ABSTRACT

AVASARALA, NAGA SRUTI. Electrical Conductivity of Graphene composites with
Indium and Indium Gallium alloy. (Under the direction of Dr. Jagannadham
Kasichainula.)

Composites of graphene with Indium and Indium Gallium alloy were synthesized for use
in bonding chips and heat spreaders and their electrical conductivity was measured. The
contribution of graphene was evaluated and its volume fraction and resistivity evaluated.
Graphene has exceptionally high electron mobilities and higher electrical conductivity

than silver.

Graphite was oxidized to graphene oxide using sulphuric and nitric acids. Graphene
oxide was then suspended in propanol and exfoliated using ultrasonification. The solution
was deposited on Indium and Indium Gallium films and folded and rolled. Graphene
oxide was reduced by Indium flux at temperature just below the melting point and etched
by HCI. The samples were characterized for distribution, size and volume fraction of
graphene by transmission electron microscopy (TEM), scanning electron microscopy
(SEM), optical microscopy and X-ray diffraction (XRD). Volume fractions were

computed using linear intercept method from SEM and optical images.

Electrical conductivity of the samples was measured using four probe contact technique.
The conductivity of the composite was modeled using rule of mixtures and effective
mean field analysis. The resistance and temperature coefficient of resistance measured
were used to evaluate the volume fraction and resistivity of graphene. Graphene is shown
to increase the conductivity of the composite significantly and EMA analysis gives a
better estimate of the resistivity of graphene.
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Chapter 1

Introduction

1.1 Graphene

Graphene is a one atom thick planar sheet of sp*-bonded carbon atoms that are densely
packed in a honeycomb crystal lattice™ and is a basic building block for graphitic materials
of all other dimensionalities. The carbon- carbon bond length in graphene is 0.142 nm,
similar to that in graphite. Graphene is an isolated atomic plane of graphite with close packed

hexagonal arrangement.
1.2 Methods of Preparation

One atom-thick materials such as graphene have remained unknown because nature strictly
forbids the growth of low dimensional crystals. Crystal growth implies high temperature and
therefore thermal fluctuations are detrimental for the stability of graphene. As the lateral size
increases, the phonon density integrated over the 3D space available for thermal vibrations
rapidly grows, diverging on a macroscopic scale. This forces two-dimensional (2D)

crystallites to morph into a variety of three-dimensional (3D) structures.

Taking this into consideration, there are two principal routes for making 2D crystals. One is
to mechanically split strong layered materials such as graphite into individual atomic planes.
This is how graphene was first isolated and studied®. Although delicate and time-
consuming, this method provides crystals of high structural and electronic quality. Instead of
cleaving graphite mechanically, it is also possible to automate the process by using ultrasonic
cleavage. Ultrasonification in water leads to stable suspensions of sub micrometer graphene.

The ultrasonic cleavage of chemically “loosened” graphite, in which atomic planes are



partially detached first by intercalation makes the sonification more efficient. Exfoliation of
graphite is an alternative route to the separation of graphene layers®. However, the lack of
functional groups in the graphene sheets promote the reaggregation of the material into
micron sized clusters. Different methods have been used for the exfoliation of graphite. One
method was overnight treatment at room temperature with a mixture of concentrated
sulphuric acid and nitric acid (3:1)®. The intercalated graphite was then exfoliated by
thermal shock on rapid exposure to high temperatures in nitrogen. The exfoliated graphite
was dispersed in acetone by high shear mixing followed by bath sonication. Another method
is to prepare Graphite oxide using Hummers method. Graphite oxide prepared this way was
mixed with water and sonicated. Hydrazine hydrate was then added and the solution heated
in a oil bath at 100°C till the reduced graphite oxide was precipitated out as a black solid.
This was isolated by filtration®.

A sheet of graphene oxide consists of a hexagonal ring based carbon network having both
sp?-hybridised carbon atoms and sp*-hybridised carbon atoms bearing hydroxyl and epoxide
functional groups on either side of the sheet, whereas the sheet edges are mostly decorated by
carboxyl and carbonyl groups®. Graphite oxide is hydrophilic in nature due to the
oxygenated graphene layers and water molecules can readily intercalate into the interlayer
galleries. Hence it forms stable colloidal suspensions of thin sheets in water. Ultrasonic
treatment leads to formation of stable dispersions.

An alternate route is to start with graphene layers grown on top of other crystals. After the
epitaxial structure is cooled down, one can remove the substrate by chemical etching.
Epitaxial graphene layers grown on SiC® have been considered a champion route to
graphene wafers for electronic applications, mostly because SiC with close packed hexagonal

structure automatically provides an insulating substrate.



1.3 Physical Properties of Graphene

Graphene is the thinnest known material in the universe and the strongest ever measured .
Its charge carriers exhibit giant intrinsic mobility, have zero effective mass, and can travel for
micrometers without scattering at room temperature®®. Graphene can sustain current densities
six orders of magnitude higher than that of copper, shows record thermal conductivity and
stiffness, is impermeable to gases, and reconciles such conflicting qualities as brittleness and
ductility'®. The most explored aspect of graphene physics is its electronic properties. The

corresponding resistivity of graphene sheet would be less than 10° Q cm™®, less than the
resistivity of silver, the lowest resistivity substance known at room temperature. Several
features make graphene’s electronic properties unique and different from those of any other

known condensed matter system.

The first is graphene’s electronic spectrum. Intrinsic graphene is a semi-metal or zero gap
semiconductor with its conduction and valence bands meeting at the Dirac point®. This
characteristic enables the electron transport to be tuned between hole or electron conduction

by shifting the Fermi level by an applied electric field.

Graphene's unusual electronic properties arise from the fact that the carbon atom has four
electrons, three of which are tied up in bonding with its neighbors. But the unbound fourth
electrons are in orbitals extending vertically above and below the plane, and the hybridization
of these spreads across the whole graphene sheet. The hybridized electrons interact with the
periodic field of the hexagonal crystal lattice and form Dirac fermions, described by cone-
like energy bands™®. These electrons are described by Dirac-like equation rather than
Schrodinger equation that describe the wave mechanics of the fundamental particles. Hence,
the electrons and holes are called Dirac fermions, which at low energies are accurately
described by the (2+1)-dimensional Dirac equation with an effective speed of light vF =~ 106
m's ™. They can be seen as electrons that have lost their rest mass m, or as neutrinos that

acquired the electron charge, e®.



