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Abstract

Much attention has recently been focused on graphene as an alternative semiconductor to sil-
icon. Transistors with graphene conduction channels have only recently been fabricated and
their performance remains to be optimized. In this thesis, different candidate gate dielectric
materials are examined for use in graphene transistors. Evaporated HfOs is ultimately used
as the gate dielectric for graphene field effect transistors (FETSs) on six different graphene
samples. Two types of graphene were used: graphene made from the sublimation of SiC and
epitaxial graphene synthesized by chemical vapor deposition (CVD) onto nickel. Electrical
performance of the graphene transistors were found to vary significantly depending on the
local graphene microstructure. The gate dielectric was found to crack on thick regions of
graphene but stay intact on thin regions. Dielectric charging resulted in hysteretic effects
in device performance. As consistent with HfOy used in silicon CMOS devices, electron
mobilities were lower than hole mobilities in the fabricated graphene FETSs.
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Chapter 1

Introduction

1.1 Motivations for Graphene Transistors: Limitations of

Silicon Technology

Over the past five decades, the sizes of field effect transistors (FETs) have been getting
exponentially smaller, causing the number of transistors per chip to increase in accordance
with Moore’s Law [26]. The process has caused all aspects of the silicon CMOS transistor
to scale downward in size, including not only the device’s length and width but also the
thickness of the gate dielectric. As the gate dielectric falls below about 1.3nm in thickness
[53], direct electron tunneling creates intolerably large leakage currents, essentially turning
the insulator transparent to electrons. The leakage current per transistor, multiplied by the
many millions of transistors per chip, drained batteries too quickly and easily caused a chip
to burn itself within seconds without adequate cooling. These complications are some of

the most visible limitations to the continuation of Moore’s Law [7].

In order to reduce transistor leakage current, researchers in both academia and industry
have looked for years at alternative gate dielectric materials to the currently used SiOy . A
material with a higher dielectric constant would allow an increase in the physical thickness
of the gate dielectric while retaining the performance of thin SiOs devices.

Other researchers have looked beyond silicon altogether in the search for ever improved
transistors in terms of size, speed, and application. Organic and polymer FETs have uses
in flexible circuits and display technologies [35], yet its usefulness in logic is limited since

the highest reported charge carrier mobilities have been well below 10cm?V~!s1[13] (com-
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pared to >1000 cm?V~!s71[56] for doped Si devices) and switching frequencies have been
limited to about 1KHz [12]. Carbon nanotubes, which have charge carrier mobilities on
the order of 10,000cm?V~!s™! have been successfully used in field effect transistors as well
[39, 15, 28], but controlling all the relevant nanotube characteristics, such as radius, chi-
rality, and doping, has thus far remained an unsolved problem. When a carbon nanotube
becomes “unrolled”, it becomes graphene. Graphene retains many of the benefits of car-
bon nanotubes, including high charge carrier mobilities. Thus, many researchers are now

focusing on graphene for high mobility field effect transistors.

1.2 The Excitement about Graphene

Graphene is a two dimensional, single atom thick crystal of carbon arranged in a hexagonal
honeycomb structure. Even though most people are unfamiliar with graphene, they are
very familiar with graphite, graphene’s 3D counterpart. One of the most common uses of
graphite is pencil lead, which is just the repeated (and disordered) stacking of graphene
layers. An artist’s rendition of graphene is shown in Figure B-1.

Graphene has been a scientific thought experiment ever since the 1940s [62]. However,
for decades, single layer atomic films were thought to be thermodynamically unstable and
therefore not to exist. This viewpoint did not change until single-layer graphene was dis-
covered in 2004 [43, 21]'. Since then, researchers have found that the charge carriers in

leven at ambient temperatures

graphene have a mobility on the order of 10,000cm?V s~
[21], whereas charge carrier mobility in doped Si is only on the order of 1,000cm?V~1s~1[56].
The electronic structure of graphene shows that the valence and conduction bands touch at
the Dirac cone, resulting in graphene’s ambipolar conduction capabilities (i.e. the ability
to conduct both holes and electrons).

Graphene is considered to exhibit one of the highest charge carrier mobility of all materi-
als [21]. Its intrinsically high mobility makes it a promising material for ultra fast electronics
operating in the THz frequencies [21]. However, as of today, using graphene for logic devices
is still a problem. As stated above, the valence and conduction bands of graphene meet

at the Dirac point, which means that single layer graphene is a semimetal with no band

gap. Modulating the source-drain current using the gate voltage in a graphene FET simply

'Researchers in the 1990s were able to deposit single-layer graphitic films, but they did not use the films
for electronic purposes [45].
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shifts the Fermi energy from allowing hole conduction to allowing electron conduction and
vice versa, with no band gap in between. Graphene transistors thus have very low on/off
current ratios — in effect the transistor is unable to turn “off”. Attempts to create a band
gap in graphene are still being investigated. Some methods have already been successfully

demonstrated [44, 24, 66].

1.3 Previous and Current Work to Produce Graphene

Graphene was discovered in 2004 by the mechanical exfoliation of highly oriented pyrolytic
graphite (HOPG) [43]. The procedure, commonly known as the “tape method,” uses a
piece of tape to repeatedly peel off layers of HOPG. Single and few-layer graphene sheets
are then found in the graphitic debris. Such graphene is randomly located, limited in size
from a few microns to a few hundred microns and, most importantly, unscalable for large
scale electronic development.

Other methods have been attempted to produce graphene? in a large scale and/or pre-

dictable manner, including:

e Chemical exfoliation, which is a wet chemistry intercalation method that inserts
molecules into graphite in order to separate the graphene sheets. Unfortunately, this
method has thus far failed to produce single or few-layer graphene usable for device

fabrication [21, 52, 60].

e Epitaxial growth of graphene by chemical vapor deposition (CVD), which involves
the deposition of carbon onto a crystal template that is lattice-matched to graphene.
This method was first successfully demonstrated in the 1990s [45], but the films were
not applied to electronics. Recently, this method has successfully produced regions
of few-layer graphene with an area of roughly 1 cm? [50]. Thus far, the quality of
the graphene seems to be limited by the quality of the lattice-matched template.
However, this method has the potential to produce large area, single to few layer

graphene usable by the electronics industry.

2By definition, graphene is single-layer, single-crystal carbon. Multi-layered graphene is technically con-
sidered graphite. However, due to the limitations of current graphene synthesis methods, few layer graphene
is still considered “graphene”. At thicknesses of 1 — 10 monolayers, few-layer graphene has been found to
behave more similarly to single-layer graphene than to bulk graphite [21].
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e Silicon carbide sublimation, which involves the baking of single-crystal SiC in vacuum
at high temperatures (~1400°C), sublimating Si and leaving behind a carbon rich film
on the faces of the SiC crystal. The carbon graphitizes to form few-layer graphene
[25, 6, 19]. The current method of SiC sublimation uses only chiplets of SiC that
are a few millimeters in length and in width. Theoretically, it is possible to start
with an entire SiC wafer and end with an entire wafer of graphene. Such scalability
is extremely desirable, albeit still in the distant future. However, given that a 3”
diameter SiC wafer currently costs about $4000 [2], making graphene in this way

would be very expensive.

1.4 Previous and Current Work on Graphene FETSs

The basic topology of any FET consists of a semiconductor, source, drain, gate, and gate
dielectric. Graphene FETs are simply FETs with graphene as the conduction channel.
The graphene rests on some sort of insulator, such as SiC (if the graphene is made by SiC
sublimation) or SiO2 on top of a silicon wafer (commonly used for exfoliated and epitaxial
graphene). Unlike the textbook Si MOSFET, where the source/drain contacts are doped
into a bulk piece of Si, the source/drain contacts for a graphene FET are usually thin metal
films deposited directly onto the graphene itself. A comparison of the traditional Si FET

topology and the graphene FET topology is shown in Figure B-2.

Successful graphene FETSs have thus far mostly been demonstrated on graphene flakes
obtained from mechanical exfoliation. Room temperature carrier mobilities on the order
10,000 cm?V~1s~!have been achieved using single or few-layer exfoliated graphene [43, 23].
However, devices made from mechanically exfoliated graphene are only proof-of-concept

and not suitable for industrial scale production.

Graphene FETs on SiC have also been demonstrated, but the performance is relatively
poor. Published literature as of early 2008 show devices exhibiting a room temperature field
effect mobility of only about 500 cm?V~!s~1[23]. Data from graphene FETs made from
epitaxial graphene have yet to be published. Thus, much work still remains to fabricate

graphene FETs with high mobility in an industrially compatible manner.
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1.5 Why Focus on the Gate Dielectric?

