKS 901P, loadlock transducer) are attached downstream to this stainless
tubing to monitor the pressure of the system. This tubing then connects to the inlet of a
mechanical pump. The mechanical pump is a rotary vane pump from Pfeiffer Vacuum
(Model: Duo 10 M) with a capability of 4.5 mTorr ultimate pressure. However the base
system pressure remains in the range of 100 mTorr. The outlet of the pump is connected to
room exhaust line though a manual valve which keep the CVD system isolated from

exhaust and saves from occasional oil leak of other pumps which are also connected to
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exhaust. The quartz tube reactor is housed inside a horizontal single zone split tube furnace
from Carbolite. This furnace is capable of operating at 1100 °C for prolonged hours and
takes about 45 min to reach that temperature. The temperature is controlled by Carbolite
301 controller. Split furnace was chosen to have a faster cooling rate which has bearing in
Ni based CVD and also to cut-down process time. Figure 2.1 shows the picture of this
home built graphene CVD system where precursor gas cylinders and mechanical pumps
are not in the frame. The picture shows stainless steel tubing, MFCs, their controller and
read-outs, horizontal split-tube furnace and its controller, quartz tube reactor fitted with
stainless steel ends caps, pressure gauge and read-out etc.

Graphene growth has been optimized on copper (Cu) foil, which acts as the catalyst
for growth. The distinct advantage of using Cu over other transition metals (as for example,
Ni) for graphene growth, low solubility of C atoms in Cu (< 0.001 atoms % at 1000 C)

results in high quality single or bilayer graphene growth on Cu. The sample preparation

Organic & acetic Bake Ramp- Annealing and
acid clean : out B up grain growth
Ramp- dom Graphene Ramp-
A down - S growth o up
1035° Cj—
1000° C[— CH,:
100 sccm
250° C— + H, : 100 sccm -\
“ Ar : 900 sccm B
35 35 135 30 20 ~45 o
Time (min)

Figure 2.2. Series of steps involved in growing monolayer graphene on Cu foils. The
optimized process parameters are shown in the schematic plot.
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involves a good cleaning procedure for getting rid of copper oxides such as CuO and Cu,O
which are present in Cu foils. The Cu foils were first cleaned in acetone and isopropanol,
and then sonicated in acetic acid to remove oxide. After loading the Cu foil under Ar over
pressure, the growth chamber was evacuated and then Ar was flown at 250 °C for bake out.
H> was flown for 2 hours at 1000 C to anneal Cu to increase its crystalline quality and
remove any remaining and newly formed oxide. The actual growth was performed at
further elevated temperature of 1035 C in presence of CH4. Figure 2.2 shows the optimized

process parameter and sequence of steps for our thin (mono and bi-layer) graphene growth.
2.2 Structural and Material Characterization of Graphene

In order to understand the type and quality of CVD graphene and to device the strategy to
improve the CVD, a reliable and quick feedback is very important. In case of graphene,
Raman spectroscopy provides quick and immediate feedback on as-grown graphene on
metal catalyst without any need for sample preparation [2]. Raman spectroscopy is based
upon vibrational spectrum of a material system. It is sensitive to strain and can detect stress
in the semiconductor in very small region due to the ability of focusing light beam in very
small region [3]. For our study, LabRAM 1B from Horiba Raman Spectrometer has been
used.

The Raman peaks of interest in graphene material system for routine
characterization lies in the Raman shift range of 1200 to 3000 cm™. The prominent peaks
in the Raman spectra of graphene system are G, D and 2D bands occurring at ~1580, 1350
and ~2700 cm™!, respectively as shown in Figure 2.3 [4]. The G band corresponds to doubly
degenerate in-plane transverse optic (iTO) and longitudinal optic (LO) phonon mode that

corresponds to E»; symmetry at the Brillouin zone canter [5]. Physically speaking, it result
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Figure 2.3 (a) G band resulting from in-plane C-C band stretching of the ring and
is characteristic of sp? carbon system. Electron excitation and phonon generation
is shown as resonance process in the E-k diagram of graphene. (b) The radial
breathing mode responsible for D peak. It involves inter-valley phonon and defect
scattering [4]. (c) A two-phonon second-order Raman spectral processes giving
rise to the 2D band.

from bond stretching of all pairs of sp? atoms both in rings and chains as seen in Figure
2.3(a) [4]. It is the only band that occurs from first order Raman scattering process in the
graphene. The presence of G peak confirms the presence of carbonaceous material with sp?
bonding and its intensity is proportional to the thickness of the carbonaceous material.
There is defect related peak in graphene referred as D. The D band corresponds to
the double resonance radial breathing modes of sp? bonded atoms in the ring [Figure 2.3(b)]
[5]. This band is Raman forbidden and only occur when the periodicity of hexagonal lattice
is broken by a point defect, grain boundary, line defect, graphene edge, dopant atom etc.
The other prominent band 2D, shown in Figure 2.3(c), results from a second order
scattering process that involves double resonance and two iTO phonons near K point. Since
D band involves one iTO phonon and a defect, the 2D band gets its name for being overtone
of D band which means w2p is about twice the wp. It helps in determining the number of

monolayers present in the sample, based upon shape and width of 2D band. After rigorous
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Figure 2.4 Raman spectra of graphene as-grown on Cu foils by CVD growth
technique. The Lp/Ig of 3.9 and 2D FWHM of 21.3 cm! is indicative of monolayer
graphene.

optimization (parameters shown in Figure 2.2) single layer graphene has been grown
routinely for different device and sensing applications. Figure 2.4 shows the Raman
spectrum of as grown graphene samples on Cu. The Ip/Ig ratios of less than 0.2 indicates
good quality of the graphene with very low defect density [6]. The Ig/Iop ratio of 3.9 and
the shape of 2D peak characterized by single Lorentzian peak with full width at half
maximum (FWHM) of ~21.33 cm! indicates the presence of single layer graphene [2].
AFM image of graphene on SiO2/Si substrate is shown in Figure 2.5(a) where the
PMMA residues are visible along with few wrinkles just after transfer without any
annealing. It has been demonstrated that with vacuum or forming gas annealing at 300 -
400 °C, significant amount of PMMA residue evaporates and graphene becomes much
cleaner [7]. Figure 2.5(b) is showing the false colored SEM image of suspended graphene
over the trench formed on SiO2/Si substrate, exhibiting structural uniformity and

monolayer thickness.
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Figure 2.5 (a) 20 x 20 um2AFM image of transferred graphene on SiO,/Si without
annealing is showing PMMA residue and wrinkles. (b) False color SEM image of
suspended graphene over the trench formed on SiO»/Si substrate showing uniform
structural quality and monolayer thickness.

2.3 Graphene transfer

In CVD based graphene growth on transition metal catalyst, the grown graphene cannot be
used directly. It needed to be transferred on a desired substrate for all possible
characterization and device fabrication. In our graphene growth on Cu foil it grows on both
sides and the bottom side graphene is in general inferior quality as compared to the one
gown on the top side of the foil. The top side graphene is protected by spin coating of poly
methyl methacrylate (PMMA) twice at 2000 rpm for 40 sec resulting in approximately 800
nm thickness of film. It also provides mechanical strength to graphene in the subsequent
processing steps. The PMMA coated sample is loaded upside down in reactive ion etching
(RIE) chamber upside down in order to expose the bottom graphene layer. This graphene
layer is removed by O plasma at 150 W RF power and 300 mTorr pressure for 180 sec.
The sample is then kept in concentrated Cu etchant over night for complete removal of Cu.
Both FeCl; and (NH4)2S20g (ammonium persulfate) have been used. This results in

graphene/PMMA layer floating in the etchant and resultant byproducts. The floated
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graphene is rinsed multiple times in deionized water (DI). A desired substrate can then be
slid underneath the floating graphene/PMMA and scooped off from the liquid solution. The
substrate containing transferred graphene/PMMA is allowed to dry in air and then baked

at 220 °C above the glass transition temperature of PMMA to allow its reflow in order to

PMMA
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Figure 2.6 Processing steps for graphene transfer on any desirable substrate.
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reduce the wrinkles in graphene originated while transfer on substrate. The sample is then

dipped in acetone for 2-3 hours to remove PMMA from top of transferred graphene. This
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Figure 2.7 Device processing steps for fabrication of graphene FET which
will serve as chem-FET.
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is followed by organic cleaning of the sample in acetone and IPA.
2.4 Graphene FET and Electrical Test Pattern fabrication

The complete fabrication process flow for graphene FET fabrication on SiO»/Si
substrate is shown schematically in Figure 2.7. The highly doped Si has low resistivity in
the range of 0.008—0.02 Q-cm, serves as global back-gate and the SiO> with thickness of
100/300 nm acts as the gate dielectric. The graphene was transferred on top of SiO/Si

using process described in previous section. The graphene was then spin coated with

Figure 2.8 Optical micrograph of graphene FET showing 20 um long and
30 um wide graphene channel on top of 300 nm SiO» substrate. The scale
baris 10 um.

photoresist and UV exposure was performed in mask aligner and subsequently developed
in AZ400K to define pattern on resist. Oxygen plasma in RIE chamber was used to define
graphene pattern. The resist was then removed in acetone. The patterned graphene was
again coated with photoresist for second round of lithography to make metal contacts on
graphene. The patterns for metal contacts were made using lithography as before. 20 nm
of Ti or Cr, and 80 nm of Au were evaporated in e-beam evaporator at 10® Torr. The

contacts were finally formed using metal lift-off in acetone. The order of the two
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lithography processes are interchangeable. As fabricated device optical image is shown in

Figure 2.8.
2.5 Electrical Characterization of Graphene Devices

To evaluate the electrical performance of CVD graphene, we have carried out series of
measurements in the form of transmission line method (TLM) patterns and field effect
transistors to evaluate contact resistance, sheet resistance, mobility, impurity
concentrations, current on/off ratios, etc. One of the obstacles in the progress of graphene

device performance is metal-graphene contact [8], which needs to be improved with the emphasis
of ultralow contact resistance to exploit its unprecedented potential.

The semiconductor resistance is defined by sheet resistance Rsh. The interaction of

semiconductor or semimetal (for example graphene) with metal contacts is characterized

by contact resistance, R. (Q) and specific contact resistivity, p. (Q-cm?). TLM pads are

1 I
—

‘L |d1| ‘ d2 | "‘—d‘;_b‘ |<_d4

Ry
Slope = R/Z
2Ly
“— 2R,

0 d

Figure 2.9 Schematic of TLM pads with various geometrical parameters. A plot of
total resistance across two pads from IV measurements as a function of pad spacing
d shows how to extract sheet and contact resistance [9].
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very simple test structure that lets us measure these parameters for metal semiconductor
contacts as shown in Figure 2.9. The relationship between these parameters with the total
measured resistance as a function of pad spacing (d) is given by equation 2.1. [9] The
specific contact resistance, pc, is independent of contact area, therefore becomes important
term for comparing ohmic contacts of different materials and processes. The transfer length
(L7) can be considered as the distance over which most of the current transfer from material
to metal contact or vice versa. It can be defined as the distance over which the voltage
drops to 1/e times and from the extracted values of transfer length and sheet resistance,

specific contact resistivity (pc) can be determined with the relationship equation 2.2.

p
Rrotal = 2Rc + LES (2.1)

pc = psL? (2.2)

To examine these parameters for graphene, 200 um x 200 pm wide 20nm Ti/80 nm
Au pads with varying separation. Fabricated TLM patterns are shown in Figure 2.10 (a).
The current-voltage measurements were performed using a Keithly 2612A System Source
Meter unit. Figure 2.10(b) shows TLM characterization on device fabricated on graphene
sample which didn’t go through any extra processing in between transfer and fabrication
steps shown in Figures 2.6 and 2.7. The extracted sheet resistance, Rsn is 834.1Q/0. The
Lt was ~3 um and Rc was 26.6 Q. The specific contact resistivity, p. obtained from Rsn and
Lt using Equation 3.1 is 2.75x10* Qcm?. This value of p is on high side but matches well
with reported values of contacts on graphene.

There is a possibility of moistures, PMMA residues and other impurities trapped at

the time of graphene transfer may cause p. to become large. To investigate further,
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Figure 2.10 (a) Optical Image of TLM test patterns with pad dimensions of 200 um
x 200 um. TLM characterization experimental data points (black) and linear fitted line
for Ti/Au contacts (b) without post-transfer annealing, and (c) with annealing in
forming gas after graphene transfer on SiO; substrate. (d) Cr/Au contact with post
transfer annealing.

additional step has been introduced in the fabrication process. This time the samples were
annealed in forming gas for 90 minutes at 400 °C. The forming gas was obtained by flowing
UHP Ar and H; at a flow rate of 800 and 200 sccm respectively. The TLM measurements
performed on one such sample is shown in Figure 2.10(c). The Rsn obtained on these
annealed devices was 1972 Q/o which is more than double for the value of graphene that
was not annealed. The higher sheet resistance value of graphene most likely originating
from annealing process induced reduction in carrier density. The Lt was obtained as ~0.4

pum which resulted pc of 2.8%10°° Qecm? and the Re was found to be 3.8 Q. These low values
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of contact resistance and pc are quite impressive and highlights the importance of annealing
in transferred CVD graphene for device fabrication. Figure 2.10(d) is showing the TLM
results for Cr/Au contact with post graphene transfer annealing and it produced similar
results as before with pc of 7.2x10°° Qcm? and R. of 6 Q. Thus, the improvised fabrication
steps is applicable to both Ti and Cr adhesion metal layer for Au contact of CVD graphene.

The transfer characteristics of back gated graphene FET is shown in Figure 2.11(a).
The Ips vs. Vg plot is ambipolar in nature which is a direct consequence of liner dispersion
relation in graphene with zero band gap. The minimum conductivity point in transfer
characteristics, also referred as Dirac point, was at Vg of 12 V. The positive Dirac point
reaffirms that CVD graphene transferred on SiO; is p-type in nature. Figure 2.11(b) shows
family of Ip-Vps curves with back-gate bias Vg varied from -20 to 0 volt with an increment
of AVyg of 5V. At each fixed back gate bias Vps varied from 0 to 5V. The decrease is
current at a particular Vps with increasing back gate bias also shows p-type behavior of

transferred graphene in negative Vg range. Another important device parameter that can
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Figure 2.11 (a) Family of curves for graphene FET showing increase in Ips
with more negative Vyg indicating p-type behavior. (b) Ips-Viug transfer
characteristics of the chem-FET with Dirac point at 12 V, indicating p-type
behavior of graphene transferred on Si0,.
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be obtained from transfer characteristics of this device is field-effect mobility, PreT, given
by the equation 2.3.

Hegr = Gm L/W Cox Vs (2.3)
Where gm is transconductance g,, = Alp/AV,g4, L is length of graphene channel, W is
width of the graphene channel, Cox is the oxide capacitance per unit area. With the

improvement in graphene growth quality and fabrication process, obtained average and

maximum mobility values are ~1000 and 3424 cm?/Vs, respectively.
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CHAPTER 3

ENHANCED GRAPHENE ELECTRICAL TRANSPORT PROPERTIES ON PLD GROWN

BN ON SILICON DIOXIDE/SILICON SUBSTRATE

3.1 Introduction

Graphene has been subjected to extensive research effort due to its outstanding electrical,
optical and mechanical characteristics such as atomically thin structure, high mechanical
strength, high mechanical flexibility, high thermal conductivity, optical transparency,
superior intrinsic carrier velocity and mobility, electrical and chemically tunable work
function, and possibility of heterostructure with other 3D/2D/1D materials, etc. With
unique combination of all these characteristics, graphene appeared as one the possible
alternatives to surpass the obstacles faced by the conventional semiconductors [1].

