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Guest Editorial

b

Dr. Sangita Bose

Thin films have found numerous applications in our everyday lives as protecting or passivating layers, catalysts,
sensors, micro-electronic, opto-electronic and energy harvesting devices, etc. Most of these applications are driven
by the exciting properties which emerge due to the dimensional constraints in thin films. Thin film technology is
thus based on developing new methods of their growth and fabrication, careful characterization of their structural,
morphological, chemical and physical properties and finally developing methods to integrate them into devices for
applications. In the past couple of decades with the development of new technologies, it has not only been possible to
push the boundaries with respect to thin film growth it has also been possible to measure the properties of extremely
thin films down to even a monolayer which has led to many exciting novel properties.

In this special issue on thin films, we bring together articles covering the areas of growth, properties and
applications of thin films. There are articles which discuss the recent advancements in the emerging properties of
thin films along with their novel methods of growth which range from graphene thin films, superconducting thin
films and nano-crystalline diamond thin films. In addition, applications based on carbon based thin films as corrosion
resistant coatings and as field effect transistors have also been reviewed.

It has been my great pleasure to act as a guest editor for this special issue on “Thin Films: Growth, Properties and
Applications”. My sincere thanks to Dr. V. K. Jain, President, SMC and all executive committee members for giving
me this opportunity. I also thank all the authors for their contribution to the current issue of the bulletin. We hope
the readers enjoy reading the articles in this issue and find them informative.






From the desks of the President and Secretary

Dr. V. K. Jain Dr. R. K. Vatsa

President Hon. Secretary

Dear Esteemed SMC Members and colleagues,
Very warm greetings from the Executive Council of the Society for Materials Chemistry (SMC)!

It has been a strong and consistent endeavor of the editorial team of the SMC bulletin to bring to you thematic issues
based on current research areas which have contemporary interest for the wider scientific community. The topics for
the past few thematic issues have been multidisciplinary thereby bridging the gap between the disciplines of chemistry,
physics, biology, and engineering. This issue of the SMC bulletin is also in the same direction and is based on “Thin
Films: Growth, Properties and Applications”.

The articles in this issue deal with different aspects of thin films - from growth to some of their interesting physical
and chemical properties and finally predicting and showing their applications in devices. Thin films of quantum materials
like graphene, NV centers in nano-crystalline diamond or superconductors have shown promise for their rich novel
properties dealing with quantum phenomena which have been known to be closely related to the growth techniques.
Three articles in this issue attempt to bring out the current excitements in growth and associated properties of these
materials. This issue also has an article on graphene coatings developed by electrophoretic deposition technique which
interestingly shows resistance to corrosion thereby showing their applications in anti-corrosion devices. Finally, an
article in this issue covers the quantum transport in carbon nano-tubes where their application in thin film devices of
field effect transistors has been studied through simulations.

We would like to thank Dr. Sangita Bose who agreed to guest edit this issue and put in efforts to bring out this
special issue in a timely manner. We also acknowledge the efforts of all the authors for submitting their informative
articles in time. We also thank all the members of SMC for their continued support and cooperation in the growth of
the Society for Materials Chemistry.
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Recent advancements on graphene thin films

Monika Moun and Goutam Sheet*
Department of Physical Sciences, Indian Institute of Science Education and Research (IISER)Mohali,
Sector 81, S. A. S. Nagar, Manauli, PO: 140306, India
Email: goutam@iisermohali.ac.in

Abstract

The premium electrical, mechanical and optical properties of atomically thin graphene have revolutionized
the emerging field of 2D materials based devices. The large area uniform growth of high-quality graphene
films is indispensable to fully harness its potential for the industrial applications. The interest in this
field has grown rapidly, owing to the ability of 2D materials to be transferred onto another substrates of
choice without affecting their fundamental properties. In this review article, anattempt is made to provide
the description of the recent work on graphene thin films. The article includes synthesis routes for its
industrial scale growth, electronic and opto-electronic properties of the transferred films, turbostratic
graphene layers, wrinkle formation in graphene thin films followed by the challenges that need to be
overcomed for better utilization of graphene for fabricating state of the art electronic devices.

Key Words: Graphene films, synthesis process, transfer techniques, electrical properties, turbostratic,

wrinkles.

1. Introduction

Graphene, the first ever discovered 2D layered
material has garnered significant research attention all
over the world due to its superior electrical, optical,
mechanical and thermal properties[1-3]. It has found
potential applications in the various fields including
field effect transistors[4], flexible wearable devices [5],
supercapacitors[6], sensors [7], display for organic light
emitting diodes (OLEDs)[8], touch screen and biological
applications such as DNA sequencing etc. [9]. Practical
device requirements such as CMOS devices, transparent
devices have led to the fast growing research thrust in the
field of graphene thin films with high demand of wafer
scale high quality uniform thin films with controlled
thickness. Since, reliable high quality production in
scalable fashion is needed for industrial purpose, it is
of utmost important to find the cost effective growth
techniques of 2D graphene. In general, polycrystalline
metallic foils or films are considered over single crystals
for graphene growth due to massive growth limitation
on the latter. However, in terms of preserving structural
integrity, mechanical exfoliation route in which layers are
extracted directly from the bulk highly oriented pyrolytic
graphite crystal using a scotch tape, has been the best
method so far[4]. The pristine graphene layers obtained by
this method have low defect density and are used as the
standard measuring samples for the comparative studies
of graphene films synthesized via other routes. Low yield
and non-uniform layers with uncontrolled thickness make
this method inappropriate for industrial purpose. Several

synthesis routes have been discovered in last couple of
years for example, chemical vapor deposition (CVD) and
epitaxial growth of graphene for massive growth, which
will be discussed in this review article. Besides their
ability of large area growth of 2D materials, the synthesis
processes have their own limitation on growth substrates.
There is a need to transfer graphene films from grown to
the target substrates as per their industrial applications.
Graphene’s electrical and optical properties are strongly
affected by its surroundings, including the substrate
andany contamination involved in the transfer process.
The present article will also focus on the transfer methods
for graphene and challenges involved. One important
consequence of largescale synthesis and transfer process
is the wrinkling phenomenon. The wrinkle formation in
graphene films and their effect on the electronic properties
of graphene based devices will also be discussed. The
review article is structured as follows: Different synthesis
routes for large scale growth including top-down and
bottom-up approach, transfer techniques adopted
sofar, the electrical and optoelectronic properties of the
transferred graphene films, turbo stratic graphene films,
wrinkle formation in graphene layers followed by the
challenges and author’sperspective.

2.  Synthesis methods for thin film growth of
graphene
Synthesis methods for graphene growth can be
broadly categorized as top-down approach and bottom-
up approach.
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2.1. Top-down approach

The top-down approach includes the extraction of
single or few layers graphene from the bulk crystal.
Mechanical exfoliation method, commonly known as
scotch tape method was the first top-down approach
to get mono or few layers graphene flakes discovered
by Novoselov et al[4]. Its low yield and non-uniform
graphene flakes lead to the discovery of other routes.
Chemical exfoliation method has come up as an alternate
to mechanical exfoliation method[10]. Liquid exfoliation
method consists of chemical dispersion of graphite crystal
followed by ultrasonication, in a liquid medium [11,12].
Most preferred solvents are organic solvents such as N,N-
dimethylformamide (DMF) and N-methyl-2-pyrrolidone
(NMP). Another strategy of chemical exfoliation method
includes reduction of graphene oxide [13,14]. Graphene
oxide is synthesized by chemical oxidation process of
graphite followed by exfoliation via ultrasonication.
Unlikely to the scotch tape method, chemical exfoliation
methodcan give comparatively higher yield, 100 %
in some cases and thus, can serve as potentialroute
for mass production of graphene sheets [14,15].
Electrochemical exfoliation is anotherroute considered as
a fast, environment friendly method to produce high yield
of graphene sheets[16]. It involves the intercalation of ionic
species under an electro chemical bias which can facilitate
exfoliation by ultrasonication[17]. However, chemical
exfoliation method hassome advantages over mechanical
exfoliation route, it displays many disadvantages such
aslow yield from technology point of view, non-uniform
and non-homogeneous graphene layer which make these
methods inappropriate for industrial sectors.

2.2. Bottom-up approach

The bottom-up approach comprises of the methods
of graphene synthesis by molecular growth. Various
methods of graphene synthesis will be discussed next.

2.2.1. Chemical vapor deposition

Chemical vapor deposition (CVD) has shown its
potential to grow uniform large scale polycrystalline
films on metallic films and foils such as nickel and copper
[18, 19]. Few-layer graphene were grown by Yu et al. on
polycrystalline Ni foils[20]. The nickel foils were first
annealed in hydrogen and then exposed to a methane
under argon and hydrogen gas environment at high
temperature of 1000 °C. Similar approach was adapted
by Liet al. to synthesize large-scale single layer graphene
on copper films[21]. The thickness of the synthesized
graphene layers was observed to be dependent on the
cooling rate. Various precursors with low temperature
have been used by researchers to grow large area
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monolayer and few layers graphene films. Further, Bae and
collaborators demonstrated a modified CVD method that
used large flexible rolled copper foils inside the furnace
to enable large scale uniform homogeneous graphene
growth called “roll to roll” method[22]. Despite the
fact that CVD method can produce uniform large area
graphene films, the synthesized layers consist of defects
and grain boundaries which may limit their extensive use
in modern device applications.

2.2.2. Graphene growth on crystalline substrates

Growth of graphene layers has also been shown on
crystalline substrates such as siliconcarbide (SiC)[23, 24].
Silicon carbide is a known material applicable in high-
power devices. Graphene growth with controlled number
of layers has been demonstrated on the SiC waferby
sublimation of Si atoms[25]. However, the high quality
of graphene layer can be achieved by this method with
hundreds of micrometer sized crystallites, high cost of the
SiC wafers and high temperature limit the applicability
of this method in industries. Growth of SiC on industry
compatible Si wafers can be an efficient way to harness the
advantage of growing graphene on SiC, but this approach
requires further development.