When transistors were first made, there were many different semiconductors to choose from.
Silicon and germanium were both popular, and it wasn’t at all clear that silicon would
be the better choice [34]. However, those transistors had repeatedly exhibited non-ideal
behavior and the problems were traced to the interface between the semiconductor and
the gate dielectric [34]. For reliable high performance devices, the interface between the
conduction channel and the gate dielectric must have minimal interface trap densities (i.e.
dangling bonds) and minimal carrier scattering (to maximize mobility) [63]. Eventually,
it was found that thermally grown SiOs provided the best gate dielectric — semiconductor
interface [34, 27] due to the fact that thermal SiOg is produced when Og incorporates into,
rather than onto, a Si wafer. It was partially because of SiO2 that the electronic device
industry adopted Si [27].

Thus, the choice of gate dielectric will greatly impact the behavior of graphene based
FETs. Unlike traditional FETs with a Si conduction channel, FETs with a graphene conduc-
tion channel will not have the option of growing a gate dielectric such as SiOs , necessitating
the deposition of a dielectric onto graphene. Experience from Si technology development
show that deposited dielectrics usually have problematic interface layers. Charge trapping
affects carrier mobility and often shifts transistor threshold voltages [56]. The choice of
dielectric material and deposition technique can potentially greatly affect the performance

of graphene based FETs.

1.6 Dielectric Basics

There are three types of solid state electronic materials: conductors, semiconductors, and
insulators. In a conductor, electrons can move freely from one atom or molecule to another,
thereby allowing charge carriers to conduct current. In contrast, a dielectric is an electrical
insulator in which the opposite is true. Electrons in a dielectric can only move within, rather
than between, atoms and molecules (unless the charge carrier traverses a large band gap).
This forces the electrons to stretch and rotate to form dipole moments, causing the dielectric
material to become polarized under an applied electric field [22]. The extent to which a
material becomes polarized is a physical property of the material and is quantitatively

captured by its dielectric constant. Specifically [22]:
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P= dipole moment per unit volume, which depends on the material and on the applied

electric field E ,

—

P = €0XeE , where ¥, is the electric susceptibility that depends on the material’s micro-
scopic structure, and

K =1 + xe, where K is the dielectric constant of the material.

Dielectrics are commonly used as the sandwich layer between the plates of a parallel
plate capacitor. An external field E causes the dielectric material to polarize, creating a
polarization field P in the opposite direction of E, thus effectively decreasing the E field
in the dielectric. This in turn causes an increase in the system’s capacitance: for an air
filled capacitor, C' = g9 A/t, where ¢ is the permittivity of free space. For a dielectric filled
capacitor, C' = KegA/t, where K is the dielectric constant [56, 41].

1.7 The Role of Dielectrics in MISFETs and MOSFETSs

In the MISFET (metal-insulator-semiconductor FET) topology, a dielectric is used as a
sandwich layer between the metal gate electrode and the semiconductor. This metal-
insulator-semiconductor capacitor is called the MIS capacitor for short. The most common
MISFETs are MOSFETSs, where the insulator is SiOs . Hence the name metal-oxide-
semiconductor FET.

What makes the MISFET work is the MIS capacitor. Applying a voltage to the gate
distorts the semiconductor’s electronic band structure at the dielectric-semiconductor in-
terface, which changes the distribution of electrical charges at that interface [56]. When
the applied voltage is positive, band bending causes negative charges to accumulate at the
interface. When the voltage is negative, band bending causes positive charges to accumu-
late at the interface. If the semiconductor is n-type, negative charges (positive voltage)
represent accumulation and positive charges (negative voltage) represent inversion. If the
semiconductor is p-type, positive charges (negative voltage) represent accumulation and
negative charges (positive voltage) represent inversion. Depletion occurs when the system
transitions from accumulation to inversion — the system has very few of either charge. It is
the presence of inverted charges that allow the MISFET to conduct current, and the inver-
sion charge is modulated by the gate voltage. Once a potential difference exists between the

source and drain electrodes, applying a gate voltage of the correct polarity causes charge
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inversion at the dielectric-semiconductor interface, connecting the source and drain, thus
allowing the flow of current.

In the ideal situation, the amount of charge that is induced to flow depends only on
the capacitance of the MIS-capacitor. Ignoring the effects of the inversion capacitance, the
inversion charge is represented by the basic capacitor equation @ = CV, with C = KegA/t.
An increase in C will result in a larger ) and ultimately result in a larger source—drain
current even though other parameters are held constant. However, in the physical MIS
capacitor system, several non-idealities exist. Accumulation of fixed charge can shift the
threshold gate voltage, sometimes hysteretically. Film defects, charge traps at the dielectric-
semiconductor interface, and various types of scattering mechanisms can drastically reduce
charge carrier mobility, causing the source—drain current to drop.

For the past few decades, the scaling of Si technology has increased C' by decreasing t¢.
However, as t cannot be decreased without exposing the system to further quantum tunnel-
ing, researchers are looking to increase C' by increasing K. Hence, the future of transistor

technology will most likely incorporate high-K dielectric materials.

1.8 The Disadvantages of a Large Dielectric Constant

It has been mentioned above that the use of a high-K dielectric material for Si technology
will aid in device performance by increasing the FET current while holding other parameters
(voltage, capacitor area, dielectric thickness) constant. If instead a low-K material is used,
then either A would increase or ¢ would have to decrease even more, neither of which would
be feasible for small, low-power circuits. However, it is important to note that high-K
materials have their drawbacks.

First, dielectric materials with larger atoms (such as Hf and Ti compared to Si) generally
tend to have larger higher dielectric constants, but the tradeoff is that these materials also
have smaller band gaps [63]. Smaller band gaps would increase the probability of charge
carrier tunneling, and this problem will offset some of the high-K gains in increased physical
thickness. Second, it is now understood that the physical properties responsible for the high
K are likely to degrade carrier mobility, at least for Si MOSFETs [20]. This consequence
is one major disadvantage of a high-K dielectric when compared to SiOs for silicon CMOS

circuitry.
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Chapter 2

The Dielectric Materials Search

2.1 The Search on Paper: Candidate Materials

The search for candidate dielectric materials began with an extensive literature search.
The following is a brief description some of the materials that were considered. A list of

investigated materials is shown collectively in Tables A.1, A.2 and A.3.

2.1.1 Oxides

Oxides are perhaps the most commonly used dielectrics in the Si CMOS industry. SiOs is
the dielectric used in the CMOS device gate stacks. As the Si industry is investigating
alternative high-K gate dielectric materials, much attention has stayed within the realm of
oxides.

Many of the candidate oxides considered for graphene FETs have high dielectric con-
stants (relative to SiOy ), the reason being that graphene devices will undoubtedly face
the same scaling pressures as Si CMOS devices. However, there are documented problems
with high-K oxides. High-K materials with larger atoms tend to have smaller band gaps
relative to SiOg [63], offsetting some of the gains with respect to smaller leakage currents.
The physical properties responsible for the high dielectric constant have been shown to
degrade electron mobility in Si MOSFETSs [20]. In addition, since high-K oxides require
film deposition, there also usually exists a defective transition region between the oxide and
semiconductor [38]. Most of the carrier degradation experienced in high-K oxides so far has

been attributed to the poor quality of the dielectric film [57].
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Of the many oxides available, there seems to be a consensus that hafnium oxide (HfO3 )
is a very promising material. Compared to other oxides, HfOo has a relatively high di-
electric constant (K ~25, [63]) while simultaneously retaining a relatively large band gap
(Eq ~5.8¢V, [63, 67]). Hafnium based high-K materials have been studied extensively by
companies such as IBM and Intel. Intel has recently used Hf based high-K dielectrics for
their 45nm technology CMOS chips, which began manufacturing in 2007 [4].

2.1.2 Nitrides

Nitrides are widely used in the Si industry. Silicon nitride (SigNy ) and silicon oxynitrides
(Si0;N, ) may be the most commonly used nitrides. They are often utilized as diffusion
barriers, electrical insulators, protection layers, passivation layers, etch stop masks, and
capacitor dielectrics [51]. Nitride-oxide and nitrided oxide gate stacks are often used to
reduce leakage currents [51]. Various metal nitrides and metal oxynitrides, such as hafnium

silicon oxynitride, have been considered for use in gate stacks as well [48].