The 2-D nature of graphene means that injected charge carriers are confined to a
surface just one atom thick (~0.34 nm). In principal, this alone may allow graphene-based
devices to push the limits of device scaling beyond those of silicon and other conventional
semiconductors by enabling improved gate control and, opening up the possibility of new
device paradigm such as low power and high speed, vertical and in-plane Schottky devices
and tunneling transistors by forming multilayer heterostructures with other lower
dimensional semiconductors. However, the extreme confinement means that charge

carriers are also directly exposed to the surrounding environment, making transport
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through graphene highly sensitive to scattering from extrinsic impurities. This sensitivity
has presented a serious engineering challenge in realizing high-performance devices that
take full advantage of graphene’s intrinsic qualities [2].

Graphene has no native oxide layer and has a chemically inert surface with no
dangling bonds, making it difficult to integrate dielectric passivation without chemically
altering the graphene surface and degrading the transport properties of the graphene
channel. The fundamental challenge in the development of graphene field-effect transistors
(GFET) has been engineering a dielectric that provides optimal capacitive coupling to the
gate, while also minimizing degradation of device performance [2]. To meet these
challenges, hexagonal boron nitride (hBN) has emerged as an exceptional dielectric for
GFET application. hBN is a wide bandgap material (5.97 eV) [3], sharing the same layered-
hexagonal crystal structure as graphite but with boron and nitrogen atoms occupying the A
and B sublattices in the Bernal structure. The strong in-plane bonding of the hexagonal
structure (with only 1.7% lattice mismatch to graphene [4]) makes the surface free of

dangling bonds and, thus, chemically inert, presenting a nearly ideal dielectric interface to

(a) O'Q (b)OQ
Q ~9Q Q ~9Q
Q Q
3~-00¢ o0
Q0 Q0

Figure 3.1 Crystal lattice structures of (a) graphene and (b) hexagonal Boron Nitride
have the similar hexagonal ring where carbon atoms, and boron and nitrogen atoms
form the unit cell, respectively, shown by the rectangle [2].
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graphene. The crystal lattice structure of graphene and hBN is shown in Fig. 3.1 (a) and
(b), respectively [2]. Following the assumption, devices fabricated on exfoliated hBN
substrate exhibited an order of magnitude improvement in device mobility, reduced carrier
inhomogeneity, lower extrinsic doping, reduced chemical reactivity, and improved high-
bias performance in comparison to devices fabricated with conventional oxide dielectrics
[2]. The dielectric properties of hBN (& ~ 4 and VBreakdown ~0.7 V/nm) compare favorably
with SiO; [5, 6], and the excellent thermal conductivity of hBN [7], 600-times higher than
silicon dioxide, and high surface optical (SO) phonon modes, is advantageous for FET
applications to improve heat dissipation as well as reducing the SO Phonon scattering. [2,
8]

In addition to the improvement of electronic quality of graphene-based devices on
hBN, graphene’s electronic spectrum also becomes modified, acquiring a complex, energy-
dependent form caused by difference between the graphene and substrate crystal lattices
[9-11]. In particular, for graphene placed on hBN, the difference between their lattice
constants and crystallographic misalignment generate a hexagonal periodic structure
known as a moir¢ pattern [9-13]. The resulting periodic perturbation, usually referred to as
a superlattice, acts on graphene’s charge carriers and leads to multiple minibands [14] and
the generation of spectra with secondary Dirac points. The properties of secondary Dirac
fermions in graphene can be affected by a periodic sublattice symmetry breaking and
modulation of electron hopping amplitudes, in addition to a simple potential modulation
[15]. The possibility of creating gaps at specifically chosen energies by controllably
rotating graphene or other two dimensional crystals can be used to design novel electronic

and optoelectronic devices.
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In general, the methods for synthesizing hBN require either high growth or high
annealing temperature (~1000 °C) [16-18]. Pulsed laser deposition (PLD) offers an
attractive alternative to overcome the high temperature requirement by increasing the
excitations of deposited atoms and extending resonance time of the energetic species
presence at the condensation surface. This facilitates low temperature growth of amorphous
BN (a-BN) [19] which can then be phase transformed to polycrystalline hBN by low
temperature annealing [20]. Here, we are reporting the electrical characterization of
chemical vapor deposition (CVD) graphene on 5, 20 and 30 nm BN grown on Si0O,/Si
substrate initially by PLD at 200 °C, and annealing at 400 °C for transformation to
polycrystalline hBN. As synthesized BN improved the electrical properties of graphene by
significantly enhancing mobility, reducing carrier inhomogeneity and lowering extrinsic
doping compared to graphene transferred on SiO»/Si substrate.

3.2 Synthesis of Boron Nitride by Pulsed Laser Deposited

Current methods for synthesizing h-BN nano-sheets include mechanical and chemical
exfoliation [8, 21-23], high temperature chemical vapor deposition [16-18], and PVD
techniques including reactive sputtering followed by high temperature annealing [24] and
pulsed laser deposition of boron nitride nano-sheets [25]. Mechanically exfoliated h-BN
flakes have been used for proof of concept demonstration of numerous configurations
incorporating graphene and other two dimensional materials, but the device size is limited
to the size of the flake and the exfoliation thickness is not well predictable, which hinders
scale-up for device fabrication. Most of the CVD routes for h-BN growth include the use
of metal substrates or catalysts and high growth temperature. Only recently, a direct growth

of polycrystalline few-layer h-BN on sapphire and silicon substrates using CVD techniques
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was successfully demonstrated with a deposition of polyborazylene film at moderate
temperatures and subsequent conversion to h-BN by annealing at 1000 °C [24]. This also
includes recent reports on the direct CVD growth of h-BN on the surface of epitaxial
graphene with an ammonia borane precursor in a vertical tube furnace at 1075 °C [26].
From the literature survey, one major challenge for large area, 2D h-BN material
synthesis is the reduction of the growth or annealing temperatures. Pulsed laser deposition

is a technique, where a high energy, focused laser beam pulse causes rapid heating on the

Figure 3.2 Schematic of Pulsed Laser Deposition set-up for BN deposition [19].

face of the target, causing both ionized and neutral components to accelerate from the target
in the form of a plasma plume normal to the target surface. The plasma plume propagates
in the direction of the substrate and can be thermalized by collisions with the background
gas, depending on the pressure and target-to-surface distance. The resulting film quality
and composition on the substrate can be affected by parameters including laser wavelength,
power, pulse rate, pulse duration, target-to-substrate working distance and relative

orientation, background gas type and pressure, and substrate temperature [19].
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Few-layer boron nitride films were deposited in an ultra-high vacuum chamber with
residual base pressures of 2 x 107 Torr [19]. Ablation from an amorphous boron nitride
target (99.99% pure) was carried out using a Lambda Physik LPX300 248 nm KrF excimer
laser at pulse energies of 900 mJ/pulse, 30 ns duration, and 1 Hz repetition rate. A 1000W
Astex ECR power supply supplied heat to the substrate by means of joule heating a
tungsten filament to a sample temperature of 200 °C, calibrated using a thermocouple spot-
welded on the block just beneath the substrate. Depositions were performed in nitrogen

background gas, where pressure was controlled by a butterfly valve to preset values within

Figure 3.3 Optical Image of amorphous Boron Nitride (a) 5Snm (b) 10nm and (c) 20nm
grown on 300 nm SiO»/Si at 200 °C.

10"* to 50 mTorr range and keeping the flow of ultra-high purity nitrogen gas (99.9999%)
at 30 sccm. After deposition, the substrate was allowed to cool to room temperature before
removal from the vacuum chamber. A schematic of the deposition chamber and process is
shown in Fig 3.2. Optical Image is showing continuous, uniform, and smooth surface
coverage of 5, 10 and 20nm BN grown on Si0,/Si over large area in Fig 3.3(a), (b) and (c),
respectively and change in color with increase in BN thickness. In case of CVD grown BN
on Cu/Ni, comparably thicker layer growth has been reported along the grain boundaries

[18], which has not been observed for PLD grown BN.
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3.3 Boron Nitride Material Characterization

In order to assess film composition, X-ray photoelectron spectroscopic (XPS) analysis was
carried out using a Kratos AXIS Ultra spectrometer with a monochromatic Al Ka x-ray
source (1486.7 eV) operated at 120W(12 kV, 10 mA) and at approximately 4 x 10~° Torr.
Representative high resolution spectra of the Bls and N1s regions are shown in Fig. 3.4(a)
and (b) [19]. The B 1s peak is fit with two components at 190.6 eV and 192.1 eV,

corresponding to BN and BNOy, respectively. The small amount of BNxOy observed as a
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Figure 3.4 (a) Representative XPS scan of the B 1s peak as well as the n—n* satellite
shifted 9 eV from the B 1s peak, and (b) a representative scan of the N Is peak [19].
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shoulder on the B 1s spectra is seen in other polycrystalline h-BN films [27], and is most
likely due to exposure to ambient conditions and oxidation at the polycrystalline grain
edges. The N 1s peak is fit with a single component at 398.1 eV. Next, to determine
structural properties, BN samples were examined with Raman spectroscopy and AFM
topography. AFM topographical images of BN on SiO»/Si were acquired using a Bruker

Dimension Icon AFM while operated in tapping mode. AFM topographical scans indicated
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Figure 3.5 AFM topographical Image of amorphous Boron Nitride (a) Snm (b) 10nm
and (¢) 20nm grown on 300 nm SiO»/Si at 200 °C, and (d) Raman Spectra of as grown
BN and graphene/BN. Without annealing there is no hBN E; peak showing the
amorphous nature of as grown BN on SiO»/Si.
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large-area film coverage as shown in Fig. 3.5(a), (b) and (c¢) for 5, 10 and 20 nm BN on
Si0,/Si substrate. The RMS roughness of the BN did not follow any trend other than having
the intrinsic roughness of the substrate underneath. Obtained roughness for three different
thickness of 5, 10 and 20 nm are 0.23, 0.39 and 0.27 nm for a given area of 10 X 10 pm?.
Raman characterization was carried out using LabRAM 1B from Horiba with a 632 nm
Laser and 100x objective. Fig. 3.5(d) is showing the Raman spectra of as grown BN (red
line) and transferred graphene on 20 nm BN without annealing (black line). Due to the
amorphous nature of as grown BN on Si0,/Si didn’t show any Raman signature peak

within 1000 - 2000 cm™'.
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Figure 3.6 Graphene/BN Device fabrication process steps with (a) post transfer
annealing and (b) annealing before and after transfer.
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3.4 Graphene FET fabrication on PLD Boron Nitride

To study the electrical transport properties, we have started with 20 and 30 nm BN grown

Boron Nitride

Si Back Gate

Figure 3.7 Graphene FET device schematic on BN/SiO,/Si

on 300nm SiO»/Si. CVD grown graphene on Cu foil was transferred on the as grown BN
samples employing already mentioned PMMA assisted wet transfer method. After transfer
the samples were annealed in forming gas (Hz/Ar: 200/800 sccm) for 2 hours at 400 °C and
at 100 mTorr base pressure to remove the polymer residue and for better adhesion of
graphene with the substrate. Adhesion of graphene with the underlying substrate is
important to increase the device yield. Next, graphene is patterned by photolithography
and O» plasma etch in RIE. Finally, Ti/Au (10/80 nm) metallization was done employing
following steps: photolithography, electron beam evaporated metal deposition at a base
pressure of 10 Torr and subsequent lift-off in resist remover. Highly doped Si (p ~ 0.008
Q-cm) on the back side of the sample has been utilized as the back gate contact. Complete
fabrication process flow as discussed is summarized in Fig. 3.6 (a). In addition to back

gated field effect transistor (schematically shown in Fig. 3.7), transmission line method
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(TLM) patterns were also fabricated on the same chip to characterize graphene contacts on
BN substrate.

Annealing in forming gas has been widely used for semiconductor surface
passivation. Since in our case, as grown BN is amorphous in nature, there might be surface
dangling bonds compared to completely inert surface of exfoliated hBN. For surface
passivation, we have carried out the forming gas annealing of as grown 5 nm BN sample
also before graphene transfer. Extended process flow is shown in Fig. 3.6(b) which shows
two annealing steps before and after graphene transfer. The optical image of 5 nm BN is

shown in Fig. 3.8 (a) and (b) before and after annealing, is not showing any significant
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Figure 3.8 Optical Image of Snm Boron Nitride (a) Before and (b) after annealing
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Figure 3.9 Raman spectra of graphene on (a) SiO2/Si and (b) annealed BN/Si10,/Si.
Extracted peak at 1368 cm™ from the graphene/BN showing the hexagonal nature of
BN.
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change. Interestingly, after annealing of the BN samples at 400 °C for 2 hour in forming
gas, Ha/Ar (200/800 sccm), the Raman spectra showed [Fig 3.9 (b)] the widely reported

!, characteristics of h-BN. To compare the Raman

E», shear mode peak, at ~1368 cm"
spectra on SiO2/Si and annealed BN/SiO»/Si substrate, both of them are shown in Fig. 3.9
(a) and (b), where graphene on BN is exhibiting partial overlap between graphene D and
BN Ex; shear mode peak. Similar spectra has been observed by Osama et al. [28] for layer
by layer transferred CVD graphene/BN. The slight blue shift from 1365 cm™ has been
observed for both exfoliated and CVD grown samples [29,30]. It has been recently reported
that in-situ transmission electron microscope (TEM) annealing of amorphous BN for 30
minutes at 600 °C transforms it into crystallites with average domain size of 100 nm [20].
Hence, this study also supports our claim of transforming a-BN to hBN at low temperature
annealing. Thus, low temperature PLD grown a-BN and its transformation to
polycrystalline hBN opens up the possibility of synthesis of large area 2D materials at
much lower temperature on any desired substrate. Comprehensive Raman study of
transferred CVD graphene on the annealed BN of different thickness is currently underway
to better understand the interaction and possible charge transfer mechanism between the
layers. The effect of annealing of BN on graphene electrical transport properties is analyzed
extensively in results section later.

3.5 Graphene on BN Electrical Characterization

Due to the extreme confinement of charge carriers in 2D atomically thin graphene, it easily
gets effected by the surroundings. Hence, as every other substrate, BN has its own effect
on graphene and its electrical transport properties. To study the effect of graphene TLM

pattern with Ti/Au contact has been fabricated and characterized on BN/SiO; substrate.
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Figure 3.10 TLM Characterization plot of Graphene on (a) 30 nm BN and (b) 5 nm
BN.

The voltage was swept from -1 to 1 V at ambient condition and resistance has been
extracted from the measured current value. Best fit to the as measured resistance values for
different contact pad spacing is shown in Fig. 3.10 for two different thickness. Extracted
specific contact resistivity and sheet resistance values from the plot of Fig. 3.10 (a) are
3.9 x 10™* Q-cm™ and 628 Q/square, respectively for 30 nm BN which subjected to only
post-graphene transfer annealing. Although the specific contact resistivity is slightly higher
[31], the sheet resistance is low compared to that on SiO» substrate [32]. The low sheet
resistance is probably due to charge transfer between graphene and BN, which transformed
from amorphous BN to polycrystalline h-BN after annealing.