However, the observed low mobility of charge carriers in graphene is associated with
impurity scattering ®. Graphene has remarkably high electron mobility at room temperature

with reported values in excess of 15,000 cm?V's*®® \which would lead to enhanced
electrical conductivity. The mobility is nearly independent of temperature between 10 K and
100 K, which implies that the dominant scattering mechanism is defect scattering. Other
scattering centers such as edges, hepta and penta rings, ripples and surface corrugations®**%

that are expected in free standing two-dimensional films are also important.

[ Dirac point momentum (k)

Fig 1.3(i): Band Structure of Graphene (Reference: 9)

The energy-wave number (E-K) relation is linear for low energies near the six corners of the

Brillouin zone, leading to zero effective mass for electrons and holes™Y.

E=hvk
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Low energy band diagram of
single layer graphene at K point

Fig 1.3(ii): Band Diagram of Graphene near the corners of Brillouin zone (Reference: 10)



In addition, the finite size of the graphene film samples and chemical doping also lead to a
band gap. The mobility of graphene, x at 300 K is still limited by impurity scattering, and
therefore can be improved significantly, perhaps, even up to 100,000 cm?V *s . Although
some semiconductors exhibit room temperature x as high as ~77,000 cm®V s (namely,
InSb), those values are quoted for undoped bulk semiconductors. In graphene, p remains high
even at high n (>10%* cm) in both electrically and chemically doped devices, which
translates into ballistic transport on the submicrometer scale (currently up to ~0.3 um at 300

K).

Secondly, graphene exhibits an astonishing electronic quality. Its electrons can cover
submicrometer distances without scattering. As a result of the massless carriers and little
scattering, quantum effects in graphene are robust and can survive even at room
temperatures. The electronic structure rapidly evolves with the number of layers,
approaching the 3D limit of graphite at about 10 layers. Only graphene and its bilayer have
simple electronic spectra. They are both zero-gap semiconductors with one type electron and
one type of hole. For three or more layers, the spectrum becomes increasingly complicated.
Several charge carriers appear and the conduction and valence bands start notable

overlapping™®.

The near-room temperature thermal conductivity of graphene was recently measured to be
between (4.84+0.44)x10° and (5.3040.48)x10° Wm™K™™** This is in excess of those
measured for carbon nanotubes or diamond®. The thermal conduction is phonon-dominated
near room temperature and above. Graphite, a 3D version of graphene, has basal plane
thermal conductivity of over a 1000 W/mK. In graphite, the c-axis thermal conductivity is
over a factor of 100 smaller due to weak binding forces between the basal planes as well as

the larger lattice spacing.

Graphene appears to be one of the strongest materials ever tested. Graphene has a breaking

strength 200 times greater than steel. Its spring constant was in the range 1-5 N/m and the



Young's modulus was 0.5 TPa*®” which differs from that of the bulk graphite. These high

values make graphene very strong and rigid.
1.4 Applications of Graphene

Due to its remarkable properties described above, graphene has many potential applications.

However they are still in the development stage.

Graphene makes an excellent sensor due its 2D structure. The fact that the entire volume is
exposed to its surroundings makes it very efficient to detect adsorbed molecules. Due to its
high electronic quality, graphene has also attracted the interest of technologists who see them
as a way of constructing ballistic transistors. Graphene has a high carrier mobility, as well as
low noise, allowing it to be used as the channel in a field effect transistor (FET). Graphene
films are currently explored for metallization lines in devices"®, high speed devices
associated high mobility of the carriers, and several other applications including
spintronics“® and sensors®”. In contrast to carbon nanotubes that show poor interfacial
interaction with the matrix and curving around in different types of composites, graphene

may provide large surface area of interaction with other atoms.

Graphene is an ideal material for spintronics due to small spin-orbit interaction and near
absence of nuclear magnetic moments in carbon. Electrical spin-current injection and

detection in graphene was recently demonstrated up to room temperature.

The most immediate application would be incorporation of graphene in composite since it is
easier to produce than free standing graphene. Graphene composites have a wide variety of
applications. Electrical conductivity of composites of graphite with metals such as Cu has
been studied for application in electrofriction materials®?Y. High electrical conductivity,

thermal conductivity, and low coefficient of friction are the desired properties.


http://en.wikipedia.org/wiki/Young%27s_modulus
http://en.wikipedia.org/wiki/Carrier_mobility
http://en.wikipedia.org/wiki/Field-effect_transistor

1.5 Indium-Graphene Composite

Low melting point solders that flow easily are important for thermal interface materials in
bonding devices to a heat spreader. In (mp 159°C) and In-Ga alloys have very low melting
characteristics (mp<159°C) and possess the ability to deform and accommodate thermal
strains that arise during cooling subsequent to bonding of the devices to heat spreaders.
However, the progress in miniaturizing device components has aggravated the problems
associated with heat dissipation in the electronics industry, and this has produced a need for
improved thermal interface materials in modern chip packaging. Hence, increasing the
conductivity of In and In-Ga composites would increase the efficiency of these materials for

the growing demand. Hence graphene was added to form a composite of superior properties.

Although graphene possesses many novel properties of interest, the presence of surface
interactions with matrix atoms in a composite could be responsible for degradation similar to
that observed in graphite which is a three-dimensional arrangement of graphene planes’??).
In addition, the finite size and thickness of the graphene platelets and dispersions in a matrix
will also limit the properties of the composite. We are interested in understanding the
electrical conducting property of graphene in the composites with metals and determine its
contribution using effective mean field analysis. Towards this goal, we have synthesized
composites of graphene with In and In-Ga alloys and studied the electrical conductivity of

the composites.
1.6 Graphene Metal Contacts

A difference in the work functions of the metal and graphene leads to charge transfer at the
contact interface. Metal-graphene contacts can be divided into two groups, the weak contact
and the strong contact®?. The characteristic electronic structure of graphene is significantly
altered by chemisorption on Ti, Co, Ni and Pd but is preserved by weak adsorption on Al,

Cu, Ag and Pt. The metals which form a weak contact cause the Fermi level to move away



from the Dirac point in graphene without changing the band structure, resulting in doping

with either electrons or holes.

While in strong chemisorptions, electronic structure of graphene is significantly altered, even
Dirac point cannot be found in the band structure® .The DOS(Density of states) peak of Ti’s
3d orbital is located around the Fermi level, where graphene’s p, orbital also peaks. Strong
chemical bond could form between d-orbital and p, orbital. Sc, Co and Ni also show this kind
of interaction because their 3d orbital have a similar energy as Ti. In contrast, Au’s 4d orbital

peak sits far away from the Fermi level to make the interaction unlikely to happen.