2.1.3 Organic and Polymer Dielectrics

Organic and polymer dielectrics are commonly used as the gate dielectric in organic field
effect transistors (OFETSs), in which the semiconducting material is itself an organic or
polymeric material. Most organic and polymer dielectrics have low dielectric constants (K
< 4). These dielectrics can usually be processed at low temperatures in order to be com-
patible with the low thermal budgets of OFET fabrication. Deposition techniques include
spin-on, chemical vapor deposition, and wet chemical interactions (such as self assembled
monolayers). Oftentimes, many different off-the-shelf polymers are mixed together to form
usable gate dielectric materials [32].

Two organic dielectrics are especially promising on paper. The first is BCB (bis-
benzocyclobutene), which has a dielectric constant of roughly 2.65 [46]. BCB is a spin-on
polymer that was developed as an interconnect dielectric [9, 40]. It was later found that
the material can form defect-free films that are as thin as a few tens of nanometers [9]. The
cross-linked polymer is stable in ambient temperatures and against solvents. Unlike most
other polymer dielectrics, which mostly allow only hole conduction, BCB has been found to
allow the conduction of both electrons and holes since it lacks electron-trapping OH groups

[10]. Since graphene also allows ambipolar conduction, BCB would be a promising gate
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dielectric for graphene FETs.

The second promising organic dielectric is called self-assembled monolayers (SAMs). To
deposit SAMs, surface interactions between the substrate and the dielectric material must
ensure that only one monolayer of the dielectric is deposited. Densely packed and highly
ordered SAMs of alkyl chains have been shown to form dielectric layers as thin as 2nm while
simultaneously having an electron tunneling barrier of roughly 4.5eV [61, 8, 11]. SiOq at
this thickness, in contrast, only has an electron tunneling barrier of 0.5-3eV [61]. SAMs
used as gate dielectrics in Si transistors have been shown to reduce leakage currents by
roughly 8 orders of magnitude [61, 8]. SAMs made from n-octadecylphosphonic acid have

recently been used as the gate dielectric for organic complimentary circuits [33].

2.2 The Search by Experiment

After examining candidate dielectrics on paper, testing the physical material was necessary.
Of the materials listed above, many potentially promising dielectrics were avoided. Oxides
that required deposition via an Og plasma were not considered, since the Oy plasma can
easily damage the graphene. BCB and SAMs, although promising for OFETSs, required
extensive knowledge of wet chemistry and were not readily available. Materials that were
not compatible with our device fabrication process, such as PMMA (which readily dissolves
in acetone), were also dropped from consideration. The materials we did test were required
to be compatible with our fabrication process, readily available, and its deposition process

must have been innocuous to graphene.

In order to test a candidate dielectric, MIS capacitors were fabricated to see if the
dielectric will successfully allow accumulation, depletion, and inversion. The test structure
is shown in Figure B-3. The semiconductor is always bare p-type (100) silicon. The gate
metal is usually evaporated aluminum. The test capacitor dimensions were 70pm x 70um.
The Si wafers were used out of the box with no surface cleaning or other treatments. The
test capacitors ran through a high-frequency (100KHz) voltage sweep in order to find the
accumulation, depletion, and inversion regions. A plot for an ideal C-V curve can be found

in [56]. The dielectric materials used, as well as the test results, are discussed below.
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2.2.1 Spin On SiO,

SiO9 has a dielectric constant of 3.9 and a band gap of roughly 8.9¢V [63]. Thermally grown
SiO2 is the most commonly used gate dielectric for silicon transistors. It has also been a
common gate dielectric for back-gated graphene flake devices [43, 36, 65].

SiO5 can be deposited using a variety methods: thermal oxidation of Si, chemical vapor
deposition, and spin-on, to name a few. Thermal oxidation of Si produces the best electri-
cal performance, but this method is not applicable for growing SiOs on top of graphene.
Plasma enhanced chemical vapor deposition is a common method of depositing SiOy onto
an arbitrary substrate, but the oxygen plasma environment would damage the graphene.
The best method available to deposit SiOo was thus determined to be spin-on.

Spin-on-glass was spun onto a bare Si wafer at 4000 rpm for 40 seconds and cured at
350°C for 15 minutes. Aluminum top gates were e-beam evaporated and patterned via lift
off. The glass was rated to spin to a thickness of 1pm. No compatible solvent was available
to allow for a thinner film. MIS capacitor C-V data is shown in Figure B-4(A). The film was
much too thick — inversion was not observed in the voltage range tested (-30V to +30V).
In addition, the glass cracked in several locations, shown in Figure B-4(B). We therefore

concluded that spin-on-glass was not a usable gate-dielectric for graphene transistors.

2.2.2 Parylene-C

Parylene-C has a dielectric constant of roughly 3 [59]. It is an organic material that has
been successfully used as gate dielectrics in OFETSs, usually in thicknesses ranging from
100nm-350nm [35]. The material was available through a research group on MIT Campus
[3]. 100nm of Parylene-C was deposited via chemical vapor deposition onto a bare Si wafer.
Aluminum gate electrodes were evaporated through a shadow mask — no lift off process was
used due to the Parylene-C sample being gold-contaminated. No post-deposition anneal
was performed.

MIS capacitor C-V data for Parylene-C is shown in Figure B-5. The film was a poor
dielectric for our purposes. The film was either too soft and/or thin and the probe tips easily
penetrated the film. A thicker film would not have been feasible given that the dielectric
constant of Parylene-C is so small — the film would need to be much too thin to compete

with low equivalent oxide thicknesses. We therefore concluded that Parylene-C would not
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be usable as a gate dielectric for our graphene transistors.

2.2.3 Polyimide

Polyimide has a reported dielectric constant between 2.6 and 3.3 [14, 46, 59]. Polyimide
is a spin-on polymer that was used in the 1990s as an interlayer dielectric for Si circuitry
[14]. Recently, it has also been used as a gate dielectric material in organic FETs at
thicknesses in the range of hundreds of nanometers [30, 58]. Polyimide usually requires a
curing temperature above 300°C, although certain polyimides can be cured at temperatures
as low as 180°C [30, 58].

We used polyimide dissolved in a solvent. The solution was spun at 2000 rpm for 40
seconds, resulting in a 90nm thick film. The polyimide was then cured at 300°C, 350°C,
and 400°C. C-V data for the films cured at 400°C is shown in Figure B-6. Trace and
retrace measurements showed drastically reduced hysteresis when the film was cured at
400°C. The polyimide also appeared to charge up with each voltage sweep since the flat
band capacitance increased continually with repeated measurements. Hysteresis returned
after several weeks, most likely due to polyimide’s natural tendency to absorb water from
the air [14].

Polyimide was a very promising material. Unfortunately, attempts to spin polyimide
onto a graphene/SiC sample was unsuccessful as the film would not wet the SiC surface.
No other deposition method for polyimide was available. We therefore had to abandon

polyimide as a usable dielectric for our graphene transistors.

2.2.4 HfO,

HfO; has a dielectric constant of 25 and a band gap of roughly 5.7eV [63]. HfO, has long
been considered a promising alternative gate dielectric by the silicon community due to its
large dielectric constant and relatively large band gap. Intel has recently used Hf based
high-K dielectrics for their 45nm technology CMOS chips [4].

However, of the many metal oxides known to degrade mobility by increasing optical
phonon scattering, HfOy is amongst the worst [63]. Theoretical calculations show that
for the same equivalent thickness, HfOy gives a mobility that is roughly 1/3 of SiO9 [20].
HfO5 has also been found to range from amorphous to polycrystalline, depending on depo-

sition method and film thickness [42]. Polycrystalline dielectrics tend to break down more
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easily since charge carriers can travel along the grain boundaries. Nevertheless, for low
voltage applications, HfO2 was worth testing.

We tested HfOy deposited using two different methods. First, 50nm of HfOs was ther-
mally evaporated onto a bare Si wafer. The wafer temperature was 150°C during deposition.
100nm of aluminum was thermally evaporated and patterned for the gate. The C-V per-
formance of the evaporated HfOg is shown in Figure B-7(A). Hysteresis is evident, as well
as charge trapping manifested in a kink in the data. However, even so, HfO5 successfully
demonstrated charge inversion (as was expected), and its deposition (thermal evapora-
tion) onto graphene/SiC would not have been problematic. We therefore decided to use
evaporated HfO9 as our graphene transistor gate dielectric in experiments Graph_A-C and
Graph_F.