For 5 nm BN sample which has been annealed before and after graphene transfer,
shown in Fig. 3.10 (b), the specific contact resistivity and sheet resistance values are 3.5 X
1075 Q-cm™ and 1903 Q/square, respectively. Annealing twice has improved the graphene
contact, but increased the channel resistance which is most likely from the reduction in
intrinsic carrier concentration. Specific contact resistivity showed an improvement of one

order over 30nm BN and better than that of Si0,/Si substrate for the similar fabrication
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process steps [31]. The characteristic resistance values are close to that of reported in the
literature for CVD and epitaxially grown graphene. The extant of charge transfer between
graphene and h-BN, and its effect on graphene electronic spectrum is under further
investigation.

For comparison purpose, using graphene from the same copper piece, FET has been
fabricated on 300 nm Si0O»/Si substrate cleaved from the same wafer. Representative back
gated transfer characteristics is shown in Fig. 3.11 (a) where within 40.0 V back gate bias
range the Dirac point was not observed and no sign of current minima is visible. From the

transfer characteristics extracted maximum mobility is 1410 cm?/Vs, which is typical as
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Figure 3.11 Transfer characteristics of graphene from same Cu piece on (a) Si02/Si, (b)
30 nm BN/SiO/Si, (¢) 5 nm BN/SiO»/Si substrate and several devices with different
dimensions on (d) 5 nm BN/Si0,/Si substrate.
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obtained for graphene devices on SiO»/Si substrate. Representative transfer characteristics
of back gated graphene transistor on 30nm BN/SiO»/Si is shown on Fig. 3.11 (b). Mobility
of 2810 cm?/Vs was extracted for this device, which is reasonably improved compared to
only Si02/Si substrate. However, graphene residual/impurity carrier concentration is not
very low since charge neutrality point/Dirac point has not been observed within back gate
bias range of 30V. It can be concluded from the transfer characteristics that, the drain to
source current shows distinct slope reduction near 30 V, which indicates p-type doping in
graphene in this device. However, from Fig. 3.11 (a), monotonic drain to source current
decrease with back gate voltage on Si0»/Si indicates Dirac point is further away compared
to the device on 30 nm BN/Si02/Si substrate and hence higher residual or impurity carrier
concentration of graphene on SiO2/Si. Similar characteristics has been observed for more
than 40 devices for both 20 and 30nm BN/SiO»/Si. In addition to the lower impurity carrier
concentration in graphene devices on BN/SiO/Si substrate, more than 2 times increase in
mobility has been observed on 30nm BN substrate compared to SiO2/Si.

Next, 5 nm of as grown BN was chosen to evaluate its performance as ultrathin
substrate due to its promise as ultimately scaled dielectric and tunneling barrier for 2D
material based multilayer structure for electronic, photonic and sensing applications. It has
been reported in literature that five layers of hBN can effectively screen graphene carriers
from dangling bonds associated with the oxide and can provide an atomically smooth
surface (roughness < 100 pm). [4] Furthermore, a stack of five layers of BN has been shown
to provide sufficient insulation from oxide charge traps (>1 GQ) [33] as well as excellent

thermal conductivity ~ 200 W/mK [7] much higher than SiO,. Recently, hole mobility of

47



10000 cm?/Vs at ultrahigh vacuum (107 Torr) from layer transferred graphene on five layer
BN both grown by CVD on copper has been reported [34].

Afterwards, we have carried out back gated electrical measurements of graphene
FET on 5 nm BN where several significant improvements have been observed. One of the
important findings is that, the Dirac point of these devices moved really close to zero gate
bias even in ambient as seen in Fig 3.11 (c). This is in complete agreement with the reported
results of small impurity carrier concentrations in graphene on hBN substrate. Fig 3.11 (d)

is showing several other devices with Dirac point in the range of +1.0 V with reasonable
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Figure 3.12 (a) Hysteresis in transfer characteristics of graphene FET on 5 nm
BN/Si0,/Si, (b) Ip - Vps family of plots at different back gate bias, and (c) effect of
current annealing on transfer characteristics of the same device

48



current on/off ratio. Current minima around zero voltage demonstrates the promise of low
temperature grown PLD BN as a substrate and dielectric for graphene and other 2D
material based electronics and sensing applications.

Although transfer characteristics in Fig 3.11 (c) of representative device on 5 nm
BN is showing the Dirac point close to 0.0V in ambient condition, its current on/off ratio
is low which is originating from the defect and imperfections of the BN. Additionally,
reverse sweep of the back gate bias showed Dirac point difference of 16.5 V between
forward and reverse sweep which is visible in Fig 3.12 (a). The hysteresis indicates the
presence of slow trapped charge in BN or at the interfaces between SiO, and BN, and/or
BN and graphene. It could be reduced by either one or all of the following approaches:
phase transforming the hBN nano-crystallites to polycrystalline structure with as large as
possible crystal domains, improving the dielectric property of BN and subsequent use of
local back gate which will completely eliminate the SiO> from the active gate dielectric
stack, engineering better interface between graphene and BN, etc. Fig 3.12 (b) shows the
family of current response for source to drain voltage at five different back gate bias, where
current is decreasing as the gate bias is increasing till 0.0V and trying to increase again
with increasing gate bias of 10.0V, confirming the Dirac point position between 0 and 10V.
After several measurements of drain current with drain to source voltage as a function of
different back gate bias, transfer characteristics was measured again. Both the transfer
characteristics plotted in Fig 3.12 (c) where the Dirac point shifted to -3V from +5V
although current decreased almost half the initial value. Dirac point shift to negative
voltage is due to removal of PMMA residue and other surface impurities by effective

current annealing at the time of repetitive measurements. On the other hand current

49



decrease has also been observed previously by other group [35] which is most likely from

the oxidation of graphene in air due to joule heating since the measurements were carried

out in air. In this case, the current annealing induced cleaning of graphene and oxidation in

air due to joule heating were competing processes at the time of measurements.

Next, hole mobility on 5Snm BN has been extracted utilizing the method previously

used. Highest hole mobility on 5nm BN/SiO»/Si substrate is 4976 cm?/Vs compared to only

1417 cm?Vs on SiO»/Si substrate, which is more than 3.5 times increase. Similarly,

average hole mobility on Snm BN/SiO,/Si substrate is 1955 cm?/Vs which is more than
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Figure 3.13 Graphene field effect hole mobility (a) comparison on 5 nm BN/SiO»/Si
and 300 nm SiO,/Si substrate, (b) variation for different BN thickness and annealing
twice (¢) comparison of average and maximum hole mobility, and (d) Electron Mobility

on 5 nm BN/Si10,/S1 substrate.
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two times higher than SiO»/Si substrate in air and ambient condition. Comparison of hole
mobility between 300nm SiO»/Si and 5nm BN/SiO»/Si substrate for more than forty
devices is shown in Fig 3.13 (a). In Fig 3.13 (b) we compared hole mobility for 5, 20 and
30 nm BN where although devices on 20 nm BN substrate showed lower mobility
compared to 5 and 30nm, still better than SiO»/Si substrate [Fig 3.13 (b)]. Possible reason
for low mobility on 20 nm BN compared to other 2 thickness is probably originating form
variation in process especially at the time of fabrication. The maximum mobility on 20 nm
(1910 cm?/Vs) is higher than SiO,/Si (1417 cm?/Vs) while both maximum (3035 cm?/Vs)
and average (1865 cm?/Vs) mobility on 30nm BN substrate showed more than two times
improvement. Among 5 and 30 nm BN, 5 nm showed higher maximum mobility of 4976
cm?/Vs over 30 nm BN of 3035 cm?/Vs, although average mobility for 5 nm (1955 cm?/Vs)
is slightly higher than 30 nm BN (1865). Maximum and average mobility for Si0,/Si, 5
and 30 nm BN is shown in Fig 3.13(c), where both 5 and 30nm BN showed significant
improvement over Si0O»/Si substrate. In terms of pimax, for 5 and 30 nm BN improvement is
almost 3x and 2x, respectively, while 2 times for both of them in case of payerage. Since the
current minima on 5 nm BN sample is at or close to 0.0V, the electron mobility can also
be extracted easily. Extracted electron mobility is shown in Fig 3.14(d), where maximum
and average electron mobility is 4194 cm?/Vs and 1555 cm?/Vs, respectively. The average
electron mobility on 5 nm BN is higher than that on SiO2/Si substrate as discussed in
chapter 2.

Dirac point of forty devices on Snm BN substrate is plotted in the bar chart format
in Fig 3.14 (a), where one device showed -0.35 V and all other ranging from 0.0 to 5.75 V

with an average of 3.5 V. Fig 3.14 (b) shows the distribution of zero back gate bias or
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residual carrier concentration which determines the effect of substrate such as
imperfections, water droplets, effect of traps and interface effects, residue from fabrication
steps, dielectric environment both bottom and top, doping induced by surroundings

including moisture in air, etc. on graphene channel. Minimum residual carrier
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Figure 3.14 (a) Dirac point and (b) residual carrier concentration distribution of
graphene on 5 nm BN/Si10,/Si substrate and (d) comparison with Si0,/Si substrate.
concentration achieved on 5 nm BN is 2.64 x 10! cm and average over forty devices is
7.0 x 10! cm™. Theoretical intrinsic limit of residual carrier concentration for graphene
is 1.6 X 10! cm™ [36] as shown by the blue horizontal line, which is close to the minimum

achieved for 5 nm BN/Si02/Si substrate, 2.64 x 10! cm™. Finally, Fig 3.14 (c) shows the
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comparison between BN and SiO; substrate, p, is 4.3 X 1012 cm™ for SiO> which is more
than 6 times higher compared to the achieved average for 5 nm BN.

From the presented results, the significant findings for graphene devices on BN in
ambient condition are: both average and maximum mobility increased, average Dirac point
is 3.5 V and low residual carrier concentration which is close to theoretical intrinsic limit.
These improvements are mutually related in several aspects. Most of the graphene devices
are fabricated on SiO/Si substrate which show substantial p-type doping in graphene,
larger hysteresis (Dirac point difference between forward and reverse sweep) and low
mobility. The major source of impurities in graphene are three types: from the SiO surface
itself, adsorbed molecules on its surface, and PMMA/resist residues from device
fabrication. Since the effect of substrate is more relevant to this research, subsequent
discussion is focused on the first two processes.

Due to its polar nature, SiO» surface has dangling bonds where various adsorbates
can attach themselves ranging from water molecules to PMMA residue. One such example
is the coupling of Hydroxyl groups (-OH) to the dangling bonds of the Si and formation of
silanol (SiOH) groups which is hydrophilic [37-39]. This hydrophilic nature can attract
polar molecules to bond with silanol and participates in charge transfer with graphene leads
to unwanted extrinsic doping. Following this mechanism adsorbed water molecules is
believed to be the major source of p-type doping in graphene [37, 40-42]. This increase in
carrier concentration and accompanying charged impurities result in enhanced coulomb
scattering. Due to its polar nature, SiO surface optical phonon induced scattering is another

major scattering mechanism in graphene [43].
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Introduction of BN in between graphene and SiO> reduces the mentioned effects
substantially, although BN growth itself is in the very early stage of exploration. Even
considering this, from the significant improvement in graphene electrical characteristics, it
can be concluded that, the inert, hexagonal and lattice matched structure of BN
considerably reduces extrinsic doping and carrier inhomogeneity in graphene. This results
in both reduction in residual carrier concentration and Dirac point which is expected to
reduce the coulomb scattering. In addition, BN has high optical phonon frequency close to
that of graphene which helps in reducing the Optical phonon scattering. Essentially with
BN as a substrate, both coulomb and phonon scattering is reduced which significantly

enhances the carrier mobility.
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CHAPTER 4
FUNCTIONALIZED GRAPHENE/SILICON CHEMI-DIODE H; SENSOR WITH

TUNABLE SENSITIVITY

4.1. Introduction

Due to its two-dimensional (2D) nature that makes it essentially a surface, and very high
carrier mobility [1-6], graphene is especially suited for sensing applications [3-10].
Although it has excellent sensitivity to a large variety of polar molecules, (i.e. NO> and
NH3) it is insensitive to most non-polar molecules, such as H», with which it does not
exchange charge. A surface functionalization is therefore necessary for detecting these
non-polar molecules. It has been demonstrated that surface functionalization of graphene
by catalytically active noble metals (such as Pd and Pt) leads to charge transfer between
graphene and the metal hydride formed in presence of H; facilitating its detection [11-13].
There are reports on H» sensors utilizing epitaxial graphene [12], graphene synthesized
through chemical vapor deposition (CVD) [11], and chemically synthesized graphene
nanoribbon networks [13], which are functionalized with either Pd or Pt to impart H»
sensitivity. Of these, only the chemically synthesized graphene nanoribbon network based
sensor has so far shown good H» sensitivity (producing ~55% change in resistance for 40

ppm H»), while others showed much lower sensitivity in the range of few percent for tens

55



of ppm H: exposure. The higher sensitivity of the graphene nanoribbon networks [13]can
be attributed to its porous structure and high specific surface area. In general, the sensitivity
of these commonly used “chemiresistor” type sensors is dependent on two factors: (i) the
amount of charge exchanged from the analytes (facilitated by the functionalization layer),
and (ii) the mobility of the charge carriers, since resistivity is inversely proportional to the
product of mobility and charge density. The former depends on the material properties and
thickness of the functionalization layer used, while the latter is controlled by the graphene
quality, and more significantly, by the charge carrier scattering caused by the
functionalization layer [14, 15] and substrate underneath the graphene [16]. Although the
material property of graphene can be controlled to a large extent through optimization of
the synthesis process, in general, the choices are very limited in terms of the substrate and
the functionalization layer used to realize the sensors. However, the effects of the last two
factors are extremely significant on graphene mobility, which reduces from 200,000
cm?/Vs for suspended graphene [2] to only a few thousand cm?/Vs for graphene on SiO»
or SiC substrates [16, 17]. The functionalization layer can further reduce the mobility [18],
and if conducting, can also provide a parallel path for current flow thereby further reducing
sensitivity. Therefore, sensing paradigms where the sensitivity of the sensor does not
directly depend on the mobility of the charge carriers would be of significant interest.
Recent demonstration of graphene/Si Schottky heterojunction [19], and its usage in
several devices from solar cells to “barristors” [20-22] have opened up the possibility for
developing a new class of “chemi-diode” sensors. Due to the atomically thin and
semimetalic nature of graphene, its Fermi level can be easily modulated by electrical,

optical or chemical means which in-turn changes the Schottky barrier height (SBH) at the
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heterointerface. This is in contrast to classical metal-semiconductor Schottky junctions,
where the Fermi level of the metal remains fixed regardless of external factors.
Nevertheless, this property of graphene/Si heterojunctions can be utilized to design sensors
with ultra-high sensitivity, since change in SBH induced by adsorbates exchanging charge
with graphene, will change the current flowing across the junction exponentially.
Graphene/Si Schottky diode based sensor has been demonstrated recently in large forward
bias operation, where the diode current is controlled by series resistance, hence, high
sensitivity was not observed [23]. In this work, we have demonstrated for the first time,
catalytically active noble metal functionalized Graphene/Si Schottky diode H> sensor
operated in reverse bias, which takes advantage of the exponential change in current due
to SBH change, and exhibits several times higher sensitivity compared to the best
performance of graphene based chemiresistor type H> sensor functionalized similarly. In
fact, the sensitivity of the sensor allows us to reach a detection limit close to the
atmospheric concentration of Ha (~0.6 ppm) [24]. The reverse bias operation also allows
modulation of the Fermi level of graphene depending on the magnitude of the bias, which
can lead to the tuning of sensitivity of the sensor and expansion of the dynamic range.
Another advantage of the reverse bias operation of the sensor is its low power requirement
due to low steady state current in the range of pA flowing in reverse bias.