2.2.3. Other growth methods

Graphene growth can be achieved on arbitrary
surfaces and at low temperatures using plasma enhanced
CVD technique (PECVD)[26] and molecular beam
epitaxy (MBE)[27] but the latter is not compatible to
industrial applications due to high cost. The issues to be
resolved in uniform large area growth of graphene are
high temperature during synthesis, uniformity of the
synthesized film and prevention of unwanted doping
from the underneath substrate etc.

3. Transfer techniques of the graphene layer
onto another substrates

For practical applications, graphene layer onto different
substrates is generally required as per the application e.g.
transparent substrates are necessary for optoelectronic
applications, flexible for wearable electronics etc. The
growth processes have their own limitation on the choice
of substrates. In general, large area graphene films are
grown on metallic films. Absence of dangling bonds in
2D materials makes it easier to transfer the 2D layer onto
desirable substrates. The most common transfer technique
is the use of polymers such as poly-methyl-meth-acrylate
(PMMA). PMMA is spin coated on the graphene/metal
sample followed by the chemical etching of the metallic
film/foil. For graphene grown on nickel and cobalt,
FeCl, solution is used as the metal etchant[28, 29]. For Fe



substrate, HCI has been used as the etchant[30]. PMMA /
graphene membrane is then transferred onto the desired
substrate. Thus, graphene film is finally obtained after
removal of the PMMA in acetone. Apart from PMMA, poly
(bisphenol A carbonate) (PC)[31] and polyisobutylene
(PIB)[32] have also beenused as supporting polymer
layers. PC can be easily removed using organic solvents
such as chloroform and further annealing is also not
required. PIB layer has been used as the self-release layer
between PDMS sheet and graphene film as investigated
by Song et al[32]. Polymers like PMMA can induce doping
in the graphene layer [33]. To remove unwanted doping
and clean transfer, pentacene (C,,H,,) thin film served as
the suitable replacer of PMMA as demonstrated by Kim
et al[34]. They successfully transferred the graphene layer
to 6 inch silicon wafer. After transfer, pentacene was
removed by thermal evaporation and tetrahydrofuran
(THF). High temperature annealing after graphene is
transferred onto the target substrate is considered as
an effective way for polymer residues removal, but
this is not applicable to flexible plastic substrates. The
conventional wet transfer techniques involve the use of
etchants to remove underneath metal substrates, which
have many disadvantages, such as high cost, metal
particles contamination and environmental pollution etc.
which restrict the production of graphene films in scalable
fashion. For polymer free transfer, Polydimethylsiloxane
(PDMS) stamp, thermal tape and graphite holder are also
used known as the dry transfer methods [28, 36, 37] One
reliable and efficient technique for large scale growth and
transfer of graphene films is the “Roll-to-roll” method[22].
30 inch graphene film was synthesized and transferred by
two rollers and thermal release tape using this method.
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Unlikely to the polymer assisted transfer process, Wang
et al. demonstrated the “clean-lifting transfer” technique
wherein polymer layer is not used [38]. This method
uses an electrostatic generator to induce the charges
on the target substrate. The electrostatic forces enable
the graphene film to be attracted towards the transfer
substrate by the electrostatic force. This technique is
free from polymer residues and thus, clean transfer of
graphene film is obtained. For the transfer process of
graphene/SiC samples, the metal/polymer layer has
also been utilized, for example, Au/polyimide and Pd/
polyimide layers have been used to successfully transfer
graphene from SiC [39, 40]. The polyimide and the metal
layer were removed by oxygen plasma reactive ion
etching and metal etchant, respectively. This way, large
area graphene film can be transferred layer by layer. But
the Raman spectra results showed that transferred layer
contained more defects than the synthesized one. Tanabe
et al. used the polymer poly(vinyl alcohol) (PVA) for
transfer processto get doping free graphene, called the
“Etch-free” technique as the PVA layer was dissolvedby
water [41]. This method is environment friendly for
epitaxially grown graphene layers but some issues need
to be concerned such as defects and residues. Figure 1.
represents transfer techniques, clean lifting transfer and
roll to roll transfer adopted by different groups. The
transferred graphene films may contain polymer residues
and cracks. Good adhesion of graphene with the substrate
minimizes the cracks, therefore, choice of substrate on
which film is transferred is also important. However,
all the above discussed methods have made it possible
to transfer graphene grown on one substrate to another.
The further development in the transfer techniques will

1 inch

(b) ) Electrostatic
Step A /, ga;srator
,{/ e

f 2 Step B

-

o Electrostatif .
“Sa - attraction -

Step C Step D

Monolayer CVD-

(e) ENAIPET: plafuc Hot Lamination

Graphene on Cu foil Graphene/EVA/PET

Hot Water Delamination

Fig. 1:Transfer techniques (a-d) Clean lifting transfer of graphene film from copper foil to SiO,/Si and flexible PET substrate using electrostatic
generator[38], Reprinted with permission, 2013, Wiley online library (e-h) Roll to roll transfer of graphene grown on copper foil to flexible EVA/
PET plastic[35], Reprinted with permission, 2015, Wiley online library.
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promote the future application of graphene grown on
metal substrates and epitaxially grown on crystalline
substrates.

4. Electronic properties of as-synthesized and
transferred graphene films

Electrical properties of graphene film are greatly
infuenced by the environment. The transfer process of
graphene films from the grown substrate to another
substrate involves chemicals and polymers whose
residues can’t be removed completely causing alteration
in the properties of the graphene film. Physisorbed and
chemisorbed molecules on the sur-faces of graphene film
may induce doping or scattering sites in the film and thus
altering it selectrical and thermal properties. Prior reports
have indicated that PMMA can be a potential source for
p-type doping in graphene. For example, Pirkle et al.
showed that residual PMMA layer on graphene film can
cause p-type doping in graphene field effect transistors
(GFETs) resulting in increased charge scattering and thus
low field effect mobility of 1413 cm?V-s?[42]. Very high
mobility of 4050 cm?V-'s™ has also been reported in large
area transferred graphene FET device [43]. But for most
cases, field effect mobility for transferred CVD graphene
based electronic devices ranges from 200 - 3000 cm?V-'s™
at room temperature [44, 45].

The reported wide range of mobility depends on
the growth processes, transfer techniques and device
fabrication steps. Annealing of the transferred graphene
film at high temperatures in ultrahigh vacuum have
shown reduction in the PMMA layer residues and
improved device performance [42]. However, annealing
cannot entirely remove the PMMA layer. Furthermore,
high temperature annealing in graphene/SiO, can lead
to reduced mobility due to strong interaction between
graphene film and the underneath SiO, substrate which
escalates the charged impurities effect at the interface. In
addition, high temperature annealing is not suitable for
every substrate such as flexible plastics used for graphene
conducting electrodes. Apart from annealing in the
furnace or oven, a current passage through the graphene
film utilizing Joule heating effect has been reported
to eliminate the chemical contamination on graphene
film[46]. The effect of polymer (PMMA) concentration
on the electrical properties of transferred graphene layer
has also been investigated using X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. Unlikely
to highly concentrated PMMA that leaves uneven and
thick polymer layer, a low concentrated PMMA solution
leaves less residue after acetone exposure[33].Thus, less
p-doping is observed in transferred graphene film with
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higher mobility in FET devices. The electrical properties
of graphene films (mobility) can further be improved
by formamide exposure. Another study shows that the
graphene film transferred using pentacene displayed
excellent electrical performance with the field effect
hole and electron mobilities, 8050 and 9940 cm?V-
s, respectively, higher than that of PMMA assisted
transferred graphene based FETs [34]. Figure 2. represents
electronic performance of graphene based FET devices
by various research groups. The electrical performance
of the devices based on the transferred graphene films
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Fig. 2:Electrical characteristics of various FET devices based on
transferred graphene films (a) Back-gated graphene FET measurements
under vacuum carried out for transferred CVD graphene (solid curve),
after ultrahigh vacuum annealing (dashed curve) and after re-spinning
PMMA followed by its removal using acetone (dotted curve). Back gated
FET device parameters on different devices: (b) field effect mobility,
(c) minimum conductivity point (V. ), and (d) intrinsic carrier
concentration [42] (a-d) Reproduced with permission, 2011, American
Institute of Physics (e) Gate-dependent conductance of transferred
graphene films using solutions: benzene (G-BEN), toluene (G-TOL),
chlorobenzene (G-CB), and tetrahydrofuran (G-THF) [34], Reproduced
with permission, 2015, American Chemical Society (f) Current-voltage
characteristics in vacuum for the FET device as a function of the polymer
PMMA solution concentration[33], Reproduced with permission, 2013,
American Chemical Society.



depend on various factors including synthesis process,
contamination during transfer process, the target substrate
on which the film is transferred and the fabrication tools
etc.

5. Large area transferred graphene films for
opto-electronic devices

Graphene displays exotic optical properties like
high optical transparency, in addition to flexibility,
high mechanical strength and environmental stability.
The emergence of graphene in the field of photonics
has been shown in several applications ranging from
photodetectors, organic light-emitting devices to touch
screen panels, solar cells and ultrafast optical devices
[47-49]. Most of these applications of graphene require
transparent substrates and flexible in some applications.
As the large area graphene films can’t be grown directly
on these substrates limited by synthesis protocol, therefore,
transfer of graphene onto the desired foreign substrates is
essential. Bae ef al. used roll to roll method for synthesis
and transfer process of graphene [22]. The graphene films
were transferred onto flexible transparent polyethylene
terephthalate (PET) substrate using thermal release tape.
The transferred graphene films showed high optoelectronic
performance with low sheet resistances and 97.4% optical
transmittance for application in touch screen panel device.
The graphene/PET device showed better performance as
compared to commonly used ITO based flexible devices.
Other optical device applications of graphene films include
high performance, energy efficient, flexible, low cost,
thin organic light emitting diodes (OLEDs) with high
transparency [50, 51]. Graphene films can act as transparent
electrodes which is an essential component of OLEDs
as its electrical properties are preserved upon bending,
even at alarge bending radius. Polat and collaborators
demonstrated use of transferred multilayer graphene on
paper as an electrically reconfigurable medium for display
applications.