Since Indium belongs to the same group as Al, graphene would be weakly adsorbed on its
surface. The measurements of contact resistance of metals on graphene have been done in
literature. The I3-Vy4 characteristics of Ni on graphene were studied and the linearity of the
curves indicated the formation of an ohmic contact®”. Hence Indium-graphene contact can

be expected to behave as an ohmic contact.
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Fig 1.6(i): The DOS of (a) Au/graphene contact (b) Pd/graphene contact, and

(c) Ti/graphene contact (the vertical line indicates the Fermi level).



Chapter 2

EXPERIMENTAL PROCEDURE

2.1. Preparation of Indium-Graphene composite

Several methods to prepare graphene have been proposed in literature. However bulk
production has been the main problem. Chemical exfoliation of graphite through oxidation

and then dispersion to single graphene is the method used in the present work.

Composites of In-graphene were processed using graphene prepared by the chemical
exfoliation of graphene oxide. Microcrystalline graphite, supplied by Asbury Graphite Inc
was oxidized by reacting with a boiling mixture of concentrated sulphuric acid and nitric acid
in equal proportions for 4 hours. Oxidation was completed when the color of graphite turned
brown. The mixture was cleaned with distilled water and filtered several times to remove the
acids. The graphite oxide residue was mixed with distilled water and ultrasonicated till the
suspension did not sediment and did not settle for several days. The suspension was filtered
and dried for several hours at 150°C. The graphite oxide was mixed with propanol and
sonicated for several hours to form a suspension again. This suspension of exfoliated

graphene oxide®?® is further added to the samples of indium foil.

Indium foil 99.99 % purity and 0.25 mm thickness was supplied by Alfa Aesar. Samples of
dimensions 1.5 cm x 1.5 cm were cut from this foil. These foils were placed between
polyethylene sheets and rolled to thickness of 0.1 mm. The polyethylene sheets were used to
avoid indium, which is a soft metal from sticking to the rollers. The indium foil was then
bent in the shape of a boat by tweezers to prevent the suspension from slipping. A glass tube
of 2 mm diameter was inserted into the graphene oxide suspension and a part of it was

retained and deposited in to the boat of In foil. The graphene oxide was deposited repeatedly



to generate enough volume fraction of graphene in the composite when propanol evaporated
The deposition of graphene was continued over 20 times. The In boat with graphene oxide
was folded several times and rolled further into thin foils. The foils were annealed at 100°C
so they could re-crystallise and be rolled further.

The reduction of graphene oxide to graphene by oxidation of indium is thermodynamically
favorable® and the removal of indium oxide using indium flux is also thermodynamically
favorable. The free energy of formation of Indium Oxide(In,O3) at room temperature (298 K)
is found to be -221.5 kcal/mol and of Gallium Oxide(Ga,03) is -258.8 kcal/mol®®. Hence the
oxide formation of In and Ga when reacted with graphene oxide would be spontaneous.
Small quantity of indium flux was placed in the folded In foil with graphene oxide and
heated to slightly above the melting point, 159°C so that the indium oxide formed by
reduction of graphene oxide was fluxed and graphene was left in the Indium foil. The fluxed

Indium oxide was etched away by dilute HCI from the surface.
2.2. Preparation of In-Ga-Graphene Composite

In-Ga alloy samples were first prepared by mixing Ga in liquid form to In foil, thus, reducing
the melting point of the system further. The Ga liquid was added in small amounts to the boat
shaped In foil. The In foil with Ga was repeatedly folded, hot rolled and weighed. The Ga
liquid was added till a composition of 3.1 wt % Ga was reached. The 3.1 wt% Ga
corresponds to 5 at% Ga which is less than the solubility limit of Ga in Indium. The
solubility limit is near 15 at% at the eutectic temperature (290 K). Ga along the grain
boundaries in indium causes brittle behavior and leads to cracking of the alloy at room
temperature due to lack of sufficient ductility. Hence the rolling was carried out at 80°C.
Rolling with a small steel roller was carried out on a hot plate with the foils placed between

two glass slides.

Graphene was added to In-Ga foils following the same procedure as described above for

10



Indium foils. In flux was used to remove oxide films of In or Ga and HCI was used to etch

away the fluxed oxide on the surface.

The thickness of the In-graphene foils was close to 0.15 mm while that of In-Ga-graphene
foils was close to 0.30 mm. Three samples of In-graphene and five samples of In-Ga-

graphene were finally annealed at 80°C.

2.3. Electrical Resistivity Measurements

Resistance measurements were carried out with a system comprising a Keithley 2400-LV
Source Meter, a Keithley 2182-Nanovoltmeter, a K-20 Temperature Control System and a
low temperature chamber both from MMR Technologies Inc., and HT Basic software. The
source meter was used to apply a current of 10 mA and increased in steps of 10 mA up to 50
mA, while the nanovoltmeter was used to monitor the voltage in the system. The given
current with the measured voltage was used to generate the resistance measurements using

Ohm’s Law,V = I R where V is the voltage, | is the current and R is the resistance.

A Signatone four probe pin contact instrument was used to make measurements of resistivity
at room temperature (300 K). The outer probes were used to input the current from the source
meter while the inner probes were used to measure voltage across using the nanovoltmeter.
The separation between the inner probes was 1.66 mm and diameter of the pins was 0.085
mm. The reverse current method was used to cancel the thermal electromotive force (EMF)
at the contacts by sending current in the forward and reverse directions. The average value of

voltage measurements for both cases is taken to measure the resistance and resistivity.

The area of cross-section of the samples was determined from the width and thickness of the
sample. Resistivity was obtained from R=pl/a where p is the resistivity, | is the separation
between the probes and a is the area of cross-section. Samples of approximately 1 mm width

were sliced from the larger composite foils. The thickness and width of the samples was

11



measured using a micron marker in the optical microscope. The smaller width increased the
magnitude of measured resistance of the samples and hence improved the sensitivity of
measurements. The graphene particle size and separation were much smaller and hence

smaller width would lead to better evaluation of contribution of graphene to resistivity.

Temperature coefficient of resistance of the samples was measured using the collinear four

probe method in a temperature controlled chamber described below.