4.2. Fabrication and Characterization of Graphene/Si Schottky Diode

In this work, both Pd and Pt-functionalized graphene/p-Si Schottky diodes were
investigated in terms of their sensing behavior toward H». Graphene samples were
synthesized through chemical vapor deposition (CVD) on Cu (catalyst) foils (Alfa Aesar,

99.999% purity) in a quartz tube furnace. The synthesis was performed at 1035 °C and 10
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Torr pressure with CHy4 as the precursor (nominal flow rate of 40 sccm) along with H»
(nominal flow rate 50 sccm), following earlier reports [25, 26]. Graphene on copper foil
was lithographically patterned and strips were defined by O» plasma etch. The Cu foil with
graphene strips was coated with two layers of poly methyl methacrylate (PMMA), to add
mechanical strength during subsequent processing, and baked for 1 min at 150 °C. Next,
the graphene layer on the back side of the sample was removed by oxygen plasma etching,
which was followed by Cu etching in 0.5 M ammonium persulfate solution for more than
12 hour, releasing the graphene/PMMA bi-layer [16]. SiO2 (100 nm) on p-Si has been
selectively removed by 1:5 diluted buffered HF just prior to transfer of graphene. Ti/Au
was deposited selectively on top side of Si and annealed in Ar/H; atmosphere at 400 °C to
form ohmic contacts. After rinsing in deionized water and IPA, the graphene/PMMA bi-
layer was scooped and placed on the patterned SiO»/Si substrate. It was then baked at 220
°C for 5 minutes to reflow the PMMA resulting in more uniformity and less cracking in
transferred graphene. Afterwards, the sample was placed in acetone for 2 hour to remove
PMMA [16, 27]. Ti (20 nm)/Au (80 nm) contacts were evaporated on graphene transferred
on Si0O2/Si using shadow mask. The p-Si used in this work is lightly doped and have
resistivity in the range of 1-10 Q-cm. The device length is 200 pm and width is ~1000 um
in all the cases where ~80% of the total area is functionalized. There is an additional 200
um Graphene on SiO; between the metal contact and Graphene/Si interface. Different
thickness (1-3 nm) of Pd and Pt were evaporated on graphene in e-beam metal deposition
chamber.

Raman spectra were measured on graphene transferred to the Si substrate to

determine the quality of transferred graphene. Figure 4.1 (a), (b), and (c) show the
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Figure 4.1 Raman spectra of (a) Graphene on p-Si, (b) Pd-deposited graphene on p-Si,
(c) Pt-deposited graphene on p-Si; (d) SEM top view image of 3 nm Pd-functionalized
graphene on p-Si. Scale Bar is 50 nm. (¢) Zoomed out image of that shown in (d)
showing graphene wrinkles. Scale Bar is 100 nm. (f) Pt-functionalized graphene on p-
Si. Scale Bar is 100 nm.

representative Raman spectra of graphene transferred on Si as well as Pd and Pt decorated
graphene on Si. All signature peaks, D, G and 2D, along with the Si peak at 1451 cm™, can
be observed. The transferred graphene layer on top of Si [Figure 4.1(a)] shows intensity
ratio, Ip/Ig ratio of 0.16, suggesting high quality graphene [28]. The Lp/IG ratio of 2.47,
and 2D peak full width at half maximum of 34.38 cm™, are indicative of single layer
graphene [29]. The Ip/Ig ratio of 0.32 for Pd decorated graphene [Figure 4.1(b)] suggests
some degradation in the quality of graphene following electron beam evaporation of 3 nm
thick Pd nanoparticles for functionalization. This degradation might be due to the creation
of point defects in graphene by the metal atoms hitting it during e-beam evaporation. For

2 nm thick Pt functionalized graphene the Ip/IG ratio is higher, 0.54 [Figure 4.1(c)], which
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indicates higher defect density in the film. It is probably a consequence of higher film
damage caused by heavier Pt atoms during evaporation process compared to Pd atoms.
Deposited metal films typically grow on crystalline substrates through nucleation followed
by grain growth. The growing grains coarsen and coalesce to form complete film coverage
as metal evaporation continues. Figure 4.1(d) captures the initially formed grains of Pd on
graphene/Si in a scanning electron microscopy (SEM) micrograph. Due to the small growth
duration, (~2 minutes for 3 nm thickness) the Pd grains could not become large enough to
coalesce completely, therefore partial coverage of Pd film is observed. A zoomed out SEM
micrograph [Figure 1(e)] at the same location shows an overall smooth coverage with a
few wrinkles in the graphene layer. Figure 4.1(f) shows an SEM micrograph depicting
similar coverage for deposited Pt film with 2 nm thickness.

Figure 4.2(a) shows the schematic of a graphene chemiresistor sensor fabricated
side by side with a graphene/Si heterojunction chemi-diode sensor with metal film
functionalization layer. Optical microscopy image of the fabricated Pd-functionalized
graphene/Si Schottky diode sensor is shown in Figure 4.2(b). The initial electrical
characteristic of chemi-diode before Pd and Pt deposition is shown by the solid black
curves in Figure 4.2(c) and Figure 4.2(d), respectively, which exhibits typical rectifying
characteristic in agreement with previous reports [19-23]. A Schottky type response is
expected since the work function of graphene is around 4.5 eV, which is lower than that of

p-Si, with an estimated work function of ~4.97 eV (electron affinity and bandgap of Si are
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4.05 and 1.12 eV, respectively [30], and from resistivity of 1 — 10 Qcm for the p-type Si,
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Figure 4.2 (a) Device schematic and biasing scheme of Pt/Pd functionalized graphene
chemiresistor and graphene/Si Schottky diode sensors fabricated on the same chip. Gray
spots indicate metal decoration. (b) Optical Image of graphene/p-Si heterojunction
Schottky diode sensor with H2 nm Pd-functionalization, white dashed box
approximately enclosed the graphene on both Si and SiO», graphene is visible on SiO»,
and Pd-functionalization is also showing contrast on SiO» region covered by graphene.
(c) Current-Voltage (I-V) characteristics of graphene/p-Si (black solid line), after Pd-
functionalization (blue dashed line), and after 10 minutes exposure of the Pd-
functionalized sensor to 1000 ppm H> (orange dotted line). (d) I-V characteristics of
graphene/p-Si (black solid line), after Pt-functionalization (blue dashed line) and after
10 minutes exposure of the Pt-functionalized sensor to 1000 ppm H» (orange dotted

Er — Ev is estimated to be ~ 0.2 eV). The rectifying current-voltage characteristics of
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graphene/Si heterojunction can be expressed using thermionic emission model formulated
by the following equation [30],

qv q$B ﬂ)

I =1 [e(ﬂkT) - 1] = AA*T?e &r [e(nkT - 1] 4.1

Here, Is is the reverse saturation current, q is the electronic charge, A is the contact area,
A* is the effective Richardson Constant, 1 is the diode ideality factor, T is the temperature,
¢s is the SBH, and k is the Boltzmann constant. The contact area for the junction is 0.2117
mm?2 (obtained from SEM image) and A* for p-Si is 46.32 Acm™K? [31]. From Figure
4.2(c), the extrapolated ideality factor and SBH using the thermionic emission model are
1.68 and 0.648 eV, respectively, which are quite close to those reported in the literature
[20].

The higher ideality factor has been attributed to various factors including SBH
variation with reverse bias arising from graphene’s bias dependent work function, Schottky
Barrier inhomogeneity and image charge induced SBH lowering [32-34]. Due to
graphene’s bias dependent work function, with the increase in reverse bias magnitude the
SBH at graphene/Si interface decreases and correspondingly the reverse current increases,
and is noticeable from the inset of Figure 4.2(c).

4.3. Sensing Response

After separate deposition of 3 nm Pd and 2 nm Pt over the graphene/Si heterojunction on
two different devices, both forward and reverse currents were found to increase, however,
the I-V characteristics still remained distinctly Schottky (dashed blue curve in Figure 4.2(c)
and (d)). The increase in current is due to the reduction in graphene/Si barrier height caused

by “p-type doping” of the deposited Pd/Pt layer. Such doping of graphene by metallic thin
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films resulting in significant movement of the Dirac point, to both right and left (depending
on the work function of the deposited metal compared to that of graphene), has been
reported earlier [35]. Since the work function of Pd and Pt [36] is much higher than
graphene (4.5 eV), electrons from graphene are expected to move to Pd/Pt, effectively
inducing p-type doping in graphene, and causing downward movement of its Fermi level.
This effect has been both theoretically predicted [37] and experimentally observed for Pt-
functionalized graphene [12]. The downward movement of graphene Fermi level would
then reduce the hole barrier height at the graphene/Si interface, which was experimentally
observed as the SBH changed from 0.648 to 0.546 eV after the 3 nm Pd deposition and
0.643 to 0.592 eV after 2 nm Pt deposition. To investigate the effect of Ho, exposure, the
I-V characteristic was retaken after 10 minutes of 1000 ppm H> flow as shown by the
orange dotted curve in Figure 4.2(c) and (d). From Figure 4.2(c), we find that both forward
and reverse currents decreased in magnitude with H> exposure, which is expected since the
SBH increased from 0.546 to 0.59 eV in case of Pd functionalized device. The SBH
increase can be explained by the following mechanism: In presence of Pd or Pt, H>
dissociates into atomic hydrogen and forms metal hydrides (PdHx, PtH), which have lower
work function then the pure Pd and Pt, respectively [11-13]. This results in electron transfer
to graphene reducing its p-doping, and increasing hole barrier height at the graphene/Si
interface. However, the percentage change in forward current is much smaller than the
reverse current, i.e. at 4V forward bias, the current decreased from 3.56 to 2.81 mA
(21.06% change) while at -4 V bias it changed from -256.65 to -9.42 pA (96.33%). We
have extracted the series resistance from the diode forward characteristics (following the

similar methods employed in reference 20), and found it to change from 1.05 (pre-
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exposure) to 1.32 kQ, after exposure to 1000 ppm Hp, for Pd functionalization. In terms of
resistance change, a commonly used metric for Hz sensing [11-13], the changes at 4 V
forward and reverse bias are ~1.26 and ~27 times, respectively. Clearly, the sensitivity
(defined as the ratio of change in resistance due to H> exposure to the initial resistance
before exposure, expressed as a percentage) is dramatically enhanced in reverse bias. In
addition, the power consumed is much reduced in reverse bias, only 1.03 mW, compared
to 14.24 mW in forward bias, which is ~14 times higher. Reverse bias operating power can
be further reduced to uW range simply by scaling down the device dimensions. However,
the device dimensions should be carefully chosen to keep signal to noise ratio (SNR)
acceptable since SNR degrades as the device is scaled down. A similar response is also
observed for Pt functionalization, and shown in Figure 4.2(d), the SBH changed from 0.592
to 0.623 eV with the exposure of 1000 ppm H> and at -4 V bias, current decreased from -
47.8 to -14.94 pA (68.74% change) which is higher than the response obtained at 4 V
forward bias, 1.168 to 1.1017 mA (5.68% change). The series resistance increased from
3.11 to 3.44 kQ after exposure to 1000 ppm Ho.

Noble metal nanoparticle functionalization induced doping in graphene, resulting
decrease in the heterojunction interface Schottky barrier height and subsequent increase
after H2 exposure is also confirmed by capacitance-voltage (C-V) measurement which is
discussed at the end of this chapter.

To directly compare the performances of Graphene/Si chemi-diode and graphene
chemiresistor, they were fabricated side by side on the same chip (schematically shown in
Figure 4.2(a)) using the same graphene sample and functionalized by 3 nm Pd and 2 nm

Pt, separately. Performances of both chemi-diode and chemiresistor sensors with 3 nm Pd
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functionalization upon exposure to 200 ppm H> for 10 minutes, at -5V bias are shown
together in Figure 4.3(a). Graphene/Si diode sensor shows 122% resistance change (red
curve), while the response for graphene chemiresistor is a mere 2.9% (blue curve). Thus,
more than 40 times performance enhancement for the same exposure and bias conditions
are observed for the chemi-diode sensor compared to the chemiresistor sensor. Of course,
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Figure 4.3 (a) Comparison between the H> responses for similarly functionalized
graphene/p-Si chemi-diode device and graphene chemiresistor on SiO;, fabricated on
the same chip. (a) Response for 200 ppm H> (pink box) in case of Pd- functionalization
where red one (left y-axis) is for graphene/p-Si chemi-diode and blue one (right y-axis)
is for graphene chemiresistor. (b) Response for 1000 ppm H» (pink box) when Pt-
functionalization was employed where red curve (left y-axis) is for graphene/p-Si

chemi-diode and blue curve (right y-axis) is for graphene chemiresistor.

the operating power for chemiresistor is 46.425 mW, which is much higher than 64.7 yW
for the diode sensor. The performance enhancement of the graphene/Si diode sensor was
verified with 2 nm Pt decoration as well. The responses are shown in Figure 4.3(b) for 10

minutes of 1000 ppm H> exposure at -2V bias condition. Once again the diode sensor
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showed a much higher sensitivity of 106% compared to only 7% for the chemiresistor, a
15 fold improvement.

We would like to point out here that the performance of our graphene/Si chemi-
diode sensor is at least an order of magnitude improved over other graphene based H:
sensors reported utilizing the same Pd functionalization [11, 38]. The performance is also
better compared to the high-sensitivity graphene nano-ribbon based sensor [13], which
owes its high sensitivity to the porous nature and large surface area of the nanoribbons.
The very high sensitivity of our sensors can be attributed to the usage of a Schottky junction
to perform sensing, where the current changes exponentially with the change in SBH
induced by H» adsorption. The Schottky diode type H» sensor based on Pd/semiconductor
(i.e. Pd/Si [39] and Pd/InP [40]) junction has been reported earlier, utilizing various
methods for depositing Pd contacts and resulting in high H sensitivity. It should, however,
be kept in mind that the role of the Pd layer in our sensor is that of a functionalization layer,
i.e. it is not directly forming a Schottky contact with the Si, it is just allowing graphene/Si
junction to respond to Hz by facilitating its adsorption and changing the SBH. In addition,
the Fermi level of the graphene layer may be altered using the reverse bias to tune the
hydrogen sensitivity, a feature that is completely unique to this sensing paradigm as
compared to metal/semiconductor Schottky diode where modulation of SBH by inducing
strain in a piezoelectric semiconductor, such as ZnO, have shown improvements in tactile
[41] and O» [42] sensitivity.