6.  Turbostratic graphene films

The remarkable properties of graphene can be truly
detected when there is no substrate underneath or it is
suspended so that graphene film is not influenced by the
substrate. Researchers have discovered a new kind of
graphene layers called turbostratic graphene films which
consist of the randomly oriented graphene layers with the
adjacent layers atan angle [52, 53]. The layers are decoupled
with large interlayer distance, therefore behaving like
a suspended single graphene layer as observed from
Raman signatures [54]. Theoretical calculations show that
stacked graphite layers with angular disorder shows mass
less Fermion behavior and electronic structure similar
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to monolayer grapheme [55]. The properties of bilayer
graphene with the different angles between the layers
have been investigated experimentally by Kim et al [56].
They showed that FWHM and intensity of 2D peak highly
depend on the rotation angles between the adjacent layers.
Besides bilayer graphene, the resemblance of multi-layer
graphene with the single layer one and decoupling among
the layers has been observed on epitaxial graphene/SiC
sample by Hass et al [57]. Turbostratic graphene films have
also been grown on metallic films such as nickel thin films
using physical vapor deposition technique[58]. The large
area high quality graphene films were observed with the
precise control over the temperature and amount of carbon
to be deposited.

Furthermore, a modified CVD method has been
adapted to grow large area turbostratic graphene films onto
a polycrystalline nickel foil [60]. This work used a CVD
setup in which nephthalene solution was drop casted on the
foil connected to the current-carrying electrodes for Joule
heating followed by immediate cooling. The synthesized
graphite films behaved as monolayer graphene with
high I, /I ratio maintaining high crystallinity. Figure 3.
represents different stacking in AB stacked and turbostratic
graphene along with the Raman spectra observed for the
turbostratic graphene films grown on nickel films. The
centimeter scale growth of turbostratic graphene using
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Fig. 3:Representation of stacking in AB stacked graphene and
turbostratic graphene films[59], Reproduced with permission (a)
Photograph of the Joule heated red hot Ni foil during graphene growth
(b) Graphene/nickel film after cooling (c) Raman spectra at different
points on graphene film showing high I, /1 . ratio[60] (a-c) Reproduced
with permission, 2015, American Chemical Society.

PVD and CVD on nickel thin films or foils can open new
opportunities for future applications such as data storage,
flexible electronics and transmission technologies.

7. Wrinkles and their impact on device
performance of graphene films

Wrinkling is a common phenomenon in large area
2D films. It can occur during growth process as the
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underneath substrate and 2D film have different thermal
coefficients, causingwrinkle formation while cooling.
Another possibility includes the transfer process of
2Dfilms onto arbitrary substrates. Next, we will discuss
both possibilities in detail.

7.1. Wrinkle formation in synthesized graphene
films

Graphene grown on metallic foils/films are more
likely to have wrinkles owing to the huge difference
in their thermal expansion coefficients with reverse
polarity [61]. Apart from the thermal compression, the
morphology of the underneath substrates also play crucial
role in the wrinkle formation in graphene layer. Liu et
al. showed that the wrinkle formation and their density
are governed by the growth substrate, its thickness and
the graphene layer transfer process involved [62]. With
increase in the thickness of metallic substrate (nickel in
this case), grain size of graphene film reduces, resulting in
higher density of wrinkles on graphene. Besides metallic
substrates, epitaxial growth of graphene on crystalline
substrate such as SiC also leads to wrinkle formation due
to thermal expansion coefficient difference of graphene
and SiC during the cooling process [63].

7.2. Wrinkle formation in transferred graphene films

Graphene layer grown on one substrate is transferred
to other substrates for desired applications and during
the transfer process, it tends to form wrinkles. Calado
et al. investigated the wrinkle formation in graphene
during the wet transfer process called wedging transfer
process onto a hydrophilic substrate [64]. Mechanically
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Fig. 4:Four-probe measurement on flat and wrinkled area with equal
spacing. (a and b) Schematic illustration of measurements on flat and
wrinkled graphene film, respectively. (c) Gate-tunable conductivity for
both cases: (a) and (b). (d) Conductivity ratio of measurements along
the graphene wrinkle and on the flat monolayer area[72].
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exfoliated graphene flakes are transferred onto another
substrate using a hydrophobic polymer and the substrate
is “wedged off” by intercalation of water. The wrinkles
are formed on and along the water drain channels.
Wrinkles density can be controlled by choosing strongly
hydrophobic substrates. In this case, the structure and
electrical properties of graphene film was not altered by
presence of wrinkles. Controlled fabrication of wrinkled
structures on graphene has also been reported.Bao et al.
and later Zhang et al. investigated wrinkles in graphene
on pre-trenched substrates to get defined microscale
wrinkles[65, 66]. The effect of wrinkles on electronic
performance of graphene devices has been investigated in
recent past. The wrinkles causes strain in the graphene film
locally and thus inducelattice deformation [67]. Wrinkles
have been considered as line defects in the graphene film
and degradation in the device properties of the graphene
films were reported attributed to electron-flexural
phonon scattering [68-70]. Contrary to these, several
reports suggest bettere lectrical transport across the
wrinkled film as compared to the flat graphene layer (as
shown in figure 4), and therefore, wrinkles are termed
as quasi-1D transport channels [71, 72]. More recently,
wrinkles have been investigated to behave as highly
conducting channels in the turbostratic graphene films
[73]. The study utilizes the non-destructive conducting
atomic Force Microscopy and Kelvin probe force
microscopy to map the electrical properties and shows no
significant change in the surface charge density as moving
from wrinkled to at portion and thus, suggesting the
possibility of band gap alteration at the wrinkled area.

8. Summary and Outlook

Graphene is a unique 2D material with superior
ideal fundamental properties. The desirable industrial
scale growth of graphene films is limited by the substrate
constraints. Evolution of some growth techniques, for
example, roll to roll CVD method has shown promising
synthesis route for centimetre scale graphene growth
suitable for today’s technology. Turbostratic graphene
can also be a potential alternate due to its resembling
properties to that of monolayer graphene with no
boundation of only one atomic layer. Development in the
transfer process of graphene films from grown substrate
to substrate of choice has made the state of the art device
production more easier and efficient. In this article, we
discussed the synthesis and transfer methods of large area
graphene films grown on different substrates. Further, the
electrical and optoelectronic performance of transferred
deviceshas been reviewed. The transfer techniques have
advanced in the last few years, however, there remains



some challenges regarding large area transfer. These
include minimization of crack and wrinkles formation
during synthesis and transfer process, less contamination
to get rid of unintentional doping, uniformity in
synthesized and transferred single as well as multi-
layer graphene, uniform control on the thickness of the
films. and low cost. Some transfer methods such as use
of pentacene, roll to roll transfer and clean lifting transfer
are the promising techniques for large area, contamination
free layer transfer while maintaining high electrical
performance of the transferred graphene based devices,
but most of these techniques are not developed enough
for their use in modern technical applications. Wrinkle
formation in large area graphene films has shown both
positive and negative impact on device performance
of graphene films. As suggested by recent reports, it
is believed that wrinkles can show huge potential in
nanoscale devices where transport mediated by narrow
channels are desirable. However, despite extensive
interest and continuous experimental efforts by device
researchers, far-reaching implementation of graphene
based devices has yet to be demonstrated.
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Abstract

Graphene, an allotrope of carbon consisting of a single layer of atoms arranged in a two-dimensional
honeycomb lattice, provides a clear, nanocrystalline coating that can render protection to the substrates
from weathering, chemical attack, and UV rays while repelling water, dirt, and other contaminants. The
physical deposition process of graphene on the different substrates is quite expensive and difficult to scale
up to the commercial level. Therefore, a soft chemical technique like electrophoretic deposition (EPD) could
be a versatile technique to coat substrates with graphene for anti-corrosion applications. The advancement
in the field of graphene coatings fabricated using the EPD technique is reviewed, and it includes both

fabrication and corrosion behavior.

Key Words: Electrophoretic Deposition, Graphene, Coating, Corrosion

1. Introduction

In the past decades, graphene has attracted researcher’s
attention due to its two-dimensional honeycomb lattice
geometry, which is made of sp? hybridized carbon
networks [1-2]. It has unique properties such as good
chemical inactivity, exceptional thermal and chemical
stability, high electrical conductivity, good thermal stability
[1-2], and impermeable to molecules yet as small as helium
leads to the generation of the barrier layer to protect
metals from oxidation and corrosion particularly in the
harsh marine environment [3]. Further, graphene forms a
natural diffusion barrier providing a physical separation
between the protected metal and reactants [3]. Apartfrom
these, graphene is thermally as well as chemically stable
in ambient air up to 400 °C. Graphene has a wide range of
applications in the field of transistors, memory devices,
photovoltaic devices, electron acceptors, electrochemical
sensors, and fluorescence sensors [1-3].

Numerous techniques were adopted for fabricating
graphene coatings such as chemical vapor deposition (CVD),
Sol-gel, thermal oxidation, physical vapor deposition
(PVD), plasma spraying, anodizing, plasma electrolytic
oxidation (PEO), electrodeposition, electrophoretic
deposition (EPD) [3-8]. However, each method has its own
merits and demerits. Amongst these coating techniques,
EPD is a straightforward and versatile surface treatment
method to synthesis graphene-based coatings on different
metals and their alloys [9]. Besides, EPD is acquiescent to
scaling-up to large dimensions as well as cost-effective,
better control over stoichiometry, dimensions, deposition
rate, thickness, excellent uniformity [3, 9]. In EPD, charged
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particles in suspension travel toward an electrode of
opposite charge due to the influence of an electric field
and then deposit to form a compact film [10]. In the last ten
years, the number of publications that have been increased
will emphasize the scope of graphene reinforced polymer
coatings via EPD. Researchers have fabricated various
polymers such as Polymeric isocyanate crosslinked with
hydroxy-functional acrylic adhesive (PIHA) [3], chitosan
(CS) [11], poly diallyl dimethyl ammonium chloride [12],
polyethyleneimine [13], polyaniline [14], polypyrrole [15],
polyethyleneimine [16] in graphene oxide for different
fields such as supercapacitors, solar-cells, drug-eluting,
orthopedic, anti-corrosive coatings via EPD. Interestingly,
Graphene Nanoplatetes (GNPs) as reinforcement in
Hydroxyapatite (HA) showed significant enhancement in
corrosion resistant up to 87 % compared to pure HA coating
fabricated using plasma spraying. Because, randomly
oriented wrinkles in the GNPs and their hydrophobic
nature effectively hindered the SBF infiltration into
the coating and resisted their movement towards the
underlying substrate [7].