The sample for performing these tests was with dimensions of 1 cm x 2 cm rectangle. Four
small dots of colloidal silver paste were applied along the diagonal of the rectangle, and
0.025 mm diameter gold wires, about 2 cm long were attached to the silver dots. Once the
silver paste was completely dried and the gold wires were secured, zinc oxide (ZnQO) paste
was applied to the substrate holder in the chamber with a silicon heat sink immediately
above. The sample was placed on the Si heat sink on the holder. The purpose for applying the
ZnO was because it is electrically insulating and thermally conductive, thus, preventing false
readings of electrical resistance, while allowing equilibration of temperature from the dewar
to the sample. Next, the free ends of the gold wires were connected to the leads on the
Kapton printed circuit board of the low temperature dewar using indium solder, which alloys
well with gold. Finally, the dewar was closed, the proper connections to the inner leads for
electrical measurements and the vacuum were made, and the test was performed. Fig 2.3(i)

provides a visual representation of the inside of the dewar.

The resistance test performed on the samples was sheet resistance, in which four probes were
used rather than two probes to avoid false measurements from contact resistance that occurs
with two probe measurements. The reverse current approach was again used to cancel the

thermal EMF from the probe contacts.

The temperature coefficient of resistance was measured by performing the voltage

measurements at different temperatures obtained by the K-20 temperature controller. The K-
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20 Temperature Control System enabled the runs to range between room temperature and

340 K and a lower temperature at 260 K, while capturing resistance measurements at
intervals of 10 K. The test operated under 6 mTorr vacuum, and the dewar was cooled by
adiabatic expansion of nitrogen gas flow through a nozzle that remained near 3.4 sccm, under
a pressure of 1800 psi. The results from these tests are in the form of graphs of resistance as
a function of temperature. The temperature coefficient of resistance was obtained from the

slope of the graph with resistance as a function of temperature.

Fig 2.3(i) : Picture of the inside of the dewar

2.4. X-Ray Diffraction

X-ray diffraction of the composite samples was carried out using Cu K, (A=0.154 nm)
radiation in a Rigaku instrument with operating current of 25mA and a voltage of 25 kV.
Debye-Scherrer 6-260 diffraction scans were carried out at intervals of 26= 0.1°. The sample

was held on Si (001) wafer using mounting clay.
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2.5 Microscopy

Optical, scanning and transmission electron microscopy was carried out to determine the

size, distribution and volume fraction of graphene platelets in the composite.

Optical micrographs were obtained by placing the samples in the viewing area of a CARL
ZEISS optical microscope with DIC (differential interface contrast), model 60523. Optical
micrographs of several regions on each sample were captured using a digital camera.

The samples were also placed in the Hitachi S-3200N SEM chamber at Analytical
Instrumentation Facility and examined in secondary electron mode, which is more sensitive
to topography, as well as in backscattered mode, which is more sensitive to atomic number.
In secondary electron mode, samples were imaged at different magnifications. In
backscattered mode, EDS (energy dispersive spectrometry) spectrums were taken on the

various samples.

The graphene oxide which was suspended in propanol was collected on a carbon-holly grid
and observed under the transmission electron microscope. Suspension of the graphene oxide
film in propanol was collected inserting a glass tube and the suspension was slowly released
onto a carbon holly grid. The liquid was then allowed to dry leaving graphene oxide
particulates on the grid. The graphene oxide films were extremely thin and further sample
preparation was not required to make them electron beam transparent. The grid was placed
on a double tilt specimen holder and observed under a JEOL 2000FX transmission electron

microscope.
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Chapter 3

RESULTS

3.1 Resistance Measurements

The measurements were carried out on three samples each from the In and In-Ga foil. The
samples are listed as In and Ga. The three In-graphene samples are named In-Gr-1. In-Gr-2
and In-Gr-3. The five In-Ga-graphene samples are listed as In-Ga-Gr-1, In-Ga-Gr-2 and so
on. The resistance was measured as temperature was varied both during the heating and the
cooling process. The calculated values of resistance for In-Gr-3 with the current and voltage

values are given in Table 3.1(i) below.

Table 3.1(i): Resistance measurement of In-Gr-3 sample

T(K) ! Vi(mv) Vo(mv) | Va(mV) R(Q)
(mamps)

330 |50 .05042 -.0307 .0405 .000811
320 |50 .04406 -.0337 .0389 .00778

310 |50 .04603 -.0288 .0374 .000749
300 |50 .03923 -.0392 .036 .000721
290 |50 .04057 -.0285 .0345 .000691
280 |50 .03927 -.0271 .0332 .000664
270 |50 .0362 -.0271 .0316 .000634

The values of resistance are plotted as a function of temperature and the slope was
determined. The plots for 2 of the samples, In-Gr-3 and In-Ga-Gr-3 are shown below in Fig
3.1(i) and Fig 3.1(ii). Values of resistance during heating are shown in blue and during
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cooling in red. The values remained close to each other.
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Fig 3.1(i): Variation of resistance with temperature of In-Gr-3 sample
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Fig 3.1(ii): Variation of resistance with temperature of In-Ga-Gr-3 sample
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The temperature coefficient of resistance (TCR) is defined as

TCR = 1dR
T RdT

The slope of the resistance vs. temperature plot is used to determine the TCR at room
temperature (300 K) for all the samples. The measured values of resistivity and the

temperature coefficient of resistance are presented below in Table 3.1(ii).

Table 3.1(ii): Variation of resistance with temperature

Sample Sample Resistivity TCR

Sample Name ) _ 6 N

Thickness(mm) Width(mm) (20 ohm cm) (107 K™
In .26 1.3 9.42 4.35
In .26 1.3 9.42 4.35
In .26 1.3 9.42 4.35
In-Ga 37 1.7 10.74 4.32
In-Ga 37 2.7 10.74 4.32
In-Ga 37 1.7 10.74 4.32
In-Gr-1 15 12 7.35 4.12
In-Gr-2 14 .83 8.85 4.26
In-Gr-3 13 .75 8.65 4.00
In-Ga-Gr-1 .30 90 9.55 4.21
In-Ga-Gr-2 29 90 9.25 4.15
In-Ga-Gr-3 .36 .70 9.32 4.26
In-Ga-Gr-4 .32 1.05 9.53 4.15
In-Ga-Gr-5 40 .85 9.81 4.24
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The three different samples obtained from In and In-Ga showed same resistance values

within the limit of approximation used.