The response of Pt (2 nm) functionalized sensor was investigated for H»
concentration varying from 1000 to 10 ppm at a fixed reverse bias of -4V. The sensing

response illustrated in Figure 4.4(a) can be seen to vary from 103 to 5.5% as the H»
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concentration changes from 1000 to 10 ppm, for 15 minutes exposure. As mentioned
earlier, an advantage of the sensor operation in reverse bias is that the bias magnitude can
be varied to change the Fermi level of graphene and consequently tune the sensor response.
With the higher reverse bias applied to the graphene/Si diode, the graphene Fermi level
moves further down [33, 43], compared to the donor states induced by the metal hydride
and the graphene/Si SBH will decrease. Thus, in presence of Hz, more electrons would
transfer to graphene, which will in turn change the SBH by a larger amount, and the
sensitivity can be expected to be higher. To verify this concept, negative voltage biases
varying from -1 to -5 V were applied to the p-Si (with 1 nm Pt and Pd functionalization
layers), and the sensor responses upon exposure to 1000 ppm H> were recorded. Here, the
statistical errors were within ~ 10% of the mean values of sensitivity plotted in the graph.
For the 1 nm Pt deposited device the response varied from 27.5 to 77.5% for the
aforementioned voltage range, with higher rise rate observed for the larger reverse bias
voltages, which also resulted in higher peak response (Figure 4.4(b)). To further
substantiate the idea, the responses of the 2 nm Pt functionalized device (which are shown
in Figure 4.4(a) for -4 V bias) were retaken at -8V bias, and shown in Figure 4.4(c). The
percentage resistance change increased from 5.5% at -4V to 13% at -8V for 10 ppm H»
exposure over the same 10 minute duration. In fact, this also enabled detection of H> down
to 1 ppm level, which is significant, as it is close to the atmospheric background of 0.6 ppm
[24].

Since, our sensing experiments were conducted in atmospheric conditions, strictly
speaking the sensor response for 1 ppm H; exposure actually corresponds to ~0.4 ppm of

H: concentration. Utilizing an optimized Pd coating the sensor sensitivity was significantly
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enhanced (explained later), which highlights the possibility of performing detection of H»
in the ppb level in a controlled environment. These results clearly indicate that the
sensitivity of the graphene/Si chemi-diode sensor is significantly tunable with magnitude
of reverse bias, which is not possible with typical metal/semiconductor diode sensors.

Since Pd has a 3 times higher H> solubility compared to Pt (while having same H>
diffusion coefficient) [44], it causes a larger reduction in p-type doping upon H> adsorption,
which can result in a larger increase in SBH, hence Pd functionalized graphene/Si chemi-
diode sensors are expected to show better response than Pt functionalized ones. Indeed for
the 1 nm Pd functionalized device the response varied from 200% at -5V to 74% at -1 V
(Figure 4.4(d)), which is ~2.5 times higher compared to 1 nm Pt functionalized sensor for
the same applied bias (Figure 4.4(b)). Additionally, there are significant differences
between the Pt and Pd coated devices in terms of the transient responses. For the former,
the response time is much slower than the later, while the recovery time is somewhat faster.
This is however expected due to higher H: solubility in Pd, which leads to higher
concentration in the Pd functionalization layer, which would make the response time faster
but the recovery time a little slower. The sensitivity for Pt and Pd functionalized (1 nm
thick metal coating) devices are compared in Figure 4.4(e) for various reverse bias voltages
from where it is apparent that the later always show better sensitivity to Hz irrespective of
the voltage bias. Interestingly, with increasing reverse bias, the sensitivity of the Pd—coated
sensor keeps increasing sharply, while that of the Pt-coated sensor displays a saturating
trend.

Defining the response time as the time elapsed to attain 50% of the maximum

resistance change, we find that for Pt-functionalization (Figure 4.4(a)), the response time
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increases from 38 to 180 sec as the H> concentration decreases from 1000 ppm to 25 ppm.
This definition of response time deviates from the traditional definition (which considers
the time elapsed between 10% and 90% of the maximum value), but is more practical for
sensor design since it is proportional to the rise rate, and has been used earlier.[13] The
observed variation in response time with concentration is consistent with earlier
observations for graphene nanoribbon network based sensor [13], and is actually expected
since under lower concentration additional time is needed for same number of H> molecules
to get adsorbed. Using similar definitions, the recovery time is found to increase from 84
sec for 1000 ppm to 160 sec for 25 ppm H,. Careful consideration of Figure 4.4(b) and (d)
indicates that the response and recovery time generally improves at higher negative biases.
For the Pt-functionalized device and 1000 ppm H» exposure, the response and recovery
times are both ~44 sec for 1 V reverse bias, which reduces to 42 sec and 4 sec, respectively,
for 5 V reverse bias. The response times for the Pd functionalized device for 1000 ppm H:
exposure are much lower at 6 sec for 1 V reverse bias which however remains almost the
same for 5 V reverse bias. The recovery times are 34 sec and 18 sec for 1 and 5 V reverse
bias, respectively.

Thicker Pd layer is expected to improve the H» sensitivity in two ways. First, it
would lower the graphene Fermi level by a larger magnitude due to higher p-type doping,
which would improve sensitivity as discussed below. Second, it would adsorb higher
volume of Ha, and cause higher movement of the graphene Fermi level, thereby resulting
in higher sensitivity. In fact, a previous study on graphene chemiresistor based H> sensor
[38] indicate that 3 nm Pd functionalization layer provides maximum sensitivity to Ha.

From the I-V characteristics, we find that higher Pd thickness of 3 nm changes the
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graphene/Si SBH by 102 meV compared to 61 meV caused by 1 nm Pd deposition. This
means the graphene Fermi level moves further down by 3 nm Pd deposition, which causes
the SBH to be lower (lower resistance) initially, so with H adsorption, the relative change
in resistance becomes much larger. Sensing experiments were carried out using the 3 nm
Pd functionalized chemi-diodes, with the H> concentration varying from 1000 to 2 ppm,

with exposure duration of 10 minutes, at a fixed reverse bias of -4 V.
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Figure 4.5 (a) Responses of 3 nm Pd functionalized graphene/p-Si device for H»
concentration ranging from 1000 to 2 ppm (pink box) for 10 minutes exposure. (b)
Sensor response as a function of H> concentration plotted in log-log scale. The solid

straight line shows a least square fit to the data.

We find from figure 5(a) that sensitivity changes from 13.55% to 3088% as the H»
concentration increases from 2 to 1000 ppm, where, the statistical errors were within ~10%
of the mean values of sensitivity plotted in the graph. The response time is increased from
90 sec to 270 sec as the H> concentration changes from 1000 to 2 ppm. The recovery times
are very fast, taking only 1 sec to recover to 50% of the maximum resistance change for
1000 ppm Ho. Interestingly, the full recovery times are faster for the smaller concentrations

of H» as can be seen from Figure 4.5(a), with complete recovery observed within a few
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minutes for most concentrations other than 500 and 1000 ppm. This is probably due to the
larger amount of H» adsorption by thicker Pd layer (3nm) functionalized chemi-diode
compared to that of Inm Pd functionalized graphene/p-Si device, which recovered
completely as shown in Figure 4.4(d). The plot of sensitivity versus H> concentration
[Figure 4.5(b)] indicates that the sensitivity in these sensors varies almost linearly with the
H:> concentration when both of them are plotted in logarithmic scale. The work function
change of the Pd layer (and hence the SBH) is expected to vary linearly with log of H>
concentration [40], while the sensor current, which controls the sensitivity, varies
exponentially with the SBH. Thus, the log-log relationship between H> concentration and
sensitivity is expected to be linear as observed in Figure 4.5(b). It is noteworthy that this
exponential behavior is different from that obtained previously from graphene and
graphene nanoribbon network based chemiresistive H2 sensors, where the sensitivity got
saturated at higher H> concentration (plotted in log scale) [11,13,45]. This difference in the
sensing response, is however expected, and follows from the difference in the detection
principles of the chemiresistor and the proposed reverse biased chemi-diode sensor as
discussed above.

To further validate H> sensing mechanism of the diode sensor, capacitance-voltage
(C-V) measurement has been carried out at three different stages, as fabricated device, after
2 nm Pd deposition and finally, after 1000 ppm Hz exposure. The C-V measurements were
performed on the sensor using HP 4284 A Precision LCR Meter with a frequency range of
20 Hz to 1 MHz. A four terminal pair scheme was used for the measurements. The ac signal

amplitude was chosen as 50 mV (rms) with a frequency of 3 kHz. The dc reverse bias was
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Figure 4.6 Capacitance-Voltage (C-V) plot of Pd-functionalized graphene/p-Si
Schottky diode and effect of Hz exposure.

varied from 1 to 2.5 V. As obtained measurements results are plotted in the widely used

1/C? — V format to extract the built-in voltage (Vi) using the following equation,

1/ 2 = 2(Vyi + V)/(q Es Najp) (4.2)

Here, q is the electronic charge, & is the semiconductor permittivity, and Namp is the
acceptor/donor doping [46]. Figure 4.6 is showing the C-V plots which are linearly
extrapolated and Vy; are determined as 0.58 eV for the initial diode, 0.44 and 0.79 eV after
2 nm Pd deposition and 10 minutes exposure to H», respectively. The graphene/p-Si SBH
is given as, g = Vpi + (Er — Ev), where Er is the Fermi level and Ev is the valance band
edge of Si. Er — Ev is estimated to be ~ 0.2 eV for the p-type Si used from the resistivity of
1 — 10 Qcm specified by the manufacturer. Thus, graphene/p-Si diode SBH becomes 0.78
eV, which is in good agreement with earlier results. [33,47] The SBH determined from C-
V measurement is higher than that obtained from I-V measurements, i.e. 0.78 and 0.65 eV,

respectively for graphene/p-Si diodes. The difference can arise partly from the uncertainty
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in determining Er — Ev, and also from Schottky barrier inhomogeneity and additional
leakage paths at the junction, which generally underestimates the SBH determined from I-
V measurements [32-34]. The SBH reduced from 0.78 to 0.64 eV after 2 nm Pd deposition
due to its p-type doping of graphene as explained before. After 10 minutes of 1000 ppm
H> exposure, the SBH jumped up from 0.64 to 0.99 eV due to PdHx formation which
decreases the hole density in graphene and increases the interface barrier for carrier flow.
Large increase in SBH also substantiates the huge response of the diode sensor towards H»
compared to similar electron donor molecular species NH3 which has been reported in
reference 48.

Finally, both the Pd- and Pt-functionalized graphene/Si diode sensors showed good
repeatability in terms of response and recovery when subjected to several cycles of H»

exposure and recovery in air as shown in Figure 4.7(a) and (b), respectively.
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Figure 4.7 Sensor response for repetitive cycles of 1000 ppm H> exposure (pink box)
and recovery in air for (a) Pd-functionalized, and (b) Pt-functionalized graphene/p-Si
Schottky diode sensor. Both the sensors are showing excellent response and recovery
even in 2 minutes of exposure and recovery time.
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In conclusion, Pt and Pd functionalized graphene/p-Si heterojunction chemi-diode
H: sensor with very high sensitivity, down to sub-ppm level, has been demonstrated. These
heterojunction diode sensors show at least an order of magnitude higher response compared
to the graphene based chemiresistor type sensors for both Pd and Pt-functionalization, due
to exponential dependence of the reverse bias diode current on the molecular adsorption
induced SBH change. In addition, the reverse bias operation of these sensors enables them
to perform sensing with very low power consumption. The magnitude of the reverse bias
can be effectively utilized to modulate the Fermi level of graphene, and hence the

graphene/Si SBH, leading to tunable sensitivity over a wide range of analyte concentration.
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CHAPTER 5
IMPEDANCE SPECTROSCOPIC ANALYSIS OF FUNCTIONALIZED GRAPHENE/P-

SILICON SCHOTTKY DIODE FOR SENSING APPLICATION

5.1 Introduction

Modulation of electrical properties at the interface of heterostructure comprised of two
dimensional (2D) materials themselves as well as with other dimensional materials, gained
significant research interest in last few years due to the possibility of applications ranging
from electronics to sensing [1-3]. Surface functionalization of 2D materials not only
modify structural, electronic and optical properties, also increases the potential applications
[4-7]. Metallic nano-particle decoration is one such way of functionalization, in addition
to doping of 2D materials, it can enhance the sensitivity of gaseous molecules and also
facilitates chemical sensing in cases where the material is not sensitive to particular
analyte(s). In order to exploit the complete potential of the sensor, it is necessary to
understand the underlying mechanism. In the present study, reverse bias operation of metal
nano-particle functionalized graphene/Si diode has been utilized to study polar molecular
(NH3) sensing, the change in reverse current which results from the change in junction
resistance and capacitance. For complete understanding of the mentioned electrical
characteristics at the graphene/Si hetero-interface, recently impedance spectroscopy (IS)

appeared as a helpful technique [8, 9]. Obtained impedance spectra can be interpreted by
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fitting with proper circuit model and extrapolation of equivalent electrical parameters.
Hence, quantifying the change in equivalent parameters in presence of different molecular
analytes would lead to highly sensitive and even selective multimodal sensing system.
There has been several reports on Graphene/Si diode sensor [3,6,8,9], however, the
effect of metal nanoparticle (NP) on sensing of polar molecules such as NH3, and
comprehensive impedance spectroscopic analysis especially on functionalized sensor has
not been carried out yet. In this work, dc amperometric measurement of graphene/p-Si
Schottky diode has been carried out to study the Polar gaseous molecular sensitivity
enhancement by noble metal (Pt, Pd and Ag) NP functionalization. In addition to the dc
amperometric measurement, analyzing the IS response utilizing an equivalent circuit
model, the change in junction capacitance and resistance has been obtained for both polar
NO> and NH3, and non-polar H> gaseous species. Finally, change in 3dB cut-off frequency
for each gas exposure has been utilized as a sensing parameter. In addition to ultra high
sensitivity, exploitation of changes in the mentioned electrical parameters would pave the

path for selective sensing paradigm.

Figure 5.1 Device schematic and biasing scheme of Pt/Pd functionalized
graphene chemiresistor and graphene/Si Schottky diode sensors fabricated on
the same chip. Gray spots indicate metal decoration.
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Figure 5.2 (a) Optical Image of graphene/p-Si heterojunction Schottky diode
sensor with 2 nm Pt-functionalization, graphene is visible on SiO», and Pt-
functionalization is also showing contrast on SiO> region covered by graphene. (b)
SEM top view image showing Pt nanoparticle on graphene lying on Si corresponds
to the box approximately from the optical image.

5.2 Sensitivity enhancement by Metal nano-particle functionalization

Graphene/p-Si Schottky diode fabrication steps was described in chapter 3 including Pt
and Pd NP functionalization for H> sensing. For this study, in addition to Pt and Pd
functionalization for sensitivity enhancement, Ag NP functionalization has been utilized.
Figure 5.1 shows the functionalized graphene/Si chemi-diode sensor and graphene
chemiresistor fabricated on the same chip for comparative study. Figure 5.2(a) and (b)
shows the optical and SEM image of the fabricated device with metal NP functionalization.
From the SEM, it can be concluded that, due to very small duration of metal deposition, it
didn’t form a continuous layer. With grain size varying between 20-30 nm, we can easily
consider them as nano-particles. 2 nm Ag was deposited by electron beam evaporation
method at ultrahigh vacuum of 1.5 X 10~° Torr. Similar to Pt and Pd NPs, Ag NP also
modifies the electrical characteristics of the diode as shown in Fig 5.3. Although forward
current decreased and reverse current increased slightly after Ag nano-particle

functionalization, the graphene/p-Si device characteristics remained rectifying in nature.
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Figure 5.3 Current-Voltage (I-V) characteristics of graphene/p-Si (black) and after 2

nm Ag-functionalization (red) showing rectifying character.

The SBH changed from 0.7 eV to 0.68 eV after Ag NP functionalization as extracted
utilizing the thermionic emission model, described by equation 5.1 [10].