This review aims to summarize pertinent preceding
work and explain the application of the EPD technique
in the developement of graphene coatings. The corrosion
mechanisms of graphene based coatings grown via the
EPD technique are also discussed.

2.  Electrophoretic deposition (EPD) process

EPD techniques can be applied to deposit particles
with surface charges in a stable colloidal suspension. This
process includes a working and counter electrode which



is connected to a power source that generates an electric
field [17]. The generation of this electric field may be of
two types i.e., direct electric current (DC-EPD) and a
modulated electric current. Further, the modulated electric
current has two types, first alternating current (AC) and
pulsed direct current (pulsed-DC). When the positively
charged particles are deposited onto the cathode side, then
it is known as a cathodic electrophoretic deposition and
deposition of the negatively charged particles onto the
anodic side, is called anodic electrophoretic deposition.
In EPD coatings, the choice of the working electrode is
quite flexible in terms of nature, shape, and scale [17]. The
electrophoretic deposition process has several advantages
such as cheaper deposit coatings, ease in instrument
handling, etc. [17]. The EPD coatings can be controlled
by manipulating EPD parameters, which are classified
in two different ways: (1) suspension characteristics and
(2) electric field. The suitable suspension preparation for
EPD coatings requires various parameters needs to be
manipulated such as particle type, particle concentration
in suspension, particle net charge i.e., zeta potential,
charging agents, and suspension medium. Further, the
electric field includes several parameters such as applied
voltage, deposition time, type of electrodes, the distance
between two electrodes, and electrode area [17].

In case of electrophoretic deposition of graphene,
generally graphene oxide (GO) or reduced graphene
oxide is used. Dispersion and stability of graphite flakes
is much more complex compared to graphene oxide [18].
So, researchers have developed the path for exfoliation of
graphite layer to synthesis graphene or graphene oxide.
Dispersion of graphene oxide (GO) and reduced graphene
oxide (RGO) in an aqueous solution is easy and stable due
to oxygen-containing functional groups. Generally, GO,
and RGO is used as a precursor for fabricating graphene
coatings for many applications [18].

2.1. Kinetics of electrophoretic deposition

A study of the kinetics of the EPD process is essential
to (i) control and manipulate deposition rate and (ii) attain
flexibility in micro-structural alteration. Hamaker et al.
noticed that the weight deposition during EPD is linearly
dependent on the proportion of charge flowed. They also
anticipated the rate of deposition is proportional to the
suspension concentration, deposition time, surface area
of deposit, and electric field [19]. EPD can be operated
via constant current or voltage by varying suspension
concentration with deposition time. Sarkar et al. explained
the concept of EPD kinetics via schematic graph (shown
in Figure 1) of weight deposition versus deposition time
for four probable deposition situations [20]. Curve A
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signifies constant current and constant concentration of
suspension, curve B implies constant current and reduction
in concentration suspension, curve C shows the constant
voltage and constant concentration in suspension, and
lastly curve D implies the constant voltage and reduction in
suspension concentration. Curve A indicates that the rate of
deposition is constant with time, whereas in curve B, C, and
D implies the rate of deposition decreases asymptotically
with deposition time. The rate of deposition is highest in
curve A in comparison to curves B, C, and D as shown in
Figure 1. During constant current i.e., curve A or B, and
constant voltage i.e., curve C or D, the implies reduction
in the concentration of suspension, when the final yield is
reduced and rate of EPD deposition also. Two important
points can be concluded from curve A and curve C, yet
the concentration of suspension remains constant during
a deposition in both curves. Hence, the difference of curve
A from curve C is not due to a reduction in concentration
suspension, but is due to a reduction in particle velocity
with respect to deposition time. This reduction in
particle velocity while EPD operated at constant voltage
is attributed due to the deposition mass is acting as a
shielding effect and higher electrical resistance than the
suspension from where deposition occurred [21].

3.  Electrophoretic deposition of Graphene
coatings

EPD techniques are possible for different solid
particles having certain surface charges in a stable
colloidal suspension. Since dispersion and stability
of graphite flakes is much more difficult compared to
graphene oxide. So, researchers have developed the path
for exfoliation of graphite layer to synthesis graphene
or graphene oxide. Hence, dispersion of graphene oxide
(GO) and reduced graphene oxide (RGO) in an aqueous
solution is easy and stable due to oxygen-containing
functional groups. Generally, GO, and RGO was used as
a precursor for fabricating graphene coatings for a wide
range of applications. Table 1 represents a review of EPD
parameters such as voltage, current and time, suspension
medium, substrates used for fabricating graphene coatings
for different applications. Generally, RGO is mostly
reduced from GO in various ways, such as chemical
reduction [22], electrochemical reduction during the EPD
process [23-24], and lastly, post reduction after the EPD
process. As tabulated in Table 1, that various solvents were
used for dispersion of GO, RGO, or modified graphene
flakes for fabricating EPD coatings, includes distilled
water, isopropyl alcohol, ethanol, dimethylformamide
(DMF), N-Methyl-2-pyrrolidone (NMP), acetone, ethanol,
etc. Mostly, aqueous solutions are extensively used
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Fig. 1: Schematic of EPD kinetics [Ref: 21]

as a suspension medium for graphene EPD coatings
compared to organic solutions. The aqueous solutions
have unique advantages such as lower voltage is required
for EPD coatings, faster kinetics, higher temperature
applicable, low cost as well as environment friendly also.
However, aqueous suspensions have certain demerits,
such as problems in deposition efficiency and uniformity
of the coating. This could be due to the occurrence of
electrochemical reactions during EPD process, such as the
electrolysis of water, oxidation of the metal electrodes, etc.
Mostly, GO, and RGO particles are negatively charged in
nature, so in the case of GO and RGO, anodic deposition
happens. However, in the EPD process, few metal ions
were incorporated into the suspension will adding some
salts, namely, LiClO,, Mg(NO,),, La(NO,),, Y(NO,),,
MgCl,, AICL,. Hence, with adding these salts, adsorption
of metal ions will occur on the surface, and graphene
particles will become positively charged. Furthermore, it
was noticed that the addition of Mg salts might destroy
the stability of the electrolyte and impact the tribological
performance of the EPD based graphene coatings. To
overcome this problem, the incorporation of polymers has
been introduced as it can transform the surface charge of
the graphene flakes owing to their abundant positively
charged functional groups.

3.1. Applications of Graphene coating anti-corrosive
material

Electrophoretically deposited graphene coatings
are exploied as supercapacitors, sensors, mechanical
enhancement agents, microextraction, dye pollutants
removal, food toxin detection, etc [25-49]. However, focus
on the area of anticorrosive coatings remains pivotal since
last ten years and it is established that graphene is one of the
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Fig. 2: Raman spectra for GO paper by the filtration of the aqueous
GO suspension and EPD GO at 4 V and 16V [Ref: 1].

most suitable materials for anti-corrosion application. The
coating of graphene onto the metal substrate can enhance
the corrosion resistance by: (i) filling up of the gaps and
crevices with graphene, (ii) chemical inertness of graphene
showed great potential by acting as a natural diffusion
barrier, and (iii) wrinkling of parallelly oriented graphene
sheets, which inhibited the solutions from penetrating the
coatings and improve their corrosion resistance [7].

The graphene coating is mainly characterized by
Raman spectroscopy. Figure 2 displays the Raman spectra
of GO filter paper and EPD based GO coating at 4V and
16 V. The Raman spectra show two peaks at 1350 cm
and 1600 cm™, resembles D and G bands, respectively.
The presence of defects was identified by calculating I /1,
ratio. The I,/ ratio of GO filtered paper is 0.84, whereas
it increased to 1.01 after GO EPD coating fabricated at4 V,
further increased to 1.21 at GO EPD coating prepared at
16 V. Hence increment in I /1 . ratio was attributed due to
the formation of graphene domains due to the elimination
of oxygen functional groups from the GO. However,
defects were formed due to the interfacial electrochemical
reactions, such as gas generation from the reduction of
GO and the water electrolysis too. To evaluate the anti-
corrosion behaviour of EPD based GO coatings, usually
potentiodynamic polarization experiments are done in 3.5
wt. % NaCl solution along with salt spray test.

Figure 3(a) shows the potentiodynamic polarization
plot of the bare mild carbon steel as well as EPD based
GO coatings having different deposition mass. It has been
evident in Figure 3(a) that corrosion current density of bare
as well as EPD coated samples was almost the same. The
corrosion potential was slightly shifted in the negative
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Table 1: Overview of graphene coatings fabrication using EPD technique

S. | Graphene Substrate Suspension medium Parameter Application Ref.

No | precursor

1. GO graphite rod aqueous Mg(NO,), 30V, 10 min Single- DNA [25]

nanowalls solution electrochemical biosensing
2. GO Au Aqueous LiClIO, -1.2'V, 5-60 sec supercapacitor [23]
suspension

3. GO Si wafer Ultrapure water 20-45V, 1h |Solid lubricant for MEMS/ | [26]
NEMS devices

4. | Graphene | Carbon cloth Water 6V,10h Solid-state supercapacitor | [27]

5. rGO ITO glass Aqueous Mg(NQO,), 70V, 2min Food toxin detection [28]

solution
6. GO Carbon fibers Water 5V, 1 min Sizing agent [29]
7. GO Graphite rod Distilled water 30V, 10 min Electrode for [30]
electrochemical detection

8. GO Ag NMP suspension 3V Gas sensing [31]

9. GO Carbon steel Water 4V,10s Anti-corrosion [1]

11. RGO SS DI water 3V, 5min Supercapacitor [22]

12. GO Carbon felt Water 1.5 mA/cm?, Dye pollutants removal | [32]

10 min

14. GO Glass fibers Water 10V, 5 min Fibre/matrix bond [33]

15. GO Carbon fibers IPA 160 V, 1 min Mechanical strength [34]
enhancement

16. GO Carbon fibers | Aqueous NaOH solution | 20V, 20 min Interfacial strength [35]
enhancement

17. RGO Carbon fibers NH,HCOQO, solution 15V Electromagnetic [36]

interference shielding
18. GO Steel DI water 3-4V, 4-10 min Corrosion protection [37]
coating