3.2 X-Ray Diffraction

The X-ray peak profile is shown in the Fig 3.2(i) below.
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Fig 3.2(i): X ray diffraction peak profile of In-Gr-1 sample

All the major peaks correspond to In and are labeled “IN”. All other peaks arise from the
mounting clay. There are no graphite peaks observed in the profile. This could be because of
the very thin graphene platelets and their discontinuous distribution in the In foil. The
extremely small number of atomic layers contributing to X-ray diffraction (XRD) would not
give enough counts to be recognized by the detector. There was a small increase in the
amorphous background near 26=20°. This could refer to the presence of an amorphous phase.
Hence the amorphous region in the XRD profile could be attributed to presence of some

oxide which was not reduced.
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3.3 Microscopy

Secondary electron microscopy images of In film with suspended graphene oxide before
subjecting to rolling are shown in Fig 3.3(i) and (ii) below. Since these images were taken

before rolling and folding, it is assumed that reduction of graphene oxide has not yet taken

place.

Fig 3.3(i) SEM image of graphene oxide on Fig 3.3(ii): Higher magnification image
In film before rolling and folding

Fig 3.3(i) shows a random distribution of graphene oxide particulates of different sizes.
Some graphene oxide particulates showed dark contrast while others were lighter. Their sizes
varied from 50nm to 3um. However their thickness cannot be determined from these images.
Secondary electron images (SEM) also have contribution from the backscattered electrons
(BSE). Since carbon is a lighter element than indium, it appears darker in images where
backscattered electrons contribute. The finite interaction volume implies contrast can also be
present from graphene underneath the surface. Since the surface appears relatively flat and
there is not much topographic contrast, there is very little secondary electron contrast. The
dark contrast indicates a lower average atomic number or more carbon layers. Hence the

darker regions indicate thicker graphene oxide with more number of layers. The higher
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magnification image shows the thinner platelets in more detail. The graphene platelets are

mostly widespread and not connected. Their morphology is irregular. Cracks are visible on

the In foil surface which could have formed during the rolling process.
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Fig 3.3(iii): Optical image of In-Gr-3 foil Fig 3.3(iv): EDS spectrum of In-Gr-3 foil

Fig 3.3(v): BSE of In-Gr-3 Fig 3.3(vi): SE of In-Gr-3
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The optical image in Fig 3.3(iii) shows only the surface detail. The darker regions are thicker
graphene platelets while the lighter regions are thinner graphene platelets. Volume fraction of
graphene was calculated from the techniques of quantitative metallography. In particular,
several lines were drawn at different angles and positions on the image. The ratio of the
intercept of the line on the graphene particulates to the total length of the line was used to
measure the volume fraction of graphene. The values are given in Table 3.3(i). The size of
graphene particulates varied from submicron to 5um. These sizes are similar to the graphene
oxide platelets shown in Fig 3.3(i) and (ii).

However the distribution of graphene platelets is much more uniform than the graphene
oxide platelets. Hence the rolling process results in the uniform distribution of graphene
particulates without change in the size of the platelets. Since the rolling was done along
several directions, this could have led to a more uniform distribution of the particulates. The
backscattered and secondary electron images show similar contrast in the image since it is
largely atomic number based. The edges appear darker which could be due to the folding of
the 2-dimensional sheet. While the thicker particulates looked connected in the optical image,
they are isolated and have a homogeneous distribution in the higher magnification SEM
images. The volume fraction of graphene was calculated using linear intercept method as
mentioned before. However it would not be very accurate using SEM images since the image
is from a finite volume of interaction in the sample. Graphene from underneath the surface
also contributes to the contrast of the images and hence does not give accurate volume

fraction information.

Energy Dispersive X-ray spectroscopy (EDS) was carried out to determine the presence of
impurities. The EDS spectrum is shown in Fig 3.3(iv). The counts are shown raised to the
power of half. The peaks identified are In, Al, Si and C. The Al and Si peaks arise from the
sample holder while the carbon peak in the beginning of the spectrum could be due to
residual carbon on the surface. The most significant peaks with maximum counts were from

Indium.
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The optical, backscattered and secondary electron images of In-Ga-Gr-3 are shown below in
Fig 3.3(vii), (viii) and (ix). The contrast from the images shows a much denser distribution of
graphene than in In-Gr-3 sample. The graphene platelets appear connected in the optical
image. However, they are isolated in the higher magnification SEM image. The isolated
particulates are close together which could lead to the appearance of connectivity in the
optical images. There are areas of thick and thin graphene platelets as seen in other images.
The predominant feature though seems to be the thinner graphene platelets. The distribution
of graphene is very uniform and the graphene platelets appear to be longer as opposed to

irregular shaped (mostly elliptical) individual particulates in In-Gr-3 sample.
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Fig 3.3(vii): Optical Image of In-Ga-Gr-3 Fig 3.3(viii): SEM image of In-Ga-Gr-3
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Fig 3.3(ix): EDS spectrum of In-Ga-Gr-3
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The EDS spectrum for In-Ga-Gr-3 is shown in Fig 3.3(ix). The counts are shown raised to
the power of half. The Al peak in the spectrum is from the specimen holder. The O peak is
from oxide left on the surface which was not etched away. The peaks with high counts are

from Indium and Gallium.
The exact mass of graphene in these samples could not be determined directly as the mass of
graphene is too low to be detected. The volume fractions determined from optical and SEM

images are given in the Table 3.3(i) below.

Table 3.3(i): Volume fractions determined from intercept method

Sample Optical SEM
Image Image
In-Gr-1 .258 183
In-Gr-2 278 236
In-Gr-3 214 172
In-Ga-Gr-1 .258 2
In-Ga-Gr-2 .268 .208
In-Ga-Gr-3 242 236
In-Ga-Gr-4 223 299
In-Ga-Gr-5 279 219

The volume fractions obtained from both the methods of imaging (optical and SEM) are
found to differ. This is due the differences observed in the distribution of graphene in the
images. The lower magnification optical images give a better idea of the sample since they
cover a larger volume of the sample but they do not show in detail the distribution of thinner
graphene platelets whereas the higher magnification SEM images are constrained to a small
volume of the sample but show thin graphene platelets. The measurements are expected to be
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valid only to an accuracy of 0.05. Modeling was further used to calculate the volume

fractions so that these results could be verified.