1 =1I [exp (:TVT) — 1] = AA*T?exp (—%) [exp (:TVT) — 1] (5.1
Here, Ig is the reverse saturation current, q is the electronic charge, A is the contact area,
A" is the effective Richardson Constant, 1) is the diode ideality factor, T is the temperature,
oB is the SBH, and k is the Boltzmann constant. When plotted in logarithmic scale, the
intercept on y-axis will give the saturation current, from which the SBH was determined
with the knowledge of the diode area A and Richardson’s constant A”.

Figure 5.4 shows the effect of three different types of NP on NHj3 sensitivity compared
to graphene chemiresistor. NH3 concentration was varied sequentially from 550 ppm to 10
ppm. Pristine graphene chemiresistor showed only 8% sensitivity for 550 ppm NHj3
compared to 40, 33 and 20% for Pt, Pd and Ag NPs, respectively. Increase in sensitivity
due to Pt, Pd and Ag NPs can be easily explained by their adsorption of NH3 and diploe

formation at the interface with graphene. NH3 gas dissociates at the surface of NPs and
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dissolve into the particles, and forms dipole. The negative charged part of the dipole is at
the interface with graphene and neutralize the p-doping of graphene to some extent. The
reduction of holes in graphene increases it resistance, and sensitivity in terms of resistance
change increases. The sensitivity enhancement by these NPs directly related to adsorption
ability, Pt adsorps the maximum among the three types of nanoparticle [11,12] and showed
highest sensitivity. For all three types of NPs, the sensors showed excellent repeatability
as well. Desorption of NH3 from the sensor is enhanced by the presence of oxygen in air
[13]. Another important aspect of the NP decoration is that, all three of them showed quick

recovery compared to graphene chemiresistor.
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Figure 5.4 Response with NH3 concentration variation for (a) Graphene, (b) Pd-
Graphene, (¢) Pt-Graphene and (d) Ag-Graphene on SiO» substrate
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Figure 5.5 Response with NH3 concentration variation for (a) Graphene/p-Si, (b) Pd-
Graphene/p-Si, (c) Pt-Graphene/p-Si and (d) Ag-Graphene/p-Si
Figure 5.5 shows the sensitivity enhancement by NPs for graphene/p-Si Schottky
diode. Pristine Graphene/p-Si diode sensor exhibited almost 20 times higher sensitivity
compared to graphene chemiresistor and several times higher than the NP decorated
graphene sensor. The high sensitivity of diode sensor is the result of different transport
mechanism, in presence of gaseous molecules the graphene work function changes, leads
to change in Schottky Barrier height (SBH). In reverse bias, current is exponentially
proportional to SBH, results in huge sensitivity compared to almost linear carrier change
for chemiresistor. All three NPs showed equal sensitivity enhancement in case of Diode

sensor and excellent recovery. Similar sensitivity enhancement for all NPs is most likely
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originating from the initial sensitivity of the sensors before NP deposition. Although Pt
adsorbs the maximum NHj, the initial sensitivity of Ag decorated device was higher
resulting in equal sensitivity after NP decoration. This is also visible from the sensitivity
for lower NH3 concentration, where highest sensitivity was observed for Ag NP.

To confirm the transduction mechanism, the capacitive-voltage (C-V) measurements
were carried out for Pt decorated diode sensor as shown in Fig 5.6. The measurement
frequency was 3 KHz and applied reverse bias voltage range was from 1.0 to 2.5 V.
Comparing Schottky diode in reverse bias condition as a parallel plate capacitor the
capacitance and voltage can be described by the following equation 5.2.

1/62 — Z(Vbi + VR)/ (5.2)

qesNa
Here q is the electronic charge, € is the semiconductor permittivity, and Ny is the acceptor
doping [10]. Extrapolating the 1/C> — V straight lines, the built-in voltage (V,; ) is
determined as 0.47 eV for pre-exposed condition in air, and in presence of NHj3 it increased

to 0.65 eV. The graphene/p-Si SBH is given as, @5 = Vy; + (Er — Ey), where Eg is the

+ Air
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Figure 5.6 Capacitance-Voltage (C-V) plot showing increase in built-in voltage of Pt-
Graphene/p-Si for NH3 exposure
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Fermi level and E, is the valance band edge of Si. Ep — E}, is estimated to be ~ 0.2 eV for
the p-type Si extracted from the resistivity of 1 — 10 Q cm as specified by the manufacturer.
Hence, the SBH increase of Pt-functionalized graphene/p-Si Schottky Diode sensor due to
550 ppm NH3 exposure is 0.18 eV. Inspecting the slope of the two extrapolated 1/C? — V
lines, it is obvious that due to NH3 exposure, slope is decreasing. From equation 5.2, effect
of p-Si doping is increasing considering graphene as metal and in another way, the doping
in graphene is decreasing since p-Si doping is essentially fixed. Similar change has been
observed for NH;3 exposure of non-functionalized graphene/Si diode senor [3] where the
SBH change was 0.16 eV, less than Pt-functionalization. This reconfirmed that, noble
metal nano-particle functionalization enhances the sensitivity of graphene/p-Si diode

sensor by facilitating more adsorption and superior charge transfer mechanism.

5.3 Impedance Spectroscopy of Graphene/Si Diode Sensor for

Multimodal Sensing

Impedance Spectroscopy (IS) is a very attractive tool to study the transport mechanism in
nanoscale devices and measured impedance spectra can be electrically interpreted with a
proper equivalent circuit model. IS can be applied to analyze the electronic sensor
operation mechanism and change in equivalent circuit parameters could be extracted.
Combining the IS along with the dc amperometric sensing response, multimodal sensing
by graphene/Si Schottky diode could be achievable. For IS study, a potentiostat (Series
GTM 300, Gamry Instruments, Warminster, PA, USA) has been used. Since diode
characteristics is not completely linear, we can input a small AC signal in the following
form,

E(t) = Eg cos(2ft) (5.3)
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Where, E(t) is the potential as a function of time, Eo is the signal amplitude and f is the
frequency, is applied to any system and the output is measured. By applying a small enough

signal, as shown in Figure 5.6, a nonlinear system can become pseudo-linear with linear

output,

I(t) = I cos(2mft — @)

_ E@® _ cos(2mft))

T - 7O cos(enft-9) (5.4)
Using Euler’s formula, Z = Zo(cos @ + isin @) (5.5)

From the expression of equation 5.5, a Nyquist plot can be made utilizing the real and
imaginary parts of the impedance, giving information on the impedance of the device [4].
In addition, plotting the impedance and phase change as a function of frequency leads to
bode plot, from which 3dB cut-off frequency and overall impedance change can be
obtained. Modelling the device with an equivalent circuit comprised of electrical
parameters for different device components which influence the electrical characteristics

significantly, and fitting the circuit model with the obtained impedance spectra provides

Current

Voltage

e

\
\

\

Figure 5.7 Pseudo linear response to small excitation signal
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meaningful insights in to the parameters. As for example, reverse biased graphene/Si
Schottky junction can be modeled by parallel connected resistor and capacitor, where the
capacitance originates from the depletion region of the diode. Next, after careful inspection
of the Nyquist plot, more elements can be added to include other important aspects of the
real device to completely emulate its electrical response.

For the characterization of (Pt/Pd NP)-graphene/p-Si Schottky diode, 2.0 V reverse

bias was applied to avoid the effect of the series resistance effect in forward bias and

2.0 T T T T b 6 T T T T
(a) . . A ( ) ) = Air
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Figure 5.8 Impedance Spectra of (a) Pt-Graphene and (b) Pt-Graphene/p-Si in air and
550 ppm NH;.

simultaneously take advantage of exponential change in reverse current with graphene
work function induced SBH change with gaseous analyte exposure. 10.0 mV ac excitation
was superimposed on top of the dc bias and the frequency was varied from 0.1 Hz to 300.00
KHz. The response was taken in air, 0-550 ppm NH3, 20 ppm NO> and 1000 ppm H>
exposure in ambient condition, and later analyzed with an equivalent circuit model.

For comparison purpose, Pt-graphene chemiresistor has also been characterized as
shown in Fig 5.8 (a) in air and in 550 ppm NH;s. Nyquist plot for both the conditions

showing the increase of impedance due to NH3 exposure which was also observed from dc
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amperometric measurement. From the partial bell shape of the plots, imaginary part of the
impedance is present in addition to the real part. This indicates the presence of reactive
element which is most likely from the graphene-metal contact. It has been reported in the
literature that, metal-graphene contact is not perfectly ohmic and thermionic emission is
the dominant charge transport mechanism across the metal-graphene contact barrier at
room temperature [14]. Due to the small potential barrier at metal-graphene contact, it can
be treated as reactive element in addition to contact resistance. The curve shifted in both
upward and sideways after exposed to NHs. Although both real and imaginary part of the
impedance exhibited increasing nature, the change in real part is higher. Hence, the series
resistance change is the dominant sensing mechanism in case of graphene chemiresistor.
Also due to increase in channel resistance, injected carriers from metal contact is facing
higher barrier, increasing the overall impedance originating from the combination of
resistive and reactive element. The impedance of Pt-functionalized graphene/p-Si device
is shown by the black dotted curve in Fig 5.8 (b) which is completely semi-circular in
shape. After 550 ppm NH3 exposure, the impedance increased as shown by the red dotted
plot, both real and imaginary part was increased more than 4 times. Hence, NH3 is
impacting both resistive and reactive elements of the device impedance confirming the
change in junction capacitance in addition to the resistance. Comparing the impedance
change of chemiresistor and Chemi-diode, diode showed several times higher response.
With NHj; exposure, the maximum of real and imaginary part of the diode impedance
shifted from 3 and 1 MQ to 12 and 4.8 MQ, respectively. On the other hand, for

chemiresistor the respective changes are from 3.1 and 1.2 KQ to 3.4 and 1.5 KQ,
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Figure 5.9 Impedance spectra of Pd-Graphene/p-Si with exposure of 20 ppm NO»,
NH3 (0-550 ppm) and 1000 ppm H»

respectively. Higher response is the result of different current transport mechanism, current
change is almost linear due to linear carrier change in chemiresistor compared to
exponential current change in diode. In case of diode, analytes change the graphene work
function by linearly changing carrier concentration, work function changes the junction
SBH linearly and reverse current is exponentially proportional to SBH leading to high
sensitivity of diode sensor.

To examine the overall performance of the diode sensor, we have carried out the NH3
concentration variation for Pd-functionalized graphene/p-Si device in addition to
measuring the NOz and H» response. The impedance change for different NH;
concentration is shown in Figure 5.9. With the increase in analyte concentration, the
impedance showed monotonic increase and hence the sensitivity. The maximum of
imaginary part of the impedance is increased from 29 to 109.72 KQ while the increase in

real part is from 72 to 226 KQ for air to 550 ppm NH3 exposure. On the other hand, for
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NO:z which is a hole donor increases graphene’s carrier concentration and work function
and reduces the interface SBH, impedance spectra reduced substantially, maximum of
imaginary and real part reduced to 12.6 and 28 KQ, respectively. For 1000 ppm H; which
follows the similar mechanism as NH3, impedance spectra increased substantially with
maximum of imaginary and real part increased up to 220 and 465 KQ, respectively. The
large response for H> compared to NH3 is due to higher H> adsorption ability of Pd and
resulting change in work function which has been observed for Hz in reference [6] and for
NH3 in Fig 5.5 (b).
(@) R2 R3 (b) R1 R2 R3

Rs
C1 C2 C3

Figure 5.10 Circuit equivalent model for (a) graphene chemiresistor and
(b) graphene/p-Si Schottky Diode

5.4 Analysis of Diode Sensor Impedance Spectra by Fitting Equivalent

Circuit Model

Since the impedance spectra can be fitted with circuit model, both chemiresistor and diode
sensor is modeled by equivalent circuit shown in Figure 5.10 (a) and 5.10 (b), respectively.
The chemiresistor is represented by a pair of parallel RC and a resistor, all connected in
series, where the RCs represent the graphene-Ti/Au contacts and resistor is for the
graphene channel resistance. It has been mentioned already that, small energy barrier exists
at graphene-metal contact which is not perfectly ohmic and resulting impedance to current
flow includes reactive element. The diode sensor is modeled by three parallel RC and a

resistor all connected in series where one RC is for Schottky junction, two other are taking
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care of the effects of the contacts between the graphene-Ti/Au, and p-Si substrate-Ti/Au,
and resistor is for diode series resistance. For that, diode equivalent circuit elements can be
described as, Rs is the diode series resistance, Ci, Cz, and C3 are the capacitances related
to the Au/Ti-graphene, graphene-Si, and Si-Ti/Au interfaces, respectively, with
corresponding shunt resistances Ri, Rz, and Rs. Real and imaginary part of the total
impedance can be expressed as
Z(w) = Zpeai(w) _jZImaginary(w) (5.6)

For mathematical analysis of the equivalent circuit model in Fig. 5.10(b), Zgeq:(w) and

Zimaginary(@) can be expressed as

R Ry Rs
: 2 + 2 + 2
1+((A)R1C1) 1+((I)R2C2) 1+((A)R3C3)

Zpea(w) = + Rg (5.7

(I)R12C1 (A)RZZCZ (I)R32C3
1+((1)R1C1)2 1+((1)R2C2)2 1+((1)R3C3)2

Zlmaginary(w) = (5.8)

Fitting the circuit model in GamryEchem Analyst software, equivalent circuit parameters

were extracted. The fitting of the chemiresistor response is shown by the solid lines in
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-Zimag (ohm)
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-500.0 ohm
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Figure 5.11 Equivalent circuit model fitting of impedance spectra of Graphene in Air
and NH3 where dotted lines are experimental results and solid lines are from circuit
model fitting.
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Figure 5.12 Equivalent circuit model fitting of impedance spectra of Graphene/p-Si
in Air and NH3 where dotted lines are experimental results and solid lines are from
circuit model fitting.

Figure 5.11 along with the experimental results by the dotted lines. The series resistance
increased by 30 Q (11 % for initial resistance of 260 Q) after NH3 exposure while contact
resistance and capacitance change is insignificant as extracted from the fitting. Figure 5.12
shows circuit fitting for the diode sensor with Pt NP functionalization and 550 ppm NHj3;
exposure where the solid lines are from fitting and dotted lines are the experimental
response. From the analysis, junction resistance changed from 2 to 9.4 MQ and junction
capacitance increased from 843 to 893 pF while change in other parameters are not that

significant. The combined impedance change for the diode is several times higher than the

Table 5.1 Extracted parameters from fitting the circuit models to the IS response

Device Parameter Air NH3

Chemiresistor Resistance 260 Q 290 Q
Graphene/p-Si | Junction Capacitance | 843 pF 896 pF
Graphene/p-Si | Junction Resistance 2 MQ 9.4 MQ
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resistor and hence the sensitivity. The major change in equivalent circuit parameters are
summarized in table 5.1.