19. GO Carbon steel Aqueous CaCl, solution | 2.3V, 90 min Anticorrosive coating [38]

20. GO Copper DI water 10V,1s Corrosion prevention [39]

21. GO Micro-crystalline Ethanol 15V,20 min | Tribological enhancement | [40]

diamond coating
22. GO Carbon fiber Water 15V, In-tube solid-phase [41]
30-150 min microextraction

23. GO Copper DI water 5V,10s Anti-corrosive coating [42]

24. GO Carbon fiber Isopropyl alcohol 160 V, 1 min Interfacial strength [43]

25. GO Carbon fiber NH,HCO, 15-18YV, Electromagnetic [44]

20-80 min interference shielding

26. GO Carbon fiber DI water 15V, 40 min Interference shielding [45]

27. GO Carbon fiber DI water 20V, 10 min Mechanical [46]

28. GO Carbon fiber Ethanol 10-30 V, 5 min Flexural [47]

29. | Graphene | Carbon fiber Water 6 - 35V 30 min Mechanical [48]

30. GO Carbon fiber Water 10 min Interfacial strength [49]

direction due to the application of GO. Even at higher
deposition mass, GO does not show a significant change
in corrosion current density. This situation may occur
when GO over mild carbon steel does not act as oxidation

barrier. The presence of defects in EPD coatings acts as a
corrosion initiation site [1]. However, the main reason for
the reduction in corrosion resistance of EPD based GO
coatings is poor adhesion strength and the dissociation
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Fig. 3: (a) Potentiodynamic polarization curve of bare mild carbon steel and EPD GO coating with varying thickness in 3.5 wt.% NaCl solution
and (b) Optical surface images of bare mild carbon steel as well as EPD GO coatings before and after the cyclic corrosion test [Ref: 1].

of hydrophilic GO by the ionic electrolyte. Few portions
of the corrosive electrolyte may penetrate through the
organic top coating and samples may get corroded in the
chamber of cyclic corrosion test. Figure 3(b) shows optical
images of mild carbon steel with an organic top coating
and GO-EPD-coated with an organic top coating having a
cut mark. It is seen in Figure 3(b) that corrosion resistance
was improved after EPD based GO coating compared to
the bare substrate.

Since cut parts acted as the anodic site for the corrosion,
and the corresponding cathodic site formed around the
anodic site. The reduction reaction of dissolved oxygen
occurred at the cathodic sites. In EPD coating, access of
oxygen and water onto the steel was restricted via GO
and the cathodic reaction was reduce due to the shortage
of cathodic corrosion reactants. Hence, the anti-corrosion
behavior of the organic-coated mild steel with GO EPD
was enhanced [1]. Kiran et al. synthesized EPD based
GO coating over the copper substrate at 10 V for 1 second
and GO was partially reduced with sodium borohydride
(NaBH,) solution during EPD process itself [39]. Further,
the corrosion behavior of EPD based GO coatings was
studied in 3.5 wt. % NaCl solution. Figure 4(a) displays
the open circuit potential of EPD GO coatings and reduced
GO coating by NaBH,. Both the GO coatings shift towards
position direction compared to bare copper, indicating
an increase in corrosion resistance. Further, Figure 4(b)
shows the polarization of the plot of EPD GO coatings
and reduced GO coating by NaBH,. The corrosion current
density of EPD GO coating shows 12.44 pA/cm?, which
further reduced to 7.01 pA/cm?after reduction of GO with
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NaBH, compared to bare copperi.e., 15.37 pA/cm?. Hence,
corrosion potential follows similar trends as discussed in
OCP. So, it could be concluded that corrosion resistance of
EPD GO coatings was increased twice compared to bare
copper [39].

3.2. Prospect

Figure 5 summarizes the magnificent outcome of the
previous study reported on EPD based GO coatings with
improved corrosion resistance [3, 11, 19, 37-39, 42].The
reason behind the reduction in corrosion current density
was assigned to the reduction in the number of pores and
cracks present in the coating. The available literatures
suggest usage of polymer along with GO to enhance
the corrosion resistance of graphene coatings. However,
the graphene material still needs research attention
with respect to the presence of defects states. The future
improvement of graphene coatings is thoroughly linked
to the reduction of defects in coating. Therefore, one of the
main focus should be to minimize the amount of graphene
domain boundaries, since boundaries are mostly populated
with defects. Along with that, substrate’s surface treatment
may also minimize the introduction of impurities in the
carbon framework which will in turn improve the coating
quality. At the end, emphasis should be put more on the
production of large area coating in order to meet the market
demand.

4. Conclusion

The current review highlights anti-corrosion behaviour
of Graphene coating deposited by electrophoretic
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Fig. 5: Literature results showing the percentage reduction in corrosion
current density on the corrosion property of EPD based GO coatings.

deposition technique. The electrophoretic deposition
process along with process parameters of graphene
coating are discussed. It is observed that the limitation of
graphene based coating arises from defect formation in
coating, which lead to inadequate anti-corrosion strength,
especially in long-term exposure in corrosive environment.
Few suggestions are made in order to establish graphene
as the practical, industry-scale anti-corrosive coating
material.
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Abstract

A brief review of various allotropes of carbon is presented with special emphasis on nanocrystalline
diamond (NCD). Two allotropes namely, diamond and graphite occur naturally, while many other forms
are synthesized in laboratory. These newer forms include carbon nanotube, fullerenes, graphene, etc.,
which have widened the applications of carbon-based materials. One such phase is NCD, which exhibits
interesting physico-chemical properties due to nano-metric crystallite size regime along with essential
attributes of diamond. Structure and properties of NCD as well as various methods to synthesize it are
summarized. Effect of different gases in CVD growth process of NCD has also been briefed.

Keywords: Carbon, Allotropes, Diamond, Graphite, Nanocrystalline diamond (NCD)

1. Introduction

The word carbon is derived from the Latin word ‘carbo’,
which to the Romans meant charcoal (or ember). It is the
fourth most abundant element present in the universe after
hydrogen, helium and oxygen. In the form of solid, it is
the most abundant element in the universe [1]. Diamond
and graphite are two naturally occurring elementally pure
forms of carbon, where the former is the hardest bulk
material while the latter is quite soft so that it is used as a
solid lubricant. Carbon’s ability to form different types of
chemical bonds has led to a complete branch of chemistry
dedicated to its compounds. Nearly ten million compounds
of carbon are known at present. Carbon also forms the
basis of all life forms on the earth and human body itself
consists around 12 % of it.

2.  Polytypes of carbon

Carbon (atomic number = 6); a group IV element
with ground state electronic configuration 1s?2s*2p? is
an abundant non-metallic tetravalent element. It can be
found in diverse bonding configurations as shown in Fig.
1 below.

Pure carbon exists in several different structural
configurations (allotropes), which differ in terms of relative
arrangement of carbon atoms, although theirsmallest
atomic constituent unit is same (carbon). A few allotropic
forms of carbon are briefly discussed below.

21 Cubic Diamond

In diamond, each carbon atom is bonded to four
other carbon atoms in a tetrahedrally coordinated (sp®
hybridization) geometry by directional 6-bonds. The crystal
structure can be viewed in terms of two interpenetrating
face centered cubic (FCC) carbon lattices, which are
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Fig. 1: Various bonding configurations of carbon atom and examples
of corresponding materials

Fig.2: Schematic diagram of diamond crystal structure; *face centered
carbon atom of first FCC lattice (F1 to F6); ® corner carbon atom of
first FCC lattice (C1 to C8); ® carbon atom of second FCC lattice (C’2,
F'3toF’5)



displaced from each other along the body diagonal by one
fourth of the length of diagonal. Unit cell of diamond is
schematically shown in Fig. 2 where ‘a’ is the cube edge
length. A primitive unit cell of diamond therefore has two
carbon atoms.

Cubic diamond is a common polytype of carbon found
in nature. In terms of layers of carbon atoms, diamond
consists of parallel layers of six-membered hexagonal planes
stacked in ...ABCABC... sequence. These rings remain in
‘chair-conformation” and C-C bonds are staggered as shown
in Fig. 3(a). Another conformation consists of carbon ring
stacked in ... ABABAB.... sequence with C-C bonds normal
to these planes in eclipsed form as shown in Fig. 3(b).
Staggered conformation is relatively more stable than the
eclipsed conformation as a result of which, cubic polytype
of diamond is the predominant structure obtained in both
natural as well as lab synthesized diamonds.

a b

Fig. 3: (a) Staggered conformation (b) Eclipsed conformation

2.2 Hexagonal Diamond (Lonsdaleite)

In this polytype, carbon atoms are arranged in ...
ABAB... sequence. This carbon allotrope is usually found
at sites where meteorites impact the earth, indicating their
formation under high pressure shock waves conditions.
In laboratory, lonsdaleite form is produced by shock-
wave treatment of graphite. Shock-waves generate high
temperature and pressure conditions for short duration
under which hexagonal graphite transforms to hexagonal
diamond [2, 3]. Since hexagonal polytype of graphite is
unstable in nature, lonsdaleite occurrence is rare. From
structural perspective, building block of cubic diamond
and lonsdaleite can be represented by diamondoid and
wurtzoid, respectively [4], which is schematically shown
in Fig. 4 for clarity.

2.3  Graphite

Graphite has a layered structure with hexagonal
closed packed lattice as shown in Fig. 5. Here, carbon
atoms occupy lattice site of a two dimensional honey-comb
network where these layers are stacked over one another
in...ABAB... packing configuration. A unit cell of graphite
consists of 4 carbon atoms; one each from top and bottom
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Cubic Diamond

Hexagonal Lonsdaleite

Fig. 4: Structure of (a) cubic diamond and (b) hexagonal diamond
(lonsdaleite)[5]

layer while two from the middle layer, as shown in Fig. 5
The in-plane inter-atomic distance is 1.42A and the inter-
layer distance may vary over 3.35A to 3.7A, depending on
graphite polytype. Such variations result in loss of packing
density in one direction and also loss of three dimensional
ordering.