The distribution of graphene particulates obtained from In-Gr-3 sample is presented in the
figure 3.3(x). The distribution shows that a single maximum in the number fraction of

particulates is present near 0.5 um. Also majority of the particles are below 1 um in size.
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Figure 3.3(x). Number fraction of graphene particulates in In-Gr-3 samples observed in SEM

images shown as a function of the size of the particulates.

Transmission electron microscope images of the sample were taken to determine the
thickness and diffraction patterns of the sample. Since the sample is graphene oxide, care was
taken not to contaminate it by moving the beam around and not going to a very high
magnification. A low magnification image shown in Fig 3.3(xi) was taken at 1000X. The

TEM image shows a majority of very thin films and a few thicker films.
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Fig 3.3(xi): TEM image of graphene

Diffraction patterns were obtained at the thick and the thin parts of the sample. The selected
area electron diffraction (SAED) patterns were obtained at a camera length of 25 cm. The
diffraction pattern showed the hexagonal pattern of graphite and is indexed in Fig 3.3(xii)

below. The spot pattern was taken from a very thin portion of the sample.

Fig 3.3(xii): Indexed SAED pattern of graphene
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The diffraction patterns taken from thicker parts of the sample which may have multiple
layers are shown below. Fig 3.3(xiii) shows the onset of ring pattern which could be due to
the presence of larger number of particulates at different orientations. The presence of pairs
of closely spaced spots could be because of the different orientations of the graphene oxide
foils with each other. The effects of dynamical diffraction can be seen in the form of satellite
spots around the main spots. The dynamical diffraction effect is visible in this pattern
because of the increased thickness of the sample due to greater number of foils. The onset of
the ring pattern is clearer in Fig 3.3(xiv). Though there are a few distinct spots visible in the

lower order zone, the outer rings show less distinct spots.

Fig 3.3(xiii) and (xiv): SAED patterns from thicker portion of samples

The bright field and dark field images were taken and are seen in the images below.
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Fig 3.3(xv): Bright Field Image Fig 3.3(xvi): Dark Field Image

The contrast in the images between the bright field and the dark field is clearly visible. The
thinner single foil appears lighter in the bright field and darker in the dark field image. The
bright field image shows better contrast than the dark field image. The major source of
contrast is mass thickness contrast. Since the foils are at different orientations there could be

diffraction contrast.

The thinnest part of the sample is at the edge which is visible in the bright field image.
However it does not exhibit noticeable contrast in the dark field image. Hence it is too thin to
scatter electrons. The folding up of the graphene oxide sheets at the edges can be observed

though to a small extent.

A higher magnification image at 30kX was taken and is shown above in the Fig 3.3(xvii).

This image clearly shows the contrast between different thicknesses of graphene oxide. The
foil to the edge appears to be approximately one layer thick while it gets progressively
thicker with more layers being added. Hence TEM image confirms the presence very thin

graphene oxide layers in the sample.
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Fig 3.3(xvii): Higher Magnification image of graphene oxide foil

The density measurements of the samples were tried but could not be used to measure the
volume fraction of graphene. The mass of the composite samples was very small and did not
give reasonable measurements. The volume fractions in the table given above also did not
show a marked variation. Therefore, the difference in density due to the change in volume

fraction of graphene would also be insignificant.
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Chapter 4
DISCUSSION

The presence of graphene oxide in the amorphous portion of the X-ray spectrum can be
explained by the structure of graphene oxide. Electron energy loss spectroscopy combined
with STEM-ADF imaging and AFM-depth profiling shows that graphene oxide films have
substantially different density-of-states and resonance electron plasma excitation energy than
those in graphene®”. It also indicates that oxygen atoms attach to graphene sites randomly
and convert sp® carbon bonds in graphene to sp® bonds. While the structural modifications of
graphene are dependent on the oxidation level, the results show that a 1:5 oxygen to carbon
ratio is sufficient to transform the measured 40% of carbon bonds into sp® bonds. As a
consequence, the atomic structure of oxidized graphene is highly distorted becoming a semi

amorphous solid carbon oxide.

The absence of graphite related peaks in the X-ray diffraction is thought to arise from the
very thin layers of graphene that did not contribute to the diffracted beam. Also, the presence
of indium could lead to absorption of the diffracted beam from graphene. Thus, the only
observed peaks after subtracting those from the mounting clay arose from indium

The SEM and optical images gave different values for the volume fraction. However both
these results are prone to error. The determination of volume fraction from the images is not
highly reliable since the distribution is not uniform in the small area observed and hence any
image would be the representation of only a very small fraction of the sample. Thicker
platelets of graphene are also included in these observations which do not possess the
exceptional properties of graphene. Also, the interaction volume of the sample with the
electron beam is large enough to show contrast from graphene particulates underneath the
surface. Therefore, volume fractions were determined using resistance measurements.
Resistivity is much more sensitive to volume fraction of graphene in the sample. These

would give a much more accurate value of volume fraction of graphene in the sample. The
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resistivity of graphene is also evaluated using models for electrical resistance of composites.
Specifically, the rule of mixtures and effective mean field analysis are used to model the

electrical resistivity of the composite samples.

4.1 Rule of Mixtures (RM)

Graphene is dispersed in either the indium or the indium-gallium alloy matrix in the
composite samples. In or In-Ga foil will be referred to as the matrix in the composite. The
graphene particulates are assumed to be in series connection electrically with the matrix in

the composite for resistance modeling.

The resistance and thermal coefficient resistance of the composite and matrix were measured

experimentally and are listed in Table 3.1(ii).

The resistance R of the composite when graphene and matrix are in series is given by
R. =Ry +R, (1)

In the above equation, subscript m refers to the matrix, g to the graphene particulates and c to

the composite.
Expressing it in terms of the resistivity p, length | and area of cross-section a.

Pe) = P + Py (D) @

The graphene particulates are spread throughout the matrix. Hence assuming they cover the
same cross section as does the matrix,

A =y =0ag=a 3

Hence, the resistivity of the composite becomes
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Pe = Pm(E) + pg(D) @)

Multiplying and dividing by area,
Pc = PmVm + pgVy ®)

In the above equation, V represents the volume fraction of each component. This relation
however holds only when there is a uniform distribution of graphene in series with the
matrix. The distribution of graphene particulates is random and the assumption that the area
of cross sections of matrix and graphene is equal does not hold. Hence this model would not

give an accurate representation of the volume fraction.