A second form of HfO9 was tested as well. 13nm HfOy was deposited onto a bare Si
wafer using atomic layer deposition (ALD) performed at MIT Micro Technology Laboratory.
The wafer temperature was 200°C during deposition. The film underwent a 350°C nitrogen
anneal for 30 minutes, 20nm platinum gate deposition and patterning, followed by a 400°C
nitrogen anneal for 30 minutes. A platinum gate was used instead of an aluminum gate
due to the chemical inertness of platinum [29]. The C-V performance of the ALD HfOs is
shown in Figure B-7(B). Hysteresis is minimal and the dielectric did not seem to accumulate
charge. ALD HfOs was the most promising dielectric we tested. We decided to use ALD

HfO9 as our gate dielectric in the experiment Graph_D.
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Chapter 3

Fabricating Graphene Transistors

Using Graphene on SiC

3.1 Making Graphene on SiC

The graphene films we used were grown from SiC at the Georgia Institute of Technology.
Full details of the graphene growth process can be found in [25]. A brief summary of the

process is given below.

The Si and C atoms in SiC are arranged as alternating layers of hexagonally packed Si
and C, as shown in Figure B-8. A fresh, ungraphitized SiC wafer is cut such that one face
terminates with a Si layer (named the Si-face) and the other face terminates with a carbon

layer (named the C-face).

At Georgia Tech, pieces of single crystal 4H-SiC (0001) of size 3.5mm x 4.5mm x 0.3mm
are heated in a vacuum chamber repeatedly at around 1400°C [31, 25]. AFM images
taken at various steps of the graphitization process are shown in Figure B-9. Under these
conditions, the outermost layers of Si atoms sublime, leaving behind carbon layers that
form thin carbon films on both faces of the SiC crystal. The carbon films subsequently
graphitize to form multiple layers of continuous, multi-crystal graphene. The layers are
epitaxially ordered and stacked. The graphitization processes for the two SiC faces are
different. Consequently, a given SiC sample can only have one face graphitized properly,
and only the properly graphitized face is intended for device fabrication. Thus, the graphene

on a graphene/SiC sample will be designated as either C-face or Si-face graphene.
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Graphene on the C- and Si-faces look and behave differently. Figure B-10 shows optical
and AFM images of a representative C-face and a representative Si-face sample. Under
an optical microscope, the C-face has visible patches of brighter and darker regions, which
correspond to thicker and thinner regions of graphene respectively. The brightness-thickness
relationship is discussed further in Chapter 4. In contrast, the Si face optically appears
to be much more uniform in graphene thickness. It is important to note that the AFM
height variation of tens of nanometers represents not the graphene thickness, but rather the
underlying roughness of the SiC. To find the graphene thickness, patterns were etched into
the graphene by an O2 plasma and AFM measurements of the step heights were taken. The
graphene was found to be below 15nm in thickness.

Due to the large quantity of graphene/SiC samples produced at Georgia Tech, each
sample is labeled with a number. For example, the label C-712 represents sample #712
with graphene grown on the C-face. The label S-712 represents sample #712 with graphene
grown on the Si-face. Again, for each sample only one face — either the C-face or the Si-face

— is intended for graphene device fabrication.

3.2 Fabrication Process for Transistors

Graphene transistors were fabricated in four separate experiments: Graph_A (sample C-
711), Graph B (samples C-712 and C-715), Graph C (samples C-781 and S-767), and
Graph_D (sample C-783). C-face graphene samples were used in all four experiments.
Due to the lack of available Si-face graphene samples, a Si-face sample was used only in
Graph_C. All fabricated transistors were top-gated.

After the graphene was grown at Georgia Tech, the graphene/SiC pieces were delivered
to MIT Lincoln Laboratory for transistor fabrication. Since each SiC piece was only 3.5mm
x 4.5mm in size, carrier wafers were required. For each wafer, a single graphene/SiC chip
was epoxied along with 8 other spacer chips of equal size and thickness. The spacer chips
allowed for even exposure when using a contact aligner for lithography.

To fabricate FETs with graphene conduction channels, the graphene active areas were
first defined using an Oy plasma etch. The source/drain electrodes consisted of 2nm evap-
orated titanium and 20nm evaporated platinum and were defined using a liftoff process.

HfOs was blanket deposited as the gate dielectric. The gate electrode was also an evapo-
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rated metal and also defined using liftoff. Patterning the HfO4 was unsuccessful in Graph_A
and was not attempted in Graph_B-D. A pictorial version of the process is shown in Fig-
ure B-11. An AFM image of a finished device is shown in Figure B-12. A composite image
of a finished graphene chip is shown in in Figure B-13.

Graphene samples in all three experiments went through the same fabrication process
except for the last three steps: HfOs deposition, HfOs patterning, and the choice of gate
metal. Graph_A received 50nm of HfOs deposited at a substrate temperature of 50°C.
Graph_B received 50nm HfOo deposited at a substrate temperature of 150°C. Graph_C
received 40nm HfO, deposited at a substrate temperature of 100°C. Due to the chronology
of events, only Graph_D received ALD HfO5 , which was roughly 10nm thick and deposited
at 200°C.! Graph_A-C all had 100nm Al top gates. Graph_D had a 20nm Pt top gate. An
unsuccessful attempt was made to pattern the HfO9 in Graph_A — the step included a 150°C
bake that densified the HfO5 and caused the film to crack and delaminate. HfO9 patterning
was abandoned for Graph_B-D.

!The film used for Graph_D was deposited at Cambridge Nanotech. This is not the same film used for
the ALD C-V test capacitors, which were deposited at MIT Micro Technology Laboratory.
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Chapter 4

Performance of Graphene/SiC
Transistors with HfO- Gate

Dielectric

Finished graphene transistors were tested for field effect behavior. Vg was held at 0.5V, V;
was held at 0V, while V, was swept from -3V to +3V. The tests were intended to demonstrate
current modulation by the gate. Minimum conductivities and charge carrier mobilities were
calculated. The devices tested in Graph_A-D all had their conduction channels sized to be

10pm in length and 5pm in width — they are all supposed to be “identical” devices.

Device conductivity (oq) was calculated from the source-drain current (Iy), the source-
drain voltage (V4), the conduction channel length (L) and width (W), and included a correc-
tion for the measured Pt series resistance. Carrier mobility was calculated as (%) (WL/C),
where L and W are as defined above and C' is the graphene-to-gate capacitance. The quan-
tity (doq/dVy) was calculated from the steepest three adjacent points along each branch
of the V-shaped Iy — V; curve. Since along each branch only one type of charge carrier

(electron or hole) dominates conduction, the terms “electron mobility” will be used for the
branch V; > 0 and “hole mobility” will be used for the branch V, < 0.

It should be noted that graphene is a semimetal with no band gap. The band structure of
graphene implies that the material will conduct both electrons and holes, and the mobilities
of both carriers should be roughly equal. The Pt source/drain contacts are also ambipolar

and will inject both electrons and holes, depending on the applied voltage. The observed

35



graphene FET Iq - V; curves all exhibit an ambipolar, V-shape characteristic. Negative
gate voltages produce conduction dominated by holes, positive voltages produce conduction
dominated by electrons. In such a circumstance, even though the source and drain contacts
are designated as “source” and “drain,” it is important to realize that the low-voltage

contact is the electron source and the high-voltage contact is the hole source.

4.1 Carbon Face Device Performance

Graph_A devices from sample C-711 demonstrated successful gate modulation of the source-
drain current. The HfO» film cracked extensively and delaminated in unintended areas, as
shown in Figure B-14, and consequently only a handful of devices worked. Data from the
functional devices is shown in Figure B-15. Minimum device currents for Graph_A ranged
from ~10puA to ~700uA. Electron mobility ranged from 150 to 600 cm?V~!s~!. Hole
mobility ranged from 350 to 1050 cm?V~—1s~1

Graph_B devices performed differently from Graph_A devices, with the only processing
difference being changes to the gate dielectric. Within Graph_B, the devices made on the two
separate graphene samples also performed differently. In sample C-712, the HfOy cracked
extensively. As shown in Figure B-16, devices with thicker graphene films tended to have
larger cracks. The cracks in the HfOy allowed the aluminum gate material to penetrate
the dielectric and short directly to the graphene conduction channel for most transistor
devices. In order to remedy this problem, large amounts of current (roughly 10mA) were
intentionally passed from the gate to the source/drain. This sort of current annealing
caused the Al shorts to vaporize, resulting in visible burn marks, as seen in Figure B-
17. After the Al shorts were eliminated, the C-712 devices successfully demonstrated gate
modulation of the source/drain current. Electrical data from C-712 devices are shown
in Figure B-18 . Minimum conductivities ranged from 400uS to 7000uS between tested
devices. Electron mobility ranged from 500cm?V~'s~1to 4000 cm?V~!s~!. Hole mobility
ranged from 800 to 3400cm?V~!'s~!. These were the highest mobilities of all graphene
devices in Graph_A-F. Sample C-715 behaved differently, however. Optical images of the
active graphene regions, shown in Figure B-19, indicate that the graphene was damaged
in the source/drain lithography step. Areas of the graphene seemed to have been lost in

the lift off process. The HfO5 then reacted with these damaged regions and formed large
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purple-colored areas in the conduction channel. The electrical data from the C-715 devices
is shown in Figure B-20. Minimum conductivities for C-715 ranged from 1100 uS to 8600uS.
Electron mobility ranged from 500 to 2300cm?V~'s~!and hole mobility ranged from 1600
to 3200cm?V~1s1.