Fig. 5: Crystal structure of graphite with unit cell marked. Planer
hexagonal framework of a single layer of carbon atoms in graphite is
also shown
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Carbon atom
Covalent bond

Pentagon

Hexagon

Fig. 6: Molecular structure of (a) C,, and (b) C,, fullerenes [6]

24  Fullerene (C and C,) 2.6 Carbon nanotubes(CNT)

Molecular structures of C,; and C, fullerene are
made-up of 60 and 70 carbon atoms, respectively.
Carbon atoms are bonded in cage-like structure forming
spherical (C,) and oval (C,)) shaped cages. In fullerenes,
all the carbon atoms are trigonally bonded and form a
spheroid. C, molecule is made-up of 12 pentagons and
20 hexagons while C, molecule consists of 12 pentagons
and 25 hexagons. This has been shown schematically in
Fig. 6. Fullerene molecules follow isolated pentagon rule
(IPR) where all the carbon-pentagons are surrounded by
carbon-hexagons.

2.5 Taa-Cand a-C

Tetrahedral amorphous carbon (Ta a-C); also known
as hydrogenated amorphous carbon consists of complex
network of sp?and sp*-hybridized carbon atoms. Fraction
of sp>-bonded carbon usually exceeds 70% in this form
and properties of such films are governed by fraction of
sp®-sites. Domination of sp’sites creates diamond-like
structures. On the other hand, amorphous carbon (a-C)
mainly consist of sp?>-bonded carbon clusters interconnected
by a random network of sp*-bonded atomic sites [7] as
shown in Fig. 7.

Fig. 7: Schematic structure of tetrahedral amorphous carbon (Ta a-C)
showing a network of both, sp*-hybridized (black spheres) and sp?-
hybridized (white spheres) carbon atoms [8]
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First discovered by lijima [9], carbon nano tubes (CNT)
consists of graphitic carbon atom sheets (also known as
graphene) rolled in the form of cylindrical nanostructures
having nanometer size tube diameters. CNT’s are classified
as single-walled nanotubes (SWNTs) and multiwalled
nanotubes (MWNTs) in which a single graphene sheet or
multiple layers of graphene sheets are rolled in the form
of tubes, respectively. Figure 8 shows two configurations
of CNT’s rolled at different angles.

Fig. 8: Single walled carbon nano tube in armchair and zigzag
configurations [10]

2.7 Carbon Black

Buseck et al., defined carbon black as a light-absorbing
refractory carbonaceous matter; principally composed
of [11] amorphous carbon. It is usually produced upon
incomplete combustion of heavy petroleum product such
as coal tar. It is obtained in the form of fine powders having
very large surface to volume ratio.

2.8 Carbon Onions

These are also known as zero dimensional carbon
structures or onion-like carbon (OLC) or carbon nano-
onions (CNOs). These nanometric spherical-shaped
structures (diameters < 10 nm) consist of concentric



fullerene like shells resembling with layers of onion, as
observed in high resolution electron microscopic analysis
[12].

2.9 Glassy Carbon

Glassy carbon is a non-graphitizing carbon, which
possesses the properties of glasses and ceramics. Non-
graphitizing attribute indicates that it cannot be converted
into crystalline graphite upon heat treatment even at
higher temperatures. Structure of glassy carbon consists of
ribbon-like morphology formed by sp*hybridized carbon
atoms as shown schematically in Fig. 9 [13]. Large fraction
of micro voids is present in glassy carbon, which results
in lower density(~1.5 g/cm?) as compared to that of bulk
graphite (~2.26 g/cm?).

Fig. 9: Schematic morphology of glassy carbon

2.10 Carbon Soot

Carbon soot is defined as nanometer sized (diameter
< 100 nm) spherical particles, which are composed of
concentric wrapped, graphene-like layers of carbon [11]. It
also contains black carbon. Carbon soot is formed during
incomplete gas-phase combustion of hydrocarbons,
burning of coal, forest fires, etc.

3. Phase Diagram of Carbon

Figure 10 shows equilibrium temperature-pressure
phase diagram of carbon reported by Bundy [14]. Stability
region of two wellknown allotropes, namely, diamond
and graphite can be noted. While graphite phase is more
stable at lower pressure regions, diamond is the preferred
phase at higher pressures. Strong network of covalent sp*
C-C bonds can withstand enormously high pressures.
Various pressure-temperature island regions are also
indicated where diamond can be synthesized using
different techniques such as chemical vapor deposition
(CVD), high pressure high temperature (HPHT) method,
catalytic HPHT method, shock wave method, etc.
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3.1 Nanocrystalline Diamond and the Modified
Phase Diagram

Equilibrium phase diagram of carbon provides
information about relative stability of two main allotropes
namely, diamond and graphite at different temperatures
and pressures. At nano-scale however, this phase diagram
is redrawn considering ‘clusters size” as the third parameter
apart from pressure and temperature. For carbon clusters
consisting of hundreds to thousands of atoms, phase
equilibrium line calculations have been reported by
Vicelli et al., [15, 16], wherein contribution from surface
energy was added to the total energy due to high surface
to volume ratio of these nanostructures. Barnard et
al.,[17] showed that with increasing cluster size, various
carbon nanostructures stabilize in the following sequence:
fullerene, carbon-onions, bucky diamond, nanodiamonds
and graphite. Theoretical studies have also indicated that
contrary to bulk form, nano diamonds (5 - 10 nm) are
thermodynamically more stable than graphite [18].
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Fig. 10: Equilibrium pressure-temperature phase diagram of carbon

[14]

4. Types of Diamond

Diamonds can be classified into two categories namely,
(i) natural diamond and (ii) synthetic diamond. Synthetic
diamond is further sub-divided in various categories as
shown in Fig. 11.

4.1 Natural Diamond

Growth of naturally occurring diamonds takes place
in geological conditions of very high pressure and high
temperature under the earth. Their growth is influenced
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Diamond
'—I—

I
‘Lab Grown Single Crystal Diamond

I

Fig. 11: Classification scheme of diamonds

by the local impurities around their growth environment.
Natural diamonds are classified on the basis of (i) impurities
present (N, B, etc.) in them and (ii) their light absorption
characteristics. Nitrogen is a most common impurity in
natural diamond and it is an n-type dopant. Depending
upon concentration and type of nitrogen impurity centres,
diamonds are further classified into Type I (a and b) and
Typell (aand b) [19]. Type I diamonds are nitrogen doped
diamonds in which nitrogen is found in aggregated and
isolated forms. Type II diamonds are free from nitrogen
with type Ila being the purest form having extremely low
(or nil) concentrations of nitrogen and boron impurities.
Type IIb diamonds contain boron impurities, which
imparts their characteristic blue color.

4.2 Synthetic Diamond

These diamonds are synthesized in laboratory.
Conditions used for diamond synthesis either resemble the
geological conditions under which natural diamonds are
formed or are entirely different to achieve its metastable
growth. Diamonds can be synthesized in both, single
crystals and polycrystalline forms. Single crystals of
diamonds are obtained mainly by two methods namely,
(i) High-Pressure High Temperature (HPHT) method
and (ii) Shock wave method. Both methods involve
temperature and / or pressure regimes where diamond
is thermodynamically preferred phase over graphite.
As a result, diamond phase is predominantly formed
and product is obtained in the form of single crystals.
Diamond can also be synthesized in the form of films /
coatings / plates using simple gaseous precursors via
chemical vapour deposition (CVD) route. These films /
coatings / plates can be synthesized in the form of single
crystals (homoepitaxial growth) as well as polycrystals
(hetero-epitaxial growth). By careful control of synthesis
parameters, polycrystalline diamonds can be obtained
consisting of (i) bulk microcrystalline diamond grains with
higher surface roughness of the film, (ii) nanocrystalline
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diamond (NCD) grains with relatively smooth surfaces,
(iii) ultra nanocrystalline diamonds (UNCD) having very
small (<10 nm) grains and (iv) nanodiamonds (ND), which
consists of carbon clusters comprising of both graphitic
(sp?) and diamondoid (sp®) C-C bonds. Table 1 presents
the classification scheme of synthetic diamond on the basis
of grain size.

Table 1: Classification of synthetic diamonds on the
basis of grain size

Grain size Type

Less than 10-20 nm | Ultra-Nano Crystalline Diamond
(UNCD)

Few tens to hundreds|Nano Crystalline Diamond

of nm (NCD)

Few pm to tens of|Micro Crystalline Diamond
micron (MCD)

Single Crystal Diamond (SCD)

1 mm or above

5. Nanocrystalline diamonds (NCD)

Nanocrystalline diamonds are quite hard owing to
strong covalent bonds among carbon atoms. They also
exhibit low friction coefficient due to absence highly
smooth surface [20]. In powdered or film forms, these are
used for ultra-smooth polishing of hard disks, coating
to carbide drill tools, optical components, wear resistant
coating, etc. [21-23]. Methods for synthesis of NCD films
are described later in this article. Based on dimensionality,
NCDs can be classified as follows:

5.1 Zero-dimensional (0D) structures

These refer to isolated diamond particles with size
ranging over few tens of nanometers, which are produced
by controlled detonation of explosives to create shock-
wave conditions with pressure ranging over 20 GPa to
40 GPa and high temperatures (3000 K - 4000 K). Under
these conditions, graphite partially converts into nano-
sized diamonds (~20 nm). Adamantane molecule; which
is a hydrogen-terminated cubic diamond (diamondoid)
consisting of 10 carbon and 16 hydrogen atoms, also falls
in this category [24].

5.2 One-dimensional (1D) structures

Diamond whiskers and diamond nanorods are typical
examples in this category, which can be synthesized by
reactive ion etching method [25].

5.3 Two-dimensional (2D) structures

Single crystal diamond nano-platelets have a two
dimensional flat planer structure. CVD synthesis of such



2D nanostructures is reported on a polycrystalline diamond
substrate coated with nickel [26].