Differentiating (1) with respect to temperature and dividing by R¢

( 1 ) dRe _ (Ric)dRm + (Ric)dR‘g (6)

R/ dr dar dar

The left hand side term of the equation now gives the thermal coefficient of resistance of the
composite (TCR.). Expressing the matrix and graphene terms in terms of their thermal
coefficients of resistance,

1dRc _ Rm 1 dRp +R_9(idﬁ) @)

R, dT R, (Rm dT) R¢ “Rg dT

Eqn. (7) can be written as

TCR, = “2TCR, + ETCR, @)
Rm __ lm
R Pm (Z) )

Eqgn. (9) can be expressed in the form of volume fractions since the areas of cross section

were assumed to be linear.

Rm _ Pm

R~ p. /m (10)

31



Similarly,

Rg _Pg

Re o 0 (11)

Using (10) and (11) in Eqgn. (9),

TCR, = ’;—m V,, TCR,, + ’;—9 v, TCR, (12)

Dividing Eqn. (5) by p,

_ Pm 14

1="20, 4+ p—g v, (13)

Using (13) in Eqgn. (12),

TCR, = TCR,, + ’;—9 V, (TCR; — TCRy,) (14)
TCR.— TCRy, (15)

pPgVg=p
9°9 "€ TCRy—TCRy

Substituting the values obtained for p,V, in Eqn. (5) and the known value of resistivity of
metal matrix, the volume fraction of matrix and that of graphene is calculated. The thermal
coefficient of resistance of indium is 4.35x10°° K™* while its resistivity is 9.42x10° Q cm and
that of indium-gallium is 4.32x10° K™ and 9.42x10® Q c¢m respectively from Table 3.1(ii).
The TCR of graphene is assumed to be similar to that of graphite which is around -0.0003 or
-0.0005%®). These values were substituted in Eqn. (6) to determine the resistivity and volume

fraction of graphene for both the values of TCR.

The values are given in Table 4.1(i) for the two values of TCR of graphene. The values of
resistivity of graphene calculated from different samples are found to be different. Hence, the
rule of mixtures does not give an accurate representation of the resistivity of the composite.
The composite consisting of graphene platelets of different sizes and orientation cannot be
modeled correctly using rule of mixtures. A more realistic model is the Effective Mean Field

Analysis.
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Table 4.1(i): Volume fraction and resistivity of graphene

TCR=-0.0003 TCR =-0.0005
Sample V, pg (10°Q cm) |V, pe10°Q cm)
In-Gr-1 0.26 1.39 0.26 1.34
In-Gr-2 0.08 2.03 0.08 1.96
In-Gr-3 0.15 4.29 0.15 4.19
In-Ga-Gr-1 | 0.13 1.81 0.13 1.74
In-Ga-Gr-2 | 0.17 2.01 0.17 1.94
In-Ga-Gr-3 | 0.14 0.88 0.14 0.84
In-Ga-Gr-4 | 0.15 2.41 0.14 2.33
In-Ga-Gr-5 | 0.10 1.74 0.10 1.68

4.2 Effective Mean Field Analysis (EMA)

The orientation of the graphene platelets could not be determined either by x-ray diffraction
or from the scanning electron microscopy. The size of graphene platelets was seen to range
from submicron to a few micrometers. When the platelets are larger, deformation by rolling
is expected to give rise to preferred orientation, with graphene platelets parallel to the surface
of the foil. However the smaller platelets might be too small to be effected by rolling.

The conductivity o of a two phase system®?% made up of randomly oriented ellipsoidal

anisotropic grains is the solution of the equation,

O'i—()' 1- O'i -0
22?:1 —— q02?:1 —~——=0 (16)
3 oc+Li(o3—0¢) 3 oct+Li(03—0¢)

where the subscripts refer to phase 1 and phase 2 and  refers to the volume fraction of

phase 1. The anisotropic conductivities of the grains are expressed by the diagonal elements
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(i=1,2 and 3) of their conductivity tensor aji,where J refers to the different phases present.
The shapes of the grains are taken into account via their depolarization factors, L} with

3 i
i=1Lj = 1.

The above equation becomes

i
0g—0¢

Vm 3 Th =0 Vg $3
3 21:1 oct+Li,(ob—0¢) T 3 21:1

i =0 (17)

aC+Lg(aé—ac) -

for the indium-graphene composite. The matrix grains are assumed to be isotropic and hence
ok = o2 = g3 = o, and spherical and hence Li,= 1/3 for all values of i. Graphene in the
form of thin platelets or flat ellipsoids is anisotropic, so that L, = 0 for i=1, 2 and L, = 1 for
i=3. 05 =0 =0 and o =g for graphene since superscripts “1” and “2” refer to

(193]

directions along the basal plane which is represented by “a” and 3 is the direction

perpendicular to the basal plane which is represented by “c”. Symmetry in the basal plane

makes the conductivities along the directions 1 and 2 the same. Egn. (17) then becomes

M (gm+20;) 3 \ o o5 3

a

. dg . . , :
The ratio —Z is assumed to be constant “f”. g is expressed in terms of g and fand V},, in

g
g
terms of I{g. Differentiating Eqgn. (18) with respect to temperature gives an additional

equation, relating the temperature coefficients of conductivities of matrix, composite and

graphene.

R
=t (19)
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Differentiating with respect to temperature and dividing by p,

1dp 1dR lda 1dl
S me— o e — (20)
p dT R dT adT 1dT

If t and w are the width and thickness

1d 1dR , 1dt 1dw 1dl
e st (1)
pdT RdT = tdT w dT 1dT

1dl . . - . L
T JIves the linear coefficient of thermal expansion, a. Assuming it is the same for all

three dimensions, Egn. (21) yields,

1dp _ 1dR

pdT_RdT+a (22)

The values of linear coefficient of In and In-Ga alloy were taken as the value of In because of
the low atomic percentage of Ga.

Table 4.2 (i): Values of constants used

Sample o TCR Resistivity
In 32.1x 10° | 0.004345 | 9.42x10°°
Graphene | 6.5x 10° | -0.0005

Composite | 9.23 x 10° | 0.004112 | 7.35x10°

The higher value of modulus of graphene (0.5 TPa) and lower value of a of graphene are also
responsible for the low value of o of the graphene composite®”. Although a. is a function of
volume fraction of graphene, the result does not significantly change from the value given
above due to the very high modulus of graphene. Turner’s formula® and the expression

(33)

derived by Schapery'®” are used for the evaluation of o of the composite.
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The value of f was found to be close to 40 from previous experimental determination of
conductivity of graphene ribbons in the “a” and “c” directions ®®. Eqgn. (18) and its
derivative with respect to temperature are satisfied to the same numerical accuracy by an
iterative procedure for each of the composite samples by substituting the known values of

conductivities and the values of TCR.