Devices in Graph_C C-781 performed similarly to devices in Graph_B C-712. Relative
to Graph_B, the HfO used in Graph_C was reduced in thickness (from 50nm to 40nm) and
deposited at a lower substrate temperature (at 100°C rather than 150°C) in order to alle-
viate stresses in the HfO5 film. As a result, the Graph_C samples showed almost no visible
dielectric cracking and therefore had no aluminum gate shorts. For some reason, possibly
again due source/drain lift-off, many of the devices had large areas of graphene “missing”
from their conduction channels, and were not included in device analysis. Only devices
with mostly uniform thicknesses were analyzed. Sample devices are shown in Figure B-21.
The electrical data from C-781 devices is shown in Figure B-22. Minimum conductivities
for these devices ranged from 700 pS to 2700 uS. Electron mobility ranged from 700 to
2300cm?V~1s~!. Hole mobility ranged from 1300 to 2400cm?V s

Graph_D, the only experiment in which the graphene sample received ALD HfOs , had
no devices exhibit field effect behavior. All tested devices showed shorting between the
graphene and Pt gate. It is so far hypothesized that the 10nm film was either too thin to
fully cover the SiC surface roughness, or the film had pinholes and the Pt gate material
shorted directly to the graphene and source/drain. Since Pt has a much higher melting
temperature than Al, attempts to vaporize the metal shorts were unsuccessful.

The minimum source-drain conductivity for all C-face devices in Graph_B-C scaled
linearly with minimum cross-sectional graphene thickness (brightness), as shown in Fig-
ure B-23.! Graph_A devices are not included in this analysis because graphene thicknesses
were not measured for Graph_A. The large variation in observed minimum conductivities
— the variation in C-781 a factor of 4, in C-715 a factor of 8, and in C-712 a factor of 17.5
— is then explained by the large variation in graphene thickness within each SiC sample.
The relationship between minimum conductivity and minimum cross-sectional thickness was

consistent across different graphene/SiC samples in Graph_B and Graph_C, despite changes

!The minimum cross-sectional graphene thickness was found by optically identifying the dimmest cross-
sectional area for each device, since the thickness of a graphene film when on SiC scales linearly with film
brightness as seen from an optical microscope. The relationship between the graphene optical brightness
and physical thickness is shown in Figure B-24.
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in the gate dielectric, suggesting that all graphene sheets, not just the ones contacting the
HfOg , contribute to current conduction. Thus, the low on/off current ratios are not sur-
prising, since without a band gap, the graphene layers are always conducting from source to
drain. The linear relationship between minimum conductivity and minimum cross-sectional
thickness implies that each graphene layer conducts a comparable level of current (given by

the slope of the best fit line).

The evaporated HfO2 used in Graph_A-C consistently experienced dielectric charging.
Hysteresis was observed in all measurements. Repeated measurements on the same device
both shifted the minimum conduction voltage as well as changed the charge carrier mobility,
although most of these changes occurred between the first and second measurements. After
the second measurement, the changes were not dramatic. Devices tested with voltages
greater than +3V or lower than -3V experienced severe dielectric charging that would

dissipate only after several minutes.

Charge carrier mobilities varied greatly between devices in the same graphene/SiC sam-
ple as well as between devices from different graphene samples. The lowest average electron
and hole mobilities were from Graph_A, where the dielectric had densified and cracked pro-
fusely. No device in Graph_A exhibited electron mobilities higher than 600cm?V~'s~!, and
the average hole mobility was below 800cm?V~!s~!. The second lowest average electron
and hole mobilities were from C-715, where the graphene had been damaged and formed
purple areas with the HfO, in the conduction channel. These mobilities were comparable to
those from C-781, in which the dielectric did not crack or behave abnormally and in which
the conduction channel had mostly uniform graphene. Devices with the highest electron
and hole mobilities were from C-712 even though C-712 experienced extensive cracking in
the HfO, and gate shorts that had to be vaporized. It is likely that the extreme levels of
current and heat had annealed both the graphene and the gate dielectric, correcting defects
and filling in charge traps, resulting in devices with much higher charge carrier mobilities.
By comparing devices between graphene/SiC samples, it is evident that the gate dielectric
must have a non-zero effect on device mobility. Even though all graphene layers conduct,
inversion charge occurs only near the graphene-dielectric interface — only the layers closest
to the HfOy gate dielectric will undergo gate modulation. Therefore, optimizing the effects

from the gate dielectric is still necessary.

It is also meaningful to look at the ratio between electron and hole mobilities in the dif-
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ferent devices. Since our devices contain graphene conduction channels and Pt source/drain
contacts, they should theoretically exhibit symmetric mobilities for electron and holes. How-
ever, the observed mobilities have not been symmetric. Almost all devices exhibit a higher
hole mobility than electron mobility, which is most likely due to the electron trapping na-
ture of HfO9 [37]. Graphene samples with damaged HfO2 showed the lowest electron-to-hole
mobility ratios. Devices from C-711 yielded an average electron mobility that was roughly
only half the average hole mobility. Devices from C-715 also showed severe electron mobility
degradation, with the average electron mobility again only half the average hole mobility.
Devices from C-781, where the HfO2 looked uniform and undamaged, showed an average
electron mobility that was roughly 70% the average hole mobility, consistent with previous
findings [37]. Only devices from C-712, where the graphene and HfO, underwent significant
current anneals, showed electron mobility higher than hole mobility (by roughly 15%).
Additionally, devices on the same graphene/SiC sample exhibited markedly different
mobilities. C-711 had electron and hole mobilities each vary by a factor of roughly 3
between its devices. C-781 devices had hole mobilities vary by a factor of 2 and electron
mobilities vary by a factor of 3.5. C-715 devices had hole mobilities vary by a factor of 2.5
and electron mobilities vary by a factor of 4. C-712, which had the highest electron and
hole mobilities, also had the largest variation, with hole mobilities varying by over a factor
of 4 and electron mobilities varying by over a factor of 8. Analysis of Graph_B devices
did not find carrier mobility to correlate strongly with minimal source/drain conductivity,
minimal cross-sectional thickness, average graphene thickness, size of damaged graphene/
HfOq (both from vaporizing the Al shorts for sample C-712 and the purple HfO9 regions
for C-715). Even though the HfOs gate dielectric does affect carrier mobility, the effect
should be more or less constant for all devices on the same graphene sample. Thus, the
large variations observed on a single sample should best be explained by local variations in

the graphene thickness and crystallinity.

4.2 Silicon Face Device Performance

The only Si-face sample used thus far was sample S-767, which was part of Graph_C.
As shown in Figure B-25, the graphene film on S-767 (and on Si-face graphene samples

in general) was much thinner and more uniform than the graphene on C-face samples.
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Electrical data for S-767 devices are shown in Figure B-26. The minimum conductivities
ranged from 130uS to 250uS. Electron mobilities ranged from 600 to 1050cm?V~!s~!. Hole
mobilities ranged from 900 to 1140cm?V~1s~1.

Minimum conduction for these thinner Si-face devices are much lower than the minimum
conduction levels observed for C-face devices, consistent with the observation from C-face
devices that each graphene layer conducts comparable levels of current and that thinner
graphene films conduct less current than thicker films. Minimum conductivity levels varied
by only a factor of 2, suggesting that the graphene on the Si-face is much more uniform
than the C-face.

Devices on sample S-767 experienced dielectric charging as in all the C-face devices.
Shifts in the minimum conduction voltage and changes to charge carrier mobilities between
the first and second I;-V, measurements are shown in Figure B-27. The I;-V, curves
stabilized after the second measurement. Conductivity at voltages greater than roughly
0.5V reached a pronounced saturation, as was shown in Figure B-26. This saturation may
be due to charging of the HfOo gate dielectric as well.