54 Three-dimensional (3D) structures

These can be obtained in the form of powders / films
consisting of nanocrystalline diamond grains. Sintered
ultra-nanocrystalline diamond (UNCD) particles obtained
by detonation route [15], carbide-derived diamond
particles [27] and CVD films prepared in environments
enriched with noble gases [28] are some of the examples
of 3D diamond structures.

6. Relative comparison of diamond, CVD
diamond, graphite and NCD

Diamond is a novel material that possesses several
unique optical, thermal, mechanical and electronic
properties. Properties of graphite are quite different from
those of diamond, for which anisotropic structure of
former is a major reason. Table 2 lists various properties
of diamond, CVD diamond and nanocrystalline diamond
(NCD) in comparison with those of graphite.

7. Natural diamond to Nanocrystalline
diamond: A brief overview

Physico-chemical properties of natural diamonds are
difficult to alter to suit variety of applications. Also, while
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shaping of diamond is possible only to a certain extent
due to its extreme hardness, obtaining large size natural
diamonds is very difficult. These limitations impede
effective utilization of natural diamonds for technological
and industrial applications other than gemstones. Since
many of the industrial applications require diamonds in
the form of thin films, coatings and plates having tunable
physico-chemical properties, advances in laboratory
synthesis methods of diamond have made remarkable
impact on diamond-based technologies. These methods
include High Pressure- High-temperature (HPHT)
method, Shock Wave synthesis, CVD method, etc. [29,
30]. Shock-wave and HPHT methods are cost-intensive
and yield products in the form of fine powders (used
in abrasive industry) and small single crystals (1-5 mm;
used as gemstones), respectively. On the other hand,CVD
synthesis of diamond has dramatically expanded the scope
of diamond utilization since product can be obtained in
the form of films, coatings, plates as well as bulk single
crystals. These CVD diamonds find extensive applications
as optical windows, host for radiation detection, bio-
sensors, heat-sinks, etc. [31-34]. Properties of CVD grown
microcrystalline diamond films are comparable to those
of natural bulk diamond [35]. CVD grown polycrystalline
diamond (PCD) films usually show higher surface
roughness (except in the case of oriented films), which

Table 2: Properties of diamond, CVD diamond, NCD and graphite

Property Diamond CVD Diamond NCD Graphite
Hardness (GPa) 100 80 - 100 95 0.04-24
Density (g/cm?) 3.51 3.51 2.75-34 2.09-2.23

C- C Bond length at RT (A) 1.545 1.54 1.54 1.421
Lattice constant (RT) (A) 3.567 3.567 3.566 a,b=246,c= 6.708
Thermal expansion . -
coefficientp(l/K) 1.1 x10*° 1.1-2x10° 1.7 -3 x10° 25 x 10 (in ¢ direction)
Thermal conductivity at 20°C 21 14 ( |. | to growth 3.98 in a, b direction 0.022
(W/cm K) direction) 2 -8 FLto 0.08-0.8 in ¢ direction
growth direction
Refractive index 241-27 234-24 2.32-2.54 2.7
Optical transparency UVItI;) far UV to far IR (abs[illpi(i)ofr?rirllIiJV) Opaque
Dielectric constant 5.7 5.6 34-24 37.9
Electron mobility (cm?/Vs) 2200 1300 - 1500 - 20 x 10°-100
Hole mobility (cm?/Vs) 1600 480 0.27 15 x 10%-90
Band gap (eV) 5.45 5.45 3.4-4.5eV -0.04 eV
Resistivity (Q cm) 10-10% 102 10% 10° 323:118; (( ﬁ tt‘(’) l;is:all 2112?12))
Optical absorption (cm™) <0.04 <0.01 - -
Friction coefficient 0.2-0.6 0.05-0.15 <0.1 0.2-0.6
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causes additional scattering of light, higher friction, wear
and reduction in optical transparency [36-38]. While surface
roughness can be minimized by mechanical polishing and
chemical etching (to some extent) of CVD diamond films,
tailoring their bulk properties is achievable by controlling
the synthesis parameters such as feed gas concentration,
growth temperature and pressure, substrate treatment, etc.
By variation of these growth parameters, one can tailor
the morphology, grain size, phase purity, etc. of diamond
films.

As compared to HPHT method, CVD route is relative
cost effective and high-quality diamond films / plates
can be reproducibly obtained. While growth of high
quality thick diamond plates (thickness ~ 1 mm) requires
continuous operation of CVD reactor for several hundreds
of hours, nanocrystalline diamond (NCD) films can be
synthesized in highly cost effective manner. NCD films
also possess remarkable properties and can be employed
in numerous applications. With increase in growth rate,
while diamond film quality is adversely affected, they
find numerous applications as wear-resistant coatings on
machining tools, heat-sink applications, etc. [39]. NCD films
can also be effectively utilized for such applications.

8.  Growth of Nanocrystalline Diamond Films

As compared to microcrystalline / polycrystalline
diamond (MCD / PCD), growth process of nanocrystalline
diamond (NCD) films mainly differs in the re-nucleation
/ secondary nucleation process. This causes a reduction
in surface roughness of NCD films. In the absence of re-
nucleation process, columnar growth of PCD films takes
place. Synthesis of NCD films without the re-nucleation
process has also been reported by facilitating high
nucleation density over the substrate so that full coverage
can be obtained in a short duration [40].With conditions
enabling high nucleation density, growth duration should
be kept lower so that NCD films are obtained without
any formation of larger (sub-micron or micron sized)
crystallites. NCD film can also be termed as thin (thickness
<100 nm) polycrystalline diamond films [41].

Mechanical, thermal and chemical properties of NCD
are comparable to those of PCD films. NCD films are
usually composites consisting of nano-sized diamond
and graphitic phases. As a result, it shows properties in
between those of diamond and graphite. Both NCDs and
UNCDs have nanometer sized grains along with smooth
and uniform surfaces having lesser friction coefficients.
Due to the presence of graphitic carbon, these films are
electrically conductive too. These attributes make NCDs
/ UNCDs potential candidates for their use in optics,
tribology, etc. [42, 43]. Nitrogen doping in NCD / UNCD
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has further extended their applications into nano / micro-
electrochemical systems (NEMS & MEMS), biotechnology
and optical devices [44-46].

NCD films can be grown using different CVD methods
such as Microwave Plasma CVD (MPCVD) [1], Hot filament
CVD (HFCVD) [48], Direct Current Plasma CVD (DCCVD)
[49], etc. Each method has a distinct way to activate the
gaseous precursors for film deposition. These methods
are currently being developed with the main objective
of reducing the crystallite size of diamond particles from
micrometer to nanometer range by controlling the gas-
phase chemistry and growth parameters. Some of these
approaches to obtain NCD / UNCD by CVD route are
listed below.

> Use of argon (Ar)-rich plasma with different carbon
sources such as methane [50] and fullerenes [51]

> Use of hydrogen deficient plasma, where H, is replaced
by Ar, He and N, gas [52-54]

> Use of higher methane concentrations in the feed gas
along with hydrogen [55] and use of lower microwave
power [56]

> CVD growth under negative DC bias to the substrate
(usually silicon) [57, 58]

» Addition of nitrogen (N,) [59], oxygen (O,) [60, 61] in
CH,/H,-based systems

» CVD growth under lower deposition pressure [62] and
lower substrate temperature [63]

While CH,-H, gas mixture is the most widely used
precursor for CVD growth of diamond, various other
products such as NCDs and UNCDs as well as different
polymorphs of carbon (c.a., graphite) can be obtained by
perturbing the diamond growth chemistry by addition
of different gases (Ar, He, N, O,, etc.) as well as varying
the relative concentration of hydrogen apart from other
factors like bias, growth pressure, temperature, microwave
power, etc. A brief mention of CVD processes and role of
various gases (CH,, H,, N, O,, Ar, etc.) on CVD synthesis
of diamond are briefly discussed now.

81 Types of CVD processes

Two processes namely, hot filament chemical vapour
deposition (HFCVD) and microwave plasma chemical
vapour deposition (MPCVD) are routinely used for
synthesis of diamond films as well as many carbon-
based materials. Gas-phase dissociation of carbonaceous
molecules in presence of excess (atomic) hydrogen is
common reaction in both these methods leading to
metastable growth of diamond as well as diamond-



like phases at elevated temperatures and sub-ambient
pressures. Fig. 12 (a) and (b) shows schematic diagram of
HFCVD and MPCVD reactors, respectively.

In HFCVD method, feed gases (usually H, and CH,)
are thermally dissociated over a heated filament (2173 -
2773 K), which is kept above a pre-heated substrate (c.a.,
single crystal Silicon; 673 - 1373 K). Filament is usually
made of electrically conducting refectory metals (W, Re,
Ta, etc.) and is kept close to (2-5 mm) silicon substrate. At
high temperature (~2773 K), a fraction of H, molecules
dissociates to form atomic hydrogen. High temperature
gas-phase chemistry of reactive hydrogen species with
carbonaceous molecules (and their dissociation species)
leads to deposition of diamond films. In presence of
carbonaceous molecules, heated filament may form metal
carbide(s), which have catalytic effect on dissociation of
H, molecule. Carbide formation however deteriorates
filament’s mechanical strength limiting its use for repeated
thermal cycles, which is a limitation of HFCVD method.

In MPCVD method, gas-phase plasma (a mixture of
partially ionized gases, electrons, atomic & molecular
ions, neutral atoms and molecules in their ground as well
as excited state) is utilized to dissociate the precursor
gases followed by CVD growth of diamond. Microwaves
generated by a DC-powered magnetron head are made to
enter in CVD chamber through a quartz window which
separates CVD chamber from wave guide. To prevent
damage to magnetron head, reflected microwave power is
minimized by adjusting the metallic stub tuners and overall
efficiency of CVD process is enhanced. Silicon substrate
is placed over a molybdenum substrate holder and its
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temperature is measured by two color optical pyrometer
during film deposition. Suitable vacuum pump(s) coupled
with pressure control valve(s) enable desired gas pressure
inside the chamber while reactant gases (H, and CH,
/ CH,/ CH,O) are fed through precision mass flow
controllers. Standing microwaves enter into the water-
cooled stainless steel CVD chamber and generate plasma
upon interaction with reactant gas molecules. Inside the
plasma, reactive gaseous precursors, which are required
for diamond growth, are generated mainly via electron
impact dissociation mechanism. Electrons absorb energy
from the oscillating electric field of microwaves and their
temperature reaches up to 5273 K. Gas temperature, on
the other hand remains lower (~1073 K) in low-pressure
plasma. The most generally used frequencies for diamond
thin film synthesis are 2.45 GHz and 915 MHz.