The volume fraction and resistivity of graphene based on this evaluation are shown in the
Table 4.2(ii).

Table 4.2(ii): Values of resistivity and volume fraction of graphene using EMA analysis

Sample Vy | pg(10°Q cm)
In-Gr-1 13 1.19
In-Gr-2 11 1.73
In-Gr-3 14 1.68
In-Ga-Gr-1 12 1.76
In-Ga-Gr-2 13 1.65
In-Ga-Gr-3 13 1.68
In-Ga-Gr-4 13 1.76
In-Ga-Gr-5 12 1.87

Comparison between the values of volume fraction and resisitivity of graphene obtained
using RM and EMA analysis is shown in Table 4.2(iii) below. It is seen that that the
resistivity of graphene obtained using RM is different for each composite, whereas those
obtained using EMA are closer to each other for the three samples of the composite with In
or for the five samples of the composite with In-Ga alloy. These results from EMA illustrate
that the matrix conductivity does not have a significant effect on the conductivity of
graphene.
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Table 4.2(iii): Values of resistivity and volume fraction of graphene using RM and EMA

analysis
TCR=-0.0003 TCR = -0.0005
sample | V, |pg(10°Qcm) | Vg | pyl0®Qcm) Vo | o107 cm)
(EMA) | (EMA)
In-Gr-1 | 0.26 |1.39 026 |1.34 13 1.19
In-Gr-2 | 0.08 |203 0.08 | 1.96 11 1.73
In-Gr3 | 0.15 |4.29 015 |4.19 14 1.68
In-Ga-Gr-1 | 0.13 | 1.81 013 [1.74 12 1.76
In-Ga-Gr-2 | 0.17 | 2.01 017 | 1.94 13 1.65
In-Ga-Gr-3 | 0.14 | 0.88 014 (084 13 1.68
In-Ga-Gr-4 | 0.15 | 2.41 0.14 | 233 13 1.76
In-Ga-Gr-5 | 0.10 | 1.74 0.10 | 1.68 12 1.87

Table 4.2(iv): Value of pgVy for RM and EMA analysis

Sample PgVg(107 Q pVg (10°Q
cm) cm)
In-Gr-1 0.34 16
In-Gr-2 0.15 19
In-Gr-3 0.06 24
In-Ga-Gr-1 0.23 21
In-Ga-Gr-2 0.33 21
In-Ga-Gr-3 0.12 22
In-Ga-Gr-4 0.33 23
In-Ga-Gr-5 0.17 22
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The product pygVy determines the contribution of graphene in the overall electrical resistivity
of the composite. The values of this product obtained using RM and EMA analysis are
presented above in Table 4.2(iii). It is found that the value of pgVy changed significantly in
the RM analysis but remained closer in the EMA for the group of In-Gr and In-Ga-Gr
samples. The graphene platelets in the composite are seen to be isolated and surrounded by
the matrix or disconnected. Therefore, the carrier path through the matrix is a controlling
parameter. We assume that the interfacial resistance for carrier movement between graphene

and the matrix is not a very significant factor.

The volume fractions of the graphene determined from optical and SEM images do not agree
closely with the values determined from the analysis using RM and EMA. The conductivity
of graphene particle above five to ten atomic layers thickness is considerably low, as it
represents graphite and does not contribute to the improvement in the conductivity of the
sample. When the thickness of graphene is below ten atomic layers, the optical and SEM
images do not provide strong enough contrast. Therefore, a fraction of the graphene particles
that are observed in the images with strong contrast are expected to be thicker and do not

contribute to lowering the resistivity of the composite.

The discrepancy between the observed volume of graphene and that determined from the
electrical conductivity and TCR of the composite samples is due to the deficiency of the
imaging methods in distinguishing graphene particles with smaller thickness. EMA analysis
of electrical resistivity provides a more accurate determination of the volume fraction of
graphene because the conductivity of the composite is greatly increased by the thinner

graphene particulates.
The results illustrate that the resistivity of exfoliated graphene particulates in the composites

is much smaller than that of pure In or In-Ga alloy. Therefore, the exfoliated graphene
significantly contributes to the electrical conductivity of the composites.
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Chapter 5

CONCLUSIONS

Composite samples of graphene with In and In-Ga alloy matrix were prepared by combining
exfoliated graphene oxide particulates with metal foil. The composite foils were prepared by
repeated rolling and annealing in argon. Indium oxide or gallium oxide formed by reduction
of graphene oxide was fluxed using indium flux upon heating to slightly above the melting
point of the alloy. The resulting foils were characterized by x-ray diffraction, optical
microscopy, SEM and TEM. Electrical resistivity and TCR of the samples were measured.
Modeling of the electrical conductivity was carried out using RM and EMA. The following
conclusions were reached:

Composites of graphene with metals can be easily prepared by dispersing exfoliated
graphene oxide on the metal foils, with repeated folding and rolling. Heating the foils at
higher temperature converts the graphene oxide to graphene. Metal oxide formed by

reduction of graphene oxide can be fluxed and etched away from the surface.

Optical or scanning electron microscopy does not provide a quantitative method of
evaluating the volume fraction of graphene platelets with thickness less than ten atomic
layers, as the strong contrast comes mainly from thicker platelets. Secondary-electron
contrast in SEM also arises from graphene from the subsurface layers when the beam

interacts with finite volume.

Electrical resistivity and temperature coefficient of electrical resistance of the composite
were used to determine the volume fraction and electrical resistivity of graphene
quantitatively. RM and EMA were used for modeling. It was found that EMA gives more

consistent results for conductivity of graphene.
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Electrical conductivity of graphene in the composite does not strongly depend on the matrix.
The electrical conductivity of graphene is an order of magnitude higher than that of indium
or the indium-gallium alloy. The electrical conductivity of the composites is increased

significantly by the addition of graphene.
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Chapter 6

FUTURE SCOPE

Thermal conductivity measurements have to be conducted to validate the increase in thermal
conductivity of the composite due to presence of graphene. The volume fraction can also be
verified from the modeling results. Experimental procedure has to be modified to reduce the
amount of thick graphene platelets and increase size of the exfoliated graphene.
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