Mobility values for the devices were calculated based on the stabilized 13—V, curves.
Mobility in the Si-face devices were much lower than C-781 even though both samples
received the same dielectric. This fact suggests that either the crystallinity of the Si-
face graphene is different from C-face graphene or that graphene thickness and thickness

uniformity plays a role in determining carrier mobility.
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Chapter 5

Fabricating Graphene Transistors
Using CVD-Grown Epitaxial

Graphene

5.1 Synthesizing Epitaxial Graphene on Nickel via CVD Growth

The graphene films we used were grown at the Massachusetts Institute of Technology. Full
details of the graphene growth process can be found in [50]. A brief summary of the process
is given below.

Epitaxial growth of a crystalline material usually requires a lattice-matched crystal
template. The nickel (111) face is a lattice-matched template to graphene. 500nm of nickel
is first thermally evaporated onto a 100nm thick thermal oxide wafer. The evaporated
Ni film is polycrystalline. The layer of oxide prevents the Ni from forming silicide during
the epitaxial growth process. A small piece (roughly lcm?) of the Ni-oxide-silicon wafer
is placed inside a chemical vapor deposition (CVD) chamber. The Ni is first annealed at
900°C in a mixture of Ar and Hy gas in order to increase grain sizes of the film. An AFM
image of the Ni grain structure after high temperature annealing is shown in Figure B-28.
The graphene grows on these grains, thus itself becoming polycrystalline, and increasing the
grain sizes of the Ni template will also increase the grain sizes of the graphene film. Note
that for a given Ni grain, the crystal face on which the graphene grows will not necessarily

be the (111) face that is lattice-matched to graphene.
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The epitaxial growth takes place at 900°C - 1000°C in atmospheric pressure. Methane is
used as the carbon precursor. Ho makes up the remaining gas. The thickness of the graphitic
film depends on the partial pressure of methane. The continuity of the film depends on both
the partial pressure of methane and the growth time. At the optimal pressure and growth
time, a thin layer of graphitic film covers the entire Ni wafer template.

After the graphitic film is grown, it is ready to be transferred from the Ni onto an
arbitrary substrate. The graphene is first top-coated with a layer of PMMA. The Ni film
is then dissolved in a mild aqueous solution of HCI. This releases the PMMA with the
graphitic film essentially glued to its bottom. The combination looks like a thin clear
plastic film, similar to a contact lens. The PMMA is then placed onto the new substrate
with the graphene in direct contact with the substrate. The top layer of PMMA is then
dissolved in acetone. This completes the transfer of the graphitic film from the Ni template.

Upon analysis, the graphitic film is found to contain scattered regions of different thick-
nesses. Electron diffraction patterns confirm a hexagonal lattice structure [50]. An optical
image of an epitaxial graphene sample is shown in Figure B-29. The graphene in the light-
blue colored regions are thin, in the dark blue colored regions are thick, and in the green
colored regions are even thicker. An AFM image of an epitaxial graphene sample is shown in
Figure B-30. Ripples and folds visible in the graphene sheets are likely caused by the extra
surface area of the polycrystalline Ni. AFM step height measurements reveal that the film
is between 0.5nm and 12nm thick, similar to the C-face graphene/SiC films. It is apparent
from the optical images that the graphene films exhibit a prominent grain structure, which
is most likely due to the grain structure of the Ni template. Methods to increase grain size

of the film are still being investigated.

5.2 Fabrication Process for Transistors

The process for fabricating transistors using epitaxial graphene is essentially the same as
the process used for graphene/SiC. All transistor devices were top-gated. The same masks
(and hence device topologies) were used. Most of the processing steps — patterning of
the graphene conduction channel, source/drain electrode deposition and patterning, gate
dielectric deposition, and gate electrode deposition and patterning — were exactly the same

for the two different types of graphene. Compared to graphene/SiC, epitaxial graphene
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undergoes two additional processing steps: (1) a pre-processing anneal and (2) gate dielectric
patterning (which had previously only been attempted in Graph_A).

Transistors were fabricated using epitaxial graphene in Graph_F. After growth, the
graphene films were transferred onto 6” Si wafers. The wafers were bare Si except for an
area of size 3.5mm x 4.5mm (the same size as the graphene/SiC samples), which consists
of 500nm thermal oxide. The epitaxial graphene samples were transferred onto the oxide
regions. The oxide insulates the graphene from the semiconducting Si wafer underneath, in
effect taking the role of the SiC in the graphene/SiC samples.

The graphene film then underwent a 20 minute 400°C anneal in Ar/Hy gas and a 10
second 1000°C RTA in Ny gas prior to etching the graphene active regions. The purpose of
the 400°C anneal is to remove remnants of the PMMA that may be left on the graphene
surface. The purpose of the RTA is to promote adhesion between the graphene film and
the thermal oxide. If the RTA step is omitted, the graphene will not adhere properly to the
carrier wafer and will strip away during lithography steps.

The graphene then underwent all the processing steps used for the graphene/SiC ex-
periments. The graphene conduction channels were defined using an Os plasma etch.
The source/drain electrodes consisted of 2nm evaporated titanium and 20nm evaporated
platinum and were defined using a liftoff process. The gate dielectric used was 40nm
HfO, evaporated with the substrate temperature at 150°C. The gate electrode was 20nm
Pt. For Graph_F, pad openings were patterned into the HfOo . The pad process involved
pad lithography and a four minute Silox etch. Since the HfOo was deposited at 150°C,
the film did not react adversely to this processing step as it did in Graph_A. Images taken

throughout the fabrication process are shown in Figure B-31.
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Chapter 6

Performance of CVD-Grown

Epitaxial Graphene Transistors

with HfO-> Gate Dielectric

Finished graphene transistors were tested for field effect behavior. Vg was held at 0.1V, V;
was held at 0V, V, was swept from -3V to +3V. The tests were intended to demonstrate
current modulation by the gate. Minimum conductivities and charge carrier mobilities were
calculated. The devices tested all have conduction channels that were sized 10pm in length
and 5um in width — they are all supposed to be “identical” devices.

As was the case for the graphene/SiC devices, the ambipolar Pt source/drain contacts
can inject both electrons and holes into the graphene conduction channel. The observed
graphene FET I3 — V; curves exhibit the usual ambipolar, V-shape characteristic. Negative
gate voltages produced conduction dominated by holes, positive voltages produced conduc-
tion dominated by electrons. Conductivity and charge carrier mobility were calculated as
they were for the graphene/SiC devices in Chapter 4. Again, the terms “electron mobility”
and “hole mobility” are used here only loosely.

The HfOs in Graph_F experienced the same cracking problems as in Graph_A-C. As
shown in Figure B-32, the film was observed to crack on thick regions of graphene but not on
thin regions. Recall from Figure B-29 that the graphene film is multi-layer, polycrystalline
and randomly oriented. Consequently, most of the devices fabricated were at least partially

composed of thick graphene regions. Most of these devices experienced severe cracking of
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the HfO2 . The gate metal penetrated the dielectric through these cracks, shorting directly
to the graphene. These devices did not exhibit field effect behavior.

A handful of devices did not show visible cracking of the HfOq . Interestingly, only one
of these devices had mostly uniform thin graphene (approximately 1.5nm in thickness). An
optical image of this device is shown in Figure B-32(B). An AFM image of this device is
shown in Figure B-33. The other devices had thick graphene regions and experienced only
slight gate shorting (most likely through invisible, hair-line cracks in the gate dielectric).
The gate shorts were remedied by current annealing the devices. Attempts to current anneal
devices with severely cracked HfOy were unsuccessful. Electrical data for the working
devices are shown in Figure B-34. The minimum conductivity varied by a factor of 5,
ranging from 100uS to 500uS. Electron mobilities ranged from 500 to 1400 cm?V~1s™!,
Hole mobilities ranged from 1550 to 2200cm?V~!s~!. The hole mobility values are consistent
with typical C-face devices. The electron mobility values are consistent with typical Si-face
devices.

The average electron mobility is only roughly 50% of the hole mobility, which was
unexpectedly low. Only sample C-711, on which the HfO2 had densified, demonstrated an
equally low average electron-to-hole mobility ratio. One possible explanation for the low
electron mobilities observed is that the graphene-HfO4 interface contains residual PMMA.
PMMA has been shown to produce electron mobilities much lower than hole mobilities in
organic FETs even when the semiconductor is an ambipolar material [55].