Similar fitting of the Pd-functionalized device for NH; concentration variation [Fig.
5.13 (a)] provides the changes for junction resistance and capacitance. The change in the
resistance and capacitance for different NH3 concentration is shown in Fig. 5.13 (b), where
both the parameters showed sharp increase initially and later hint of saturation for

(2)
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Figure 5.13 (a) Circuit model fitting to NH3 (25-500 ppm) response of Pd-
Graphene/p-Si. (Dotted lines are experimental results and solid lines are from
circuit model fitting), and (b) extracted resistance and capacitance variation with
NHj3 concentration
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resistance and complete saturation for the capacitance change. The resistance increased
from 0.075 to 0.2 KQ and the capacitance change is from 730 to 735 pF. The change for
Pd NP device is lower than the Pt due to less NH3 adsorption ability of the former compared
to the later [11]. One more point to mention here, the initial overall impedance of the Pd-

functionalized device is much lower than the previously shown Pt-functionalized device
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Figure 5.14 (a) Bode plot is showing the 3-dB cut-off frequency shift at
different condition (b) Comparison between experimental and theoretical 3-dB

cut-off frequency.
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even before the metal nano-particle functionalization. This might be another reason for
very small amount of capacitance change for Pd NP decorated device.

From the bode plot of Pd NP device for NH3 concentration variation, the 3-dB cut-off
frequency (f;) has been extracted. 3-dB cut-off frequency is the frequency when the phase
shift is -45° and the impedance value drops to 0.707 of its initial value. Position of f, for
each impedance spectrum is shown in the Fig. 5.14 (a). In addition, from the visual
inspection of the bode plot, the device response can be described as a low pass filter where
number of dominant pole is one. From the fitted equivalent circuit elements, the theoretical
3-dB cut-off frequency can be calculated and compared with the experimental one. The
expression for 3-dB cut-off frequency (f.) for a low pass filter can be obtained by equating
the real and imaginary part of the total impedance. Using equation 5.7 and 5.8 and after
simplification, f; for the diode at each exposure condition has been calculated and
compared with the experimentally obtained one which is shown in Fig. 5.14 (b). The slight
difference between the experimental and calculated ones are originating from the
simplification of the expression for f. Maximum disparity was obtained for f. values in
air which is only 10%, this substantiates the validity of the equivalent circuit model and
fitting to the experimental results. Analyzing the impedance spectra provides a number of
parameters to utilize in multimodal sensing paradigm. Extracted junction resistance,
capacitance and experimental cut-off frequency is plotted in the 3-D format (Fig 5.15)

showing almost linear variation with NH3 concentration.
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Figure 5.15 3D plot showing the variation of junction resistance and capacitance

(extracted from the circuit model fitting) and 3-dB cut-off frequency with NH3
concentration variation

Selective sensing is a very important performance factor for any sensor to be
practically usable in real life, otherwise, false alarm is a big disadvantage which would
overshadow other benefits. For that, we circuit simulated and compared the response of the
sensor with Pd NP for NO,, NH3 and H> exposure as shown in Fig 5.16 (a). The dotted and
solid lines in Fig 5.16 (a) are the experimental and equivalent circuit model fitting for all
three gas exposure condition. Extracted junction resistance, capacitance and cut-off
frequency is plotted in 3-D format [Fig 5.16 (b)] as before. From the relative data position
and the slope of NH3 concentration dependent response, it can be concluded that with the
variation in concentration for NO> and H», and relevant slope change, unique signature for
each gas might be obtained. Although similar results has been observed for reduced

graphene oxide based vapor senor previously [15], graphene/p-Si diode sensor exhibited
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much higher sensitivity which might lead to wider dynamic range along with CMOS

compatibility and low power consumption.
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Figure 5.16 (a) Circuit model fitting to NO2, NH3, H> response for Pd-Graphene/p-
Si. (Dotted lines are experimental results and solid lines are from circuit model
fitting), and (b) 3D plot showing the variation of junction resistance and capacitance

(extracted from the circuit model fitting) and 3-dB cut-off frequency at different
condition.
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CHAPTER 6
EFFECT OF METAL HYDRIDE SURFACE FUNCTIONALIZATION ON GRAPHENE:

A HALL MEASUREMENT STUDY

6.1 Introduction

Due to its two dimensional (2D) nature, charge carriers in graphene are confined within
one atomic layer thickness and its properties are easily influenced by the surrounding
medium. Influenced properties due to surface effect can include electrical, chemical,
optical, mechanical, etc. Over the last decade graphene came up as an exciting material due
to its high mobility, carrier velocity, ultimate possible carrier confinement, electrical,
optical and chemically tunable work function, high young’s modules, optically transparent,
etc. [1, 2]. In addition to excellent material properties, ability to form layered
heterostructure with other lower dimensional materials, where the interface properties such
as barrier height can be modulated, opens up a myriad of possible device and sensing
applications. Since graphene properties can be easily influenced by surrounding medium,
engineering its surface adds new functionality and is very attractive for device and sensing
applications. Metal nano-particle (NP) functionalization of graphene is one such technique
to not only change the doping but also facilitate sensing of analytes to which pristine

graphene does not respond. In addition to chemical sensing [3], metal nano-particle can
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impart lots of other novel functionalities such as tuning device characteristics [4, 5],
enhancing optical sensitivity [6], etc. Noble metal NP functionalization of 2D material
attracted significant research interest recently for enhancing polar molecule sensitivity [7],
facilitating nonpolar molecule such as H> sensing [3], acting as dopants [4,5], etc. Although
in all the amperometric sensing mechanism involves change in current transport, there has
not been any study on change in electrical properties such as mobility for analytes such as
H: exposure. Understanding the effect of NP functionalization on these properties would
pave the path for enabling efficient sensing as well as new applications. In this work,
temperature dependent electrical transport study of CVD graphene in Hall geometry has
been carried out at different conditions: as fabricated, after Pd NP deposition and with H»
exposure after NP decoration. Hall measurement of single layer graphene showed increase
in mobility with decrease in temperature, which implies that substrate surface optical
phonon scattering is the dominant scattering mechanism [8]. For bilayer graphene, Hall
mobility increases with temperature in the range of 10 - 298 K, indicating that Coulomb
scattering is the most important scattering mechanism [8]. Mobility showed different trend
after 2 nm Pd NP deposition by electron beam evaporation. However, with H> exposure,
Hall mobility of the Pd-functionalized graphene enhances significantly and the dominant
scattering mechanism switches to thermal excited substrate optical phonon scattering.

6.2 Hall Effect

Mobility is the measure of how fast a charge carrier can move in an applied electric field
and measured by different techniques. One such technique is Hall measurement where the
Hall Effect describes the behavior of the free carriers in a semiconductor when applying

an electric as well as a magnetic field perpendicular to each other. The experimental setup
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for Hall measurement is shown in Figure 6.1, depicts for (a) p-type and (b) n-type
uniformly doped semiconductor bar with a rectangular cross section and length L. An
electric field is created along the x-direction by applying the voltage Vx between the two
opposite side contacts and the magnetic field is applied in the z direction.

As shown in Figure 6.1 (a), the holes move in the same direction of the applied
electric field. The magnetic field causes a force on the accelerated charge carriers in a
direction dictated by the right hand rule. The resulting force along the y-direction F),
deflects the holes from its original moving path along the x-direction to the right direction.
However, in steady state the force, F) is balanced by an electric field, E,, so that there is no

net force on the holes and the whole process develops the Hall voltage, V# across the

Figure 6.1 Hall Effect as shown schematically for (a) p-type (majority carrier hole) and
(b) n-type (majority carrier electron) uniformly doped semiconductor [9]
sample in y-direction. In regularly used sign convention as shown in Figure 6.1(a), the hall
voltage is positive for holes, and negative for electrons is shown in Figure 6.1(b) [9].
For the formulation of the Hall field, one can consider the Lorentz force acting on the

charge carriers:
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Considering the applied voltage along x-direction, initially the carriers are flowing along

the x-direction with a velocity of v,.. The Lorentz force can be given by:

ex € ¢
F=qE+|v, 0 0|=qEse;+q(E,—vB,)e, +qE,e,
0 0 B,

Due to the flow of carriers only along the x-direction, the y and z component of the force
must be zero. Equating the y-component of force to zero yield the relationship between
applied magnetic field and the electric field along the y-direction,

F,=q(E, —v.B,) =0
The y-component of electric field can also be rewritten as a function of the current density

(J) using its relationship with carrier velocity, J, = qpvy

J
Ey:vazzé z

This electric field along y-direction is called the Hall field. The Hall coefficient, Ry, is
defined as the Hall field divided by the applied current density and magnetic field:

o B _1
"B, qp

The Hall coefficient can be calculated from the measured current, /;, and measured voltage,

Vi
—Vu tL
Ry = W (6.1)
The hole density can be given by,
L _ LB (6.2)

>p=—
p qRy qEy
The carrier mobility can also be extracted from the Hall coefficient and semiconductor

resistivity (p):
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K= e~ (6.3)
From the sign of the Hall voltage, the type of semiconductor (n-type or p-type) and mobility
can be determined easily. Temperature dependent mobility measurement provides wealth

of information including the scattering mechanism, effect of substrate and surrounding

dielectric medium, etc.
6.3 Fabrication of Hall Bar and Measurement Set-up

Graphene was synthesized by chemical vapor deposition (CVD) on Cu foil and
subsequently transferred on SiO/Si substrate by PMMA (Poly-methyl methacrylate)
assisted wet transfer method. Details of growth and transfer is discussed in chapter 2. The
difference in fabrication of Hall pattern is that, the SiO»/Si substrate had Ti/Au contact
before graphene transfer to avoid processing induced damage of graphene as much as
possible. For that 300 nm Si0,/Si substrate was lithographically patterned and 10/80 nm
Ti/Au was deposited by electron beam evaporation method at a base pressure of 10 Torr
for metal contact. After graphene transfer on the as-prepared substrate, the PMMA
supporting layer was not dissolved to prevent contamination from the subsequent
photolithography step. Afterwards another round of photolithography was done to define
the active graphene area for Hall measurement study. Next, unwanted graphene with
PMMA was etched by O> plasma in RIE chamber. Finally photoresist and PMMA were
dissolved in Acetone and Methanol. Complete transfer and fabrication process is shown in
Figure 6.2 along with the optical image of graphene Hall pattern (20 wum channel width) in
the bottom. Measurement of both small and large area devices were carried out initially but
for PdHx study only large area devices have been used to avoid process induced damage

as much as possible. After initial material and electrical characterization, 2 nm Pd was
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Figure 6.2 Device Fabrication steps (a) Metallization of SiO»/Si and graphene pre-
transfer steps, (b) Graphene transfer, devices processing and optical Image of fabricated
Hall bar.

deposited by electron beam evaporation method at a base pressure of 10°® Torr. For Pd NP

deposition, shadow mask was used by covering the sample completely except the channel
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region. For easy shadow masking, active graphene channel of the Hall pattern is kept in

the range of several hundred micrometer.
6.4 Results and Discussion

Raman spectra for single layer graphene is shown again here in Fig 6.3(a) to compare with
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Figure 6.3 Raman spectra of (a) single layer graphene, and (b) bilayer graphene on
Si02/Si before and after 2 nm Pd deposition.

bilayer graphene. Figure 6.3(b) is showing the Raman spectra of pristine and functionalized
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bilayer graphene at two different positions. Initial D/G peak intensity ratio is around 0.1
which does not show significant change after Pd NP deposition, which is different from
that of graphene on Si substrate discussed in chapter 4. Graphene on Si showed increase in
D/G ratio after Pt/Pd deposition, which is most likely originating from the surface
roughness of Si due to SiO> removal by buffered HF wet etching. However, here no
significant change in D/G ratio and peak position confirm that no degradation or other

structural change happened after Pd NP functionalization of graphene on SiO> substrate.

T

e

" '?’1;
‘b

PN

Figure 6.4 (a) Wire bonded sample with small area device on Hall sample holder. (b) Large
area graphene Hall bar with bonding marks on the metal pad.

2D/G ratio of 1.65 and 2D peak full width half maximum (FWSM) of ~34 cm™! indicates
the presence of bilayer graphene [10] in the sample for which Raman spectra is shown in
Fig 6.3(b).

For temperature dependent Hall measurement, devices were wire bonded as shown
in Fig. 4(a) on the sample holder. This particular sample has small area devices and wire
bonding for both large and small area device is similar. Fig. 4(b) is showing representative

image of large area Hall pattern with wire bonding marks on the metal pads and graphene
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channel is visible in the middle. Typical four-terminal method is used in our measurement,
and the electrical connections for the measurement of resistance and mobility are shown
schematically in Fig. 6.5(a) and applied magnetic field is perpendicular to the sample

surface. The Physical Property Measurement System (Model 6000) is shown in Fig. 6.5(b).

Pd/Graphene

¥ WARNING

Figure 6.5 (a) Electrical connections for Hall measurement and the applied
magnetic field. (b) The Physical Property Measurement System (Model 6000)
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Figure 6.6 (a) Quantum Hall effect is visible from the plateau of Hall voltage Vxy
at T =60 K from monolayer graphene sample. (b) Temperature dependence of Hall
mobility p (blue rectangles) from the same sample. The red line is obtained from
fitting equation 6.5.

A constant dc current was applied through the devices and the voltages Vix and Vxy were
measured across the terminals with the magnetic field B varied up to 8 Tesla in
perpendicular direction. Out of the devices measured, majority showed the usual Hall

Effect, where the Hall Voltage kept increasing with the magnetic field. However, for one
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single layer graphene device, Hall voltage Vxy showed a plateau such as in the quantum
hall effect when it is cooled down to 60 K, as shown in Figure 6.6(a). The value of the

plateau fits in equation 6.4 with n =5, where n is the Landau-level index and I is the current.

Vay = Ih/(4n + 2)e? (64)
The charge carrier densities and charge carrier mobility values were extracted from the hall
measurement. The charge carrier density of p ~10'? cm™ and mobility at room temperature
of u~ 2000 cm?/Vs were found for most of the devices. However, the device which showed
the quantum hall effect had the mobility as high as 5400 cm?/Vs at room temperature and
6600 cm?/Vs at 10 K, as shown in Figure 6.6(b). The temperature dependence of carrier
mobility p can be expressed by the following equation:
u=AxTB (6.5)

Where A and B are the fitting parameters.

Figure 6.7 is showing the temperature dependent mobility for bilayer graphene exhibiting
opposite trend compared to monolayer graphene. The mobility reduced from 2405 cm?/Vs
at room temperature to 2368 cm?/Vs at 60 K. The different trends in the variation in the
carrier mobility in monolayer and bilayer graphene can be explained by differences in their
density-of-states and the additional screening of substrate surface polar phonon induced
electrical field in bilayer graphene. The mobility in monolayer graphene decreases rapidly
with increasing temperature is primarily due to scattering by thermally excited surface
polar phonons of the SiO; substrate [8, 11-13]. The SiO» optical phonons at the
substrate/graphene interface modulate the polarizability, which produces an electric field
that couples to the moving charge carriers in graphene. The coupling in terms of the effect

of electric field depends exponentially on the substrate graphene distance. At the Van der
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Figure 6.7 Temperature dependent mobility of bilayer graphene

Waals distance of about 0.35 nm, it is much stronger than the coupling of the carriers to
the acoustic phonons of graphene becoming the dominant scattering mechanism. Since, the
substrate surface polar phonon scattering is proportional to the phonon population number,
as the temperature is increased, the mobility is expected to decrease drastically. As
observed for bilayer graphene, the mobility increases instead of decreasing as the
temperature increases. This is due to the fact that the substrate surface polar phonon
induced field is to some extent screened by the additional graphene layer and Coulomb
scattering is the dominant for these bilayer graphene devices [8, 14, 15]. Due to the

parabolic band structure in bilayer graphene, the energy averaging of the Coulomb

107



(a) 2500 — T T T (bySOO
= Pd-Graphene = Pd/Graphene
e Graphene | ® Graphene
. 1500 | :
g 2400 + e ot . . L -
»
< L > 1200f « =
CA NE e o O > b
£ 2300 2 =
% . . & - g‘ 900
= - X 8 .
- = oo}l = .
2200 E
0 100 200 300 0 75 150 225 300
Temperature(K) Temperature (K)
7.0 — T T T T
(CL (dl = Pd/Graphene
”E = Pd/Graphene o e Graphene
o | ® Graphene g 60.0 |- [ |
:O_ LI ) SQ - 2
: 6.5} . . o . S - . - ,; B - : = s .
2 >
ko s 400}
& = ; 2
e 6ol . = - [ . [ s | 8 °
2 8 e =
= ™~ .
[ T oiie e
b O 200}
b 75 150 226 300 0 50 100 150 200 250 300

Temperature (K) Temperature (K)

Figure 6.8 Temperature dependent mobility of bilayer graphene before and after 2 nm Pd
deposition (a) Sample A and (b) Sample B, and Carrier Density (¢) Sample A and (d) Sample B.

scattering time can result in the mobility increasing proportionally with temperature p o«
kgT [16].