Dielectric charging was once again a problem. Hysteresis was observed in all working
devices. Attempts to test the devices at voltages greater than +3V or lower than -3V caused

severe dielectric charging, nearly resulting in the loss of gate modulation behavior.
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Chapter 7

Discussion: Comparing the

Performance of Evaporated

HfO9 on Graphene/SiC and on
CVD-Grown Epitaxial Graphene

Graphene FET devices were fabricated on six separate graphene samples: five graphene/SiC
samples C-711, C-712, C-715, C-781, S-767, and one CVD sample. Although the perfor-
mance of the devices on any given graphene sample showed significant variations, general
trends are nonetheless evident when comparing device performances across all graphene
samples.

First, the yield of functioning FET graphene devices have been low and variable due
to cracking of the HfOs . Evaporated HfO5 tends to crack on thick regions of graphene.
These thick regions are almost unavoidable since the graphene used thus far have been both
multi-layer and polycrystalline, with thin and thick regions distributed randomly across the
graphene sample. Cracks in the gate dielectric allow the gate metal to short directly to the
conduction channel, creating resistive shorts instead of insulating gate stacks, rendering the
FET devices unusable.

Second, the HfOy persistently exhibited dielectric charging. Repeated measurements
altered charge carrier mobilities and shifted minimum conduction voltages. High fields

induced by large gate voltages caused severe charging until gate modulation was almost
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lost. This problem was observed for nearly all graphene devices.

Third, most graphene devices fabricated thus far have shown an asymmetry in electron
and hole mobilities, even though the Dirac cone in the graphene band structure suggests
that electron and hole mobilities should be roughly equal. Devices from five out of the six
graphene samples (C-711, C-713, C-781, S-767, and CVD graphene) have yielded average
electron mobilities ranging from 50% to 85% of average hole mobilities. Only devices in
C-712, which underwent extensive current annealing, produced an average electron mobility
higher than the average hole mobility (by 15%). The fact that the electron mobility is lower
in most samples is likely a characteristic of the HfOs , which is known to reduce electron
mobilities more than hole mobilities in Si CMOS devices [37].

Fourth, electron mobility seems to degrade more severely than hole mobility when the
HfO, —graphene interface is damaged. The average electron mobility of C-711 devices
was only roughly 56% the average hole mobility. The average electron mobility for C-715
was only roughly 64% the average hole mobility. Recall that sample C-711 experienced
HfO, densification and extreme levels of cracking and sample C-715 had purple areas in the
graphene conduction channel after HfOo deposition.

Thus, it is clear that the gate dielectric must still be optimized in order to improve the
performances of graphene FETs. A pinhole-free film deposited via ALD may reduce film
stress, decrease cracking and eliminate dielectric charging. Also, an adhesion promoter may
be used to increase adhesion between the graphene and the gate dielectric. One possibility
is to use NOsgas, which has been successful in promoting adhesion between ALD AloO3 and
carbon nanotubes [18]. Both ALD AlyO3 and ALD HfO, enhanced with NOomay be worth

pursuing.
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Chapter 8

Conclusion

Transistor devices with graphene conduction channels were fabricated using both graphene/SiC
and CVD-grown epitaxial graphene. Evaporated HfO, was the gate dielectric used for all
functional graphene FETs. Two problems were persistent for all the graphene devices.
First, the HfO, exhibited noticeable charging effects. Hysteresis was evident, as was severe
dielectric charging at high fields (caused by voltages > +/- 3V). Second, the HfO2 tended
to crack on thick regions of graphene but not on thin regions (with ”thin” and ”thick”
being relative within each graphene sample). Due to the nature of graphene synthesized
using current methods, thin and thick regions were randomly distributed in the conduc-
tion channel. The cracks in the gate dielectric are wide enough and deep enough to allow
the metal gate to penetrate the dielectric and short directly to the graphene underneath.
Gate shorting has caused low device yields, with some samples yielding only 20% functional

devices.

Electrical performance of the fabricated FETs show large variations due to the local
graphene microstructure. Nonetheless, general trends exist when analyzing devices from
all six graphene samples. Average electron mobilities have been lower than average hole
mobilities across almost all graphene samples. This asymmetry in charge carrier mobility
is likely due to the HfO2 gate dielectric rather than the graphene. Current annealing may

increase both electron and hole mobility and make the two mobilities more equal.

In order to fabricate reliable, high performance devices with consistent yield, both the
graphene and the gate dielectric remains to be optimized. Large-area, uniform and thin

graphene will be critical to eliminating performance variations between devices. At the
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same time, choosing not only a gate dielectric material but also the best deposition process
will be crucial to improving device performance. Thus, the potential of graphene based

electronic devices remains to be determined.
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Appendix A

Tables
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Table A.1: Candidate oxides for Graphene FETs. Note that as the dielectric constant

increases, the band gap decreases. All dielectric constant and band gap values taken from
[63].

Oxides
Material ~Dielectric Constant (K) Band Gap (eV)
SiOq 3.9 8.9
Al O3 9 8.7
Y203 15 5.6
HfO, 25 5.7
ZrO2 25 5.8
Ta205 26 4.5
L3203 30 4.3
TiO, 80 3.9
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Table A.2: Candidate nitrides for Graphene FETSs.

Nitrides
Material Dielectric Constant (K) Band Gap (eV)
BCN 2.4 [16] data unavailable
BN (amorphous) 3.5 [5] 5.8 [5]
SizNy 7.8 [64] 5.1 [63]
AIN 8.5 [54] data unavailable
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Table A.3: Candidate organic and polymer dielectrics for Graphene FETs.

Organic and Polymeric Dielectrics

Material

Dielectric Constant (K)

Band Gap (eV)

SAMs (self-assembled monolayers)
BCB (bis-benzocyclobutene)
Parylene-C
PMMA (polymethyl methacrylate)
Polyimide

2.4-2.7 [49]
2.65 [46]
3 [59]
3.5 [59, 47
2.6-3.3 [14, 46, 59]

data unavailable
data unavailable
data unavailable
data unavailable
data unavailable
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Figures
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Figure B-1: An artist’s rendition of the graphene honeycomb crystal structure. Image taken
from [17]. (©Chris Ewels www.ewels.info
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( A) Source Gate Drain

Silicon Wafer
Gate
(B) Source Drain
Dielectric
Insulating graphene
Silicon Wafer

Figure B-2: Comparing topologies of a Si MOSFET and a top-gated graphene MISFET.
(A) Textbook topology of a Si metal-oxide-semiconductor field effect transistor (MOSFET).
The semiconductor is Si. The dielectric is SiO2 . Note that the source/drain contacts are
highly doped regions in the Si. The gate is usually heavily doped polysilicon instead of
metal. (B) Topology used for a top-gated graphene metal-insulator-semiconductor field
effect transistor (MISFET). The semiconductor is the graphene. The insulator is some sort
of dielectric. The metal is for the top gate.
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Figure B-3: Topology of a MIS capacitor used to test candidate dielectric devices.
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Figure B-4: Spin on glass (also called flowable oxide, or “FOX”) was tested in a MIS
capacitor structure. (A) C-V data for ~1um thick spin on glass cured at 350°C for 15
minutes. The film was much too thick to allow gate modulation at the voltages tested. (B)
Optical image showing cracks in the spin on glass after curing.
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Figure B-5: C-V data for 100nm thick Parylene-C. The film was thin and soft, allowing
probe tips to easily puncture the film during MIS capacitor testing.
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Figure B-6: C-V data for 90nm polyimide cured for 30 minutes at 400°C. (A) Repeated
measurements on the same polyimide test capacitor showed little trace-retrace hysteresis.
(B) The flat band capacitance increased continually with repeated measurements, indicating
the polyimide accumulated charge during each voltage sweep.
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Figure B-7: C-V data for HfO3 . (A) C-V data for 50nm evaporated HfO, deposited
at a substrate temperature of 150°C. Hysteresis and a noticeable kink caused by charge
trapping are evident. (B) C-V data for 13nm ALD HfOq . Very little hysteresis is visible.
No significant changes to the dielectric were evident after repeated measurements.
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Figure B-8: Crystal structure of SiC lattice. Blue atoms represent Si, red atoms represent
C (or vice versa). The lines connecting the atoms are meant to emphasize lattice structure
and do not represent bonds. (A) Top view. Different layers of the same atom are arranged
in a hexagonal honeycomb structure. (B) Side view. Si and C atoms form orderly stacked,
hexagonally arranged layers. Image taken from [1].
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Georgia
Tech

Graphitization

Figure B-9: AFM images showing the SiC substrate step by step through the graphitization
process. After the SiC is graphitized, it is transferred to MIT Lincoln Laboratory for device
fabrication. Image taken from [31].