Effect of short range and acoustic phonon scattering do not vary with temperature
due to the reasons discussed here briefly. Since the density of states and the screening
function are energy independent for bilayer graphene, mobility limited by short-range
scattering is independent of temperature. In monolayer graphene, when kgT « Eg, the
temperature dependence of conductivity and hence mobility that is limited by short range
scattering is nearly constant [17]. On the other hand, the mobility limited by acoustic

phonons in monolayer graphene is inversely proportional to temperature [18]. However,
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since the magnitude of the mobility limited by graphene phonon scattering is of the order
of 10° cm?/Vs, [19,20] i.e., much larger than the mobilities limited by the Coulomb and
short-range scattering mechanisms discussed here, effect of acoustic phonon can be
neglected for bilayer graphene.

Fig. 6.8 is showing the effect of 2 nm Pd deposition on graphene, change in mobility
and carrier concentration for 2 samples. In both the samples mobility reduced, however in
sample A [Fig. 6.8(a)] mobility reduction is much less compared to Sample B [Fig. 6.8(b)].
Room temperature reduction in mobility for sample A is from 2405 to 2279 cm?/Vs
compared to significant reduction of 1460 to 630 cm?/Vs for sample B. From the Raman
spectroscopy of sample B before and after Pd deposition, no significant enchantment of
D/G ratio has been observed as shown in Fig. 6.3. With Pd NP, mobility in Sample A
followed the previous trend, with minor exception over the temperature range of 250 to
200 K [Fig. 6.8(a)], which is small considering the overall measurement temperature range.
However, mobility in sample B increased from 630 to 672 cm?/Vs as temperature
decreased, amounts only to ~6% change which is also within the experimental error of the
measurement. From the previous discussion, it can be assumed that, Pd NP effects the
temperature dependent mobility in such a way that coulomb scattering is no longer the
dominant scattering mechanism for sample B. To probe further carrier density variation at
different temperature for both the samples are plotted in Fig. 6.8 (¢) and (d). Surprisingly
the Pd NP induced doping is opposite for the two samples. For sample A, room temperature
hole density decreased from 6.4 X 102 to 6.04 X 1012 cm™ and for sample B, increased

from 3.4 X 1013 to 5.6 X 103 cm™, indicating n-type doping for the former and p-type
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doping for the later. Considering the higher work function of Pd compared to graphene, the

p doping can be easily explained.
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Figure 6.9 (a) Fermi level shifts AEr(d) as a function of the graphene-metal surface
distance d. The dotted lines are obtained numerically from first-principles
calculations based on density functional theory and the solid lines give the results
obtained from analytical Model [21]. (b) Predicted position is shown by the dashed
line for Pd NP in between Pt and Au to explain the results obtained in this study for
Pd NP induced doping of bilayer graphene.
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To explain the n-type doping, one possible way is to apply the numerical and
analytical model developed by Giovannetti et al. [21] for interaction between graphene and
metal, such as Al, Ag, Cu, Au, and Pt which forms weak bonding with graphene while
preserving its electronic structure. Although graphene electronic structure can be
significantly altered by Pd (111), in our case, its thickness is 2 nm which does not form a
continuous layer (forms grains of 20-30 nm as seen in SEM image in chapter 4) and any
noticeable change has not been observed in Raman spectra shown in Fig. 6.3, the
mentioned model can be employed for Pd NP as well. Both from numerical and analytical
model in reference 21, nature of charge transfer depends on the separation distance between
graphene and metal. Hence, the charge redistribution at the graphene-metal interface is not
only the result of an electron transfer between the metal and the graphene levels originated
from the difference in work function. There is also a contribution from the metal graphene
chemical interaction. Graphene work function is preserved to its freestanding value of 4.5
eV only when graphene-metal distance is greater than 4.2 A, the potential due to metal
graphene chemical interaction is very small and charge transfer depends only on the work
function. For smaller distance, chemical interaction induced potential becomes significant
which increases the effective graphene work function (W) significantly, as for example,
at the equilibrium distance of 3.3 A, theoretically obtained Wg is 5.4 eV much higher than
its freestanding value. Defining metal work function as Wy, and AV (d) as the potential
change generated by the metal-graphene chemical interaction, Fermi level shift in
graphene, AEr(d) as a function of the graphene-metal surface distance (d) can be given
by the following equation,

AE(d) = Wy, — AV(d) — W, (6.5)
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Fermi level shift, AEx(d) as a function of the graphene-metal surface distance (d) for
different weakly interacting metal is shown in Figure 6.9(a) where only for Pt which has
highest work function, AE is positive for all d and resultant doping in graphene is always
p-type. Considering the opposite doping for sample A and B, Pd NP work function in this
work is smaller than Pt, and the trend for Pd might be in between Pt and Au as shown in
Figure 6.9(b). For very small interaction distance d between Pd NP and graphene,

AEr might be negative and resultant doping is n-type, reducing the p-doing of CVD
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Figure 6.10 Effect of H> exposure on the resistance of graphene channel in Hall Bar

graphene which has happened for sample A.

The change in resistance of Pd NP functionalized graphene Sample A for H»
exposure is shown in Fig 6.10 as a function of time, which completely agrees with the
increase in resistance as shown in chapter 3 and chapter 5 for chemiresistor sensor. Here
the recovery is slow due to only N> exposure instead of air which contains O, and helps

fast recovery.
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Temperature dependent Hall mobility for Sample A is shown in Fig 6.11(a) for H
exposure from the temperature range of 300 to 10 K. At room temperature, Hall mobility
increased from 2279 to 3840 cm?/Vs after H» exposure. This can be explained by the
formation of PdHx which has higher resistivity compared to metallic Pd [22] and the high

dielectric constant of PdHy [23]. Pd was also deposited on SiO/Si at the time of 2 nm Pd
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Figure 6.11 Effect of H, exposure on (a) mobility and (b) carrier concentration
for sample A over the temperature range of 300 to 10 K.
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deposition on graphene, and the measured resistance of Pd was in MQ range. Hence, PdHx
resistance increased to a higher value after H> exposure becoming almost insulating. PdHx
is also reducing the carrier concentration of graphene from 6.04 x 1012 to 1.65 X
102 cm™ as seen in Fig 6.11(b). The mechanism responsible for this reduction has been
already described in section 5.2. In addition to reducing the carrier concentration, it has

high dielectric constant compared to both Pd and air. Together decrease in carrier
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Figure 6.12 Effect of H> exposure on (a) mobility and (b) carrier concentration
for sample B over the temperature range of 300 to 10 K.
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concentration and dielectric screening induced reduction in coulomb scattering greatly
enhances the mobility [24]. This is also evident from the temperature dependence of the
mobility which increased up to 5278 cm?/Vs at 10 K [Fig 6.12(a)]. Room temperature
mobility increase with H> exposure has also been observed for other semiconducting
nanostructure such as InAs [26].

Another important point to note regarding the temperature dependence of the
mobility for H> exposure, mobility increases with the decrease in temperature, which is
completely opposite without H> exposure. Similar trend has been observed for monolayer
graphene, which originates when surface phonon scattering is the dominant mechanism
influencing the electrical transport. The nature of temperature dependent Hall mobility of
Pd NP-graphene after H> exposure completely matches with the effect of high K dielectric
as predicted both theoretically [24] and experimentally [25]. Similar nature has been
observed for Sample B as well, room temperature mobility increased from 630 to 900
cm?/Vs with H, exposure, which further increased to 1910 cm?/Vs at 10 K as shown in Fig
6.12 (a). Similarly, the carrier density reduced 5.6 X 1013 to 1.59 x 103 cm™ at room
temperature and further down to 7.09 X 102cm™ at 10 K. The carrier concentration
dependence of mobility can also described by the relationship between these two
parameters,

p(m)~n= (6.6)
Where the value of exponent, a lies between 0.3-0.4 [27]. However, high K dielectric
screens the coulomb scattering and tends to increase the mobility which is then partially or
completely suppressed by the surface optical phonon scattering from the dielectric itself

[27]. As discussed before PdHx forms a dipole where its negatively charged part is at the
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interface with graphene, reduces its majority positive charge carrier density. The electric
field from the dipole most likely influences the moving charge carriers in a similar way to
that of a polar dielectric with large dielectric constant, where the optical phonon couples
with the carriers in the channel and results in scattering which tries to offset the mobility
enhancement due to dielectric screening induced reduction in coulomb scattering. Hence,
this might be the reason for the change from coulomb to optical phonon scattering
dominated Hall mobility variation with temperature for H> exposure condition.

Due to these two opposite condition of high dielectric constant to reduce coulomb
scattering and high SO phonon frequency to reduce surface optical phonon scattering, we
need a substrate which can satisfy both the conditions. In addition, Coulomb and short-
range scattering limited mobility for bilayer graphene is inversely proportional to the
square of the effective mass. Thus, as the number of graphene layer increases, the effective
mass becomes heavier, leading to a higher degradation of the mobility limited by Coulomb
and short-range scattering for the same impurity concentration. Hence, to improve the
transport properties including mobility in multilayer graphene, it is imperative to reduce
the impurity concentration either by process optimization or substrate/dielectric
engineering.

Finally, back gated measurements of bilayer graphene device fabricated next to the
Hall bar on sample B have been carried out at three different conditions. Initially mobility
of graphene was 1735 cm?/Vs and current minima point is close to 40 V. After 2 nm Pd
deposition mobility reduced to 652 cm?/Vs and from the almost linear nature of current
decrease, it can be estimated that, Dirac point shifted to higher positive voltage. This higher

Dirac voltage compared to that of before Pd deposition indicates that Pd NP increased
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Figure 6.13 Back Gated transfer characteristics of bilayer graphene at three
different conditions.

graphene’s p-type doping resulting in higher residual carrier concentration. After H»
exposure although the Dirac point shifted towards left mobility didn’t show significant
increase. Dirac point shift towards lower positive voltage means PdHx reduced hole
concentration in graphene. With the decrease in carrier concentration, little improvement
in mobility has been observed as visible from the slightly higher slope of the blue line. It
can be assumed that, coulomb scattering reduced after H> exposure, however, PdHx dipole
induced scattering shadowed that advantage at least in room temperature. From the Hall
mobility variation with temperature, we can expect that, filed effect mobility with Ha
exposure would also increase at low temperature.

Considering the findings and discussion in chapter 4 on hBN which reduces the
residual charge concentration in graphene eliminating the requirement of high dielectric
constant and simultaneously have high optical phonon frequency close to that of graphene
appeared as better substrate for graphene devices for applications ranging from electronics

to sensing including H> sensor. Graphene on hBN has high mobility and hence expected to
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increase the sensitivity. The improvement in Hall mobility for epitaxial graphene with

CVD grown hBN top dielectric compared to HfO2 [28,29] also supports this proposition.

118



CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

This dissertation research started with development of CVD graphene based device
fabrication process while improving the quality of graphene growth. After successful
fabrication of graphene back gated field effect transistor on SiO/Si substrate, later
electrical transport properties has been improved on PLD deposited BN. In a parallel effort,
to improve the performance of graphene based sensor, reverse bias operation of
graphene/Si Schottky diode based sensor with metal nanoparticle functionalization has
been proposed. The diode sensor AC impedance spectra has been analyzed with electrical
equivalent circuit model and multimodal sensing method is demonstrated. Finally, from
the temperature dependent magneto-transport studies of Pd functionalized bilayer
graphene, Hall mobility enhancement has been observed for H> exposure. The future
possibilities for the above mentioned research projects are discussed in the following
sections.

From Raman spectra of graphene on BN with four different thickness, as shown in
Fig 7.1, both G and 2D peak position and width is varying with BN thickness. hBN peak
~1365 cm™ is also clearly visible in Fig 7.1(a) which most of the time shadowed by
graphene D peak. Presence of hBN peak and variation in graphene peaks with hBN
thickness, compels a comprehensive study on the effect of hBN layer thickness on

graphene electronic spectrum such as charge transfer between these two materials,
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Figure 7.1 Variation of Raman characteristic peaks of graphene with different hBN
thickness (a) Graphene G peak position and width, and (b) Graphene 2D peak full
width half maximum (FWHM) and position.

modification of graphene secondary Dirac points by hBN potential, etc. Incorporating the
charge transfer effect with graphene electrical characteristics would provide opportunities
to improve the device performance and new applications. One such opportunity arises
when graphene electronic spectrum gets modified by differences between the crystal
lattices of graphene and BN. The periodic perturbation originating from the difference
between their lattice constants and crystallographic misalignment acts on graphene’s
charge carriers which results in the generation secondary Dirac points in electronic spectra.
The possibility of creating gaps at specifically chosen energies by controllably rotating
graphene or other two dimensional crystals can be used to design novel electronic and
optoelectronic devices.

Also from the electrical characterization, it has been observed that impurity carrier
concentration is much lower for graphene especially on 5 nm BN. However, from the
forward and backward back gate sweep, hysteresis is visible which signifies the presence
of slow trapped charge in BN. This trap characteristics need to be improved to achieve

better device performance. For any transistor device, top gate dielectric is the essential
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device component. Thus, PLD BN could be used as top gate dielectric to study the complete
transport characteristics. For the development of hBN as a substrate and top dielectric,
significant amount of studies are needed. For 2D material based multilayered device
structure, hBN could be used as tunneling barrier as shown in Fig 7.2 [1], which would
find applications in tunneling transistor, negative differential resistance based devices, etc.

Graphene based sensor development study performed in the present research work,

can be extended to any other lower dimensional heterostructure based wide range of device

(a) S SiO c;|rB G|r (b) H ﬂ H

Figure 7.2 (a) Schematic structure of graphene ficld-effect tunneling transistor with two
graphene layers sandwiched between BN layers. (b) The corresponding band structure with
no gate voltage applied. [1]

paradigms such as Schottky diode, tunnel transistor, bipolar junction transistor, etc. for
better sensitivity, selectivity, and sensing tunability. Impedance spectroscopy can be
utilized further to analyze the response of different gases while varying the concentration.
Extracted parameters obtained from dc amperometric measurement and impedance
spectroscopy, multidimensional plot can be constructed which would be helpful as design
space for selective sensing. Temperature dependent magneto-transport study can be further

extended by varying the thickness of Pd, depositing other similar material such as Pt, and
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comparison between the metals. These types of study can be carried out for other 2D

materials such as MoS,, WSe;, etc.
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