64



257 nm

0.0 nm
= 00pm20 40 60 80
(optical) ' 13.8nm
0.0 nm

Figure B-10: Optical and AFM images of graphene grown on the C-face and Si-face of SiC.
Graphene grown on the C-face appears non-uniform in brightness, whereas graphene grown
on the Si-face appears much more uniform. Image taken from [31].
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Pt electrode

Pt electrode

Pt electrode (D)

Pt under
HfO,

<«— graphene

Pt under
HfO,
Pt electrode

Figure B-11: Optical images illustrating the device fabrication process. (A) The first step
is to pattern the graphene conduction channels. The channel shape is supposed to be
rectangular — the rounded edges are lithographic artifacts. (B) The second step is to pattern
Ti/Pt source/drain electrodes. Again, rounded edges are artifacts from lithography. (C)
The third step is to deposit HfOs . Here, the wafer is coated with photoresist. Openings in
the resist, exposing the HfO, , are for Al gate deposition. (D) A finished FET device.
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Figure B-12: AFM image a finished graphene FET. The graphene film in this device is
roughly 7nm thick.
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Figure B-13: Composite image of a graphene/SiC sample after device fabrication. Probe
marks can be seen on the Al pads.
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Pt electrode

Pt electrode

Figure B-14: Optical images of Graph_A sample C-711 after all processing steps have been
finished. (A) The HfO; cracks were only observed on top of the graphene film and not on
the SiC. (B) The Al gate metal cracked only on top of cracked HfOs .
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Figure B-15: Electrical data for Graph_A graphene/SiC sample C-711. (A) I4-V, data for
the different devices. V4 was held at 0.5V, V, was held at 0V. (B) Calculated electron
and hole mobilities for the different devices. Devices from this experiment had the lowest
electron and hole mobilities.
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Figure B-16: Optical images of Graph_B sample C-712 before Al gate deposition and after
HfO, deposition. Photoresist covers all areas of the wafer except an opening for the Al gate.
The HfO4 only cracks on top of the graphene and does not crack on either the SiC or on
the Pt source/drain electrodes. (A) Faint cracks are visible in the HfO9 over the graphene
conduction channel. Inset: optical image of the same device prior to HfOs deposition
showing thin regions of graphene. (B) Thick, noticeable cracks are visible over the graphene
conduction channel. Inset: optical image of the same device prior to HfOs deposition
showing thick regions of graphene.
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Figure B-17: Sample C-712 experienced shorting between the Al gate to the graphene
conduction channel through cracks in the gate dielectric. The shorts were vaporized after
current annealing the devices, which involved passing a large amount of current (roughly
10mA) from the gate to the source/drain. (A) Optical image of a device taken prior to Al
gate deposition. Cracks are visible in the HfO9 gate dielectric over the graphene conduction
channel. (B) Optical image of the same device after current annealing showing black burn
marks on the Al gate.
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Figure B-18: Electrical data for Graph_B graphene/SiC sample C-712. (A) I4-V, data for
the different devices. V4 was held at 0.5V, V, was held at 0V. (B) Calculated electron
and hole mobilities for the different devices. Devices from this experiment had the highest
electron and hole mobilities.
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Pt electrode Pt electrode

Figure B-19: Optical images of C-715. (A) Image of the graphene conduction channel
after active area etch. (B) Image of the graphene conduction channel after Pt source/drain
deposition and lift off. The graphene is visibly damaged. (C) Image of the graphene
conduction channel before Al gate deposition and after HfO5 deposition. There are visible
purple-colored regions where the damaged graphene interfaced with the HfOs .
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Figure B-20: Electrical data for Graph_B graphene/SiC sample C-715. (A) I4-V, data for
the different devices. V4 was held at 0.5V, V was held at 0V. (B) Calculated electron and
hole mobilities for the different devices. On average, the electron mobility is lower than the
hole mobility.
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Figure B-21: Optical images of devices from Graph-C sample C-781. (A) This device
has graphene missing from the conduction channel. Its electrical performance was not
included in conductivity and mobility analysis. (B) This device has uniform graphene in
the conduction channel. Its electrical performance was included in all data analysis.
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Figure B-22: Electrical data for Graph_B graphene/SiC sample C-781. (A) I4-V, data for
the different devices. V4 was held at 0.5V, V was held at 0V. (B) Calculated electron and
hole mobilities for the different devices. On average, the electron mobility is lower than the
hole mobility.
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Figure B-23: Plot showing the relationship between minimum conductivity vs. minimum
The relationship suggests
the thinnest graphene cross section acts as the bottleneck to charge conduction. The data
also shows that thicker graphene regions conduct more current, and the linear relationship
implies that each graphene sheet conducts a comparable level of current, which is given by
the slope of the best fit line.

cross-sectional thickness in the graphene conduction channel.

78



Histogram of W2_PGEtchBF_M4 |

B)br—r———
o : L il -
S 1 j
~ | : ;
= 84 .‘l ] -
[TH 4 S :
gE 3
g 4 T = C712
5 2- '0781
0 .

— T
0.0 0.1 0.2 0.3 0.4 0.5
Normalized Graphene Brightness

Figure B-24: When looking at graphene under an optical microscope, brighter regions
correspond to thicker graphene and dimmer regions correspond to thinner graphene. (A)
The normalized graphene brightness (NGB) is calculated as (Cing-SiCing ) /SiCint, where Cipg
is the intensity (brightness) of the carbon region and SiCi,; is the intensity of the SiC
region. The intensity values are found using a histogram from a program such as Gimp.
The NGB value tells how bright a graphene region is relative to its SiC background. (B)
AFM measurements of graphene step heights plotted against NGB. The linear relationship
confirms that brighter looking regions correspond to thicker regions of graphene.
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Figure B-25: Optical images comparing graphene conduction channels between a Si-face and
a C-face graphene/SiC sample. (A) Device from S-767 after Pt source/drain patterning.
The graphene conduction channel is barely visible. (B) Device from C-781, also after
Pt source/drain patterning. The graphene conduction channel is much brighter than the
graphene from S-767, indicating a much thicker graphene film.
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Figure B-26: Electrical data for Graph_B graphene/SiC sample C-781. (A) I4-V, data for
the different devices. V4 was held at 0.5V, V was held at 0V. (B) Calculated electron and
hole mobilities for the different devices. On average, the electron mobility is lower than the
hole mobility.
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Figure B-27: Dielectric charging effects for a device on graphene/SiC sample S-767. (A)
Shifts in the minimum conduction voltage between the first and second 1;-V, measurements.
(B) Changes in charge carrier mobility between the first and second I;-V, measurements.
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Figure B-28: AFM image showing the post-anneal grain structure of the Ni used for
graphene CVD.
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Figure B-29: Optical image of CVD graphene after it is transferred onto a 500nm oxide
wafer. A prominent grain structure in the graphene is evident in the scattering of light
(thin) and dark (thick) regions.
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Figure B-30: AFM image of CVD graphene after it is transferred onto a smooth oxide
wafer. Ripples and folds in the graphene are evident, suggesting that the graphene exists
as a continuous layer.
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Figure B-31: Optical images of the same graphene device through the various fabrication
steps. (A) The graphene conduction channel is patterned. (B) Pt source/drain contacts
are patterned onto the graphene. (C) A finished graphene device after HfOy deposition and
Pt gate deposition. As was the case for graphene/SiC devices, the HfO9 cracked on thick
regions of graphene.
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Figure B-32: Optical images of finished Graph_F devices showing cracks in the Pt/HfO, gate
stack on thick graphene regions but not on thin regions. (A) The HfO, gate dielectric and
Pt gate showed visible cracks on top of the graphene conduction region. Inset: optical image
of the same device prior to HfOy deposition. The graphene conduction channel is mostly
uniform, thick graphene. (B) The HfO4 gate dielectric and Pt gate shows no visible cracks
on top of the graphene conduction region. Inset: optical image of the same device prior to
HfO, deposition. The graphene conduction channel is mostly uniform, thin graphene.
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Figure B-33: AFM image of a Graph_F device with mostly uniformly thin graphene. Step
height measurements indicate the graphene is roughly 1.5nm thick. This is the same device

shown in Figure B-32(B).
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Figure B-34: Electrical data for Graph_F. (A) I4-V, data for the different devices. V; was
held at 0.1V, V; was held at 0V. (B) Calculated electron and hole mobilities for the different
devices.
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