8.1.1 Role of Methane in CVD Synthesis of Diamond

Methane (CH,) is the most widely used source of
a carbon during CVD synthesis of diamond. Variation
in methane concentration in the feed gas mixture alters
gas-phase chemistry and thereby affects growth rate,
morphology, quality and properties of diamond films [64,
65]. For example, enhancement in the nucleation density,
nucleation rate and adhesion strength of nanocrystalline
diamond coatings grown over titanium (Ti) substrate with
increasing methane concentration has been reported [66].
Similarly, Yanget. al., have reported enhancement of sp*-
carbon content from 2% to 25% in NCD films grown by CVD
technique with increase in methane concentration from 1%
to 100% [67]. Optimization of methane concentration is
therefore essential for CVD synthesis of NCD / UNCD.
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8.1.2 Role of Hydrogen in CVD Synthesis of Diamond

During CVD process, H, molecule dissociates into
atomic hydrogen (H) and reacts with hydrocarbon
molecules to produce a complex mixture of hydrocarbon
species and carbon-containing radicals. Hydrogen atom
also creates active sites on the growth surface via CH
abstraction, which readily adsorb growth precursors (CH,,
C, etc.). Atomic hydrogen also preferentially etches the sp*-
bonded sites and promotes sp>-bonded sites by attaching
to them, thereby leading to polycrystalline diamond film
growth. At lower hydrogen concentrations, etching of
sp*carbon is retarded, which promotes re-nucleation. As
a result of this, formation of smaller particles induces the
growth of NCD. A large increase in hydrocarbon fraction
results in the growth of non-diamond phases and further
higher concentrations lead to loss of diamond phase [68].
Role of hydrogen on CVD synthesis of diamond has been
thoroughly investigated by several researchers [69-71].
Birrell et al., studied the effect of hydrogen on the growth
of UNCD films and showed that a threshold hydrogen
concentration is essential to stabilize the growing surface
of diamond nanocrystals [72].

8.1.3 Effect of Nitrogen gas addition in CVD Synthesis
of Diamond

Natural diamonds with yellowish hue usually contain
nitrogen impurities. Nitrogen incorporation in diamond
lattice creates several defect centers and is a known as
poison for high-quality diamond films [73]. Addition of
nitrogen gas during CVD process leads to increased film
growth rate [74]. In small concentration (<1%), N,addition
also stabilizes {100} facets in diamond crystals [75].

8.1.4 Effect of Oxygen Addition on CVD Synthesis of
Diamond

Effect of oxygen addition on CVD synthesis of
diamond has been studied with special emphasis on its
influence on crystalline quality and film growth rate [76,
77]. Oxygen addition is known to improve the quality
of CVD grown polycrystalline diamond films [78]. It
also suppressesincorporation of hydrogen impurity in
as-grown films [79].Synthesis of NCD filmshas also been
reported using MPCVD route by varying CH, (4% to
42%) in the presence of O,(0.1%) in a H,/CH,/O,plasma
[80]. Other than pure oxygen gas, few oxygen containing
compounds such as CH,OH [81] or CO [82] are also known
to impact the growth chemistry of high quality diamond
films, grown at lower temperatures.

8.2 Doping in Diamond (Boron and Phosphorus)

Doped diamonds are unique in their properties and
bring in additional application potential. Due to covalently
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bonded carbon atoms network in a closed packed structure
of diamond, larger dopant atoms have low mobility.
Doping via diffusion route is therefore difficult in diamond.
However, it can be accomplished to certain extent during
the CVD growth itself by incorporating gaseous dopant
precursor. Gaseous precursors containing boron and
phosphorus are typically used along with H,-CH, mixture
to obtain p-type and n-type diamond, respectively. Post
CVD growth, ion-implantation can be used to dope sub-
surface layers of diamond. Both boron (acceptor; activation
energy ~0.37 eV) and phosphorus (deep donor; activation
energy ~0.52 eV) are substitutional impurities in diamond
lattice. Heavily B-doped diamonds (5x10% /cm™) exhibit
metallic conductivity [83] at ambient temperature. B-doped
diamonds (BDD) have potential uses in electrochemical
applications such as low capacitive currents, lesser
fouling of electrodes, operation under extreme potential
and corrosive environments, etc. [84-87]. It is important
to note that un-doped nanocrystalline diamond (NCD)
also exhibits higher conductivity than microcrystalline
diamond (MCD), which is due to sizable n-bonding and
sp*hybridization. Phosphorus doped diamond (PDD)
show the highest conductivity in n-type diamonds [88,
89]. These have also been found useful for electrochemical
applications [90]. Phosphorus doping up to 10'-10%
atoms / cm®has been reported, which also depends upon
its crystallographic orientation [91, 92]. Nitrogen and
phosphorus co-doped nanocrystalline diamond have also
been reported as good field emitters [93].

Table 3:Applications of CVD diamond films

Diamond Property |Application Area

Diamond-based radiation
detectors for particulate radiation
(alpha, beta, neutrons, heavy
charged particles, etc.)

Radiation hardness

Diamond-based beta-voltaics
(nuclear batteries)

High thermal Heat sink for semiconductor lasers,

conductivity Electronic components, etc.

Transparency Windows for IR lasers, optical
lenses etc.

Absorption of UV |UV sensors

light

Field emission of |Flat-panel displays, electron guns,
electrons etc.

Surface chemistry | Bio-sensors, gas sensors, etc.
DNA tips
AFM probe, anti-wear coating on

cutting tools, etc.

Biocompatibility

Hardness




9. Applications of CVD Diamond Films

Applications of CVD diamond films stem from their
unique physico-chemical properties. Table-3 lists some of
these applications based on diamonds’ specific properties.
By controlling CVD growth parameters, film quality can be
tailored for a given application. It is for this reason, CVD
synthesis of diamond is envisaged to bring-in more and
more applications of diamond films.

10. Conclusions

Various allotrope of carbon have been briefly discussed.
Structure and physico-chemical properties of diamond,
graphite and nanocrystalline diamond (NCD) have
been summarized and their synthesis routes have been
discussed. CVD methods for synthesis of nanocrystalline
diamond (NCD) films are covered and effects of various
gas precursors on the growth process and quality of films
have been highlighted. Potential of NCD film is limitless.
Its applications have created niche in frontier technologies
in industries and many more are yet to be explored.
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Abstract

We report on the growth and characterization of superconducting a-MoGe and a-Re,Zr thin films, which
are type-II, transition metal superconductors, on a thermally oxidized Si-SiO, substrate. We grow the
films, at room temperature using pulsed laser deposition (PLD) technique. The superconducting transition
temperature (T ), the normal state resistance (R, the upper critical field (H_,), the zero-field penetration
depth (1) and the carrier density (n) were measured as a function of thickness. X-ray analysis showed
amorphous nature of the films and the stoichiometry of Mo:Ge as 3:1, while Re:Zr was 6:1. For the MoGe
thin films, the T ranged from 7.5 K in a 20 nm film, to about 1.6K for a film of thickness around 2 nm.
R, was between 256 Q to around 2500 Q, increasing with decreasing film thickness. H , spanned from
14.8 T for a 20 nm film, to about 6.9 T for a 3 nm film. A of the films ranged from 530 nm for the 20 nm
film, to about 1160 nm for a 2 nm thick MoGe film. The n increased with decrease in film thickness being
3.5*10%¥ m? for a 40 nm film, to about 1.3*10°* m? for a 3 nm film. We observe a change in sign of the Hall
coefficient in films around 9-11 nm and argue that this is possibly due to the hybridization of the d-orbitals
responsible for electron conduction in our system. In the Re Zr thin films, the T_ ranged from 5.9 Kin a
40 nm film, to about 2.3 K for a film of thickness around 3 nm. R, was between 240 Q to around 2700 Q,
increasing with decreasing film thickness and A of the films changed marginally for films with thickness
decreasing down to 8 nm. The n increased with decrease in film thickness being 8.67*10¥ m™ for a 40 nm
film, to about 1.7¥10* m? for an 8 nm film. Magneto-transport measurements point towards a rich magnetic
field-temperature phase diagram, while the penetration depth measurements indicate a s-wave coupling

for both the superconductors.

Keywords: Amorphous thin film, pulsed laser deposition, superconductivity

1. Introduction

Amongst the various thin film deposition techniques,
one of the most used is the Pulsed Laser Deposition (PLD)
technique [1]. It is a type of Physical Vapor Deposition,
that is a conceptually simple technique, that involves
focusing of an intense laser pulse, onto a target and in
turn, removing (or ablating) a small portion of the target
material in the form of a gas or plasma phase [2]. The
ablated material, is then deposited on a substrate that
acts as a platform upon which the film is grown. This
technique has several advantages like preservation of
stoichiometry from target to film, simplicity in setting
up, and precise growth of multi-component systems
from different target materials, over existing deposition
techniques that makes it extremely useful [3]. Though,
used for deposition of complex oxide compounds, during
its early days of inception (1960s), in 1969, the first
elemental metal was deposited using PLD (Schwartz et

150

al.), while by the 1990s PLD was systematically used for
deposition of metallic alloys and multilayers (Gavigan et
al.,, (1991); Singh et al., (1992); Krebs and Bremert, 1993)
[4].Over the last century, solid state physicists have been
concentrating on crystals and matters exhibiting perfect
crystalline symmetry. This holds true for superconductors
too, where for decades, mostly crystalline superconductors
were studied. However, in the last 50 years or so, there has
been a growing interest in perturbations and distortions
to these perfect systems [5]. The same interest has peaked
in case of superconductors which are amorphous in
nature. The amorphous phase can be considered the
most disordered phase of a solid. The first amorphous
superconductor was prepared by Buckel and Hilsch in
1954. They evaporated Bi in high vacuum and deposited
onto a substrate at liquid Helium temperature [6, 7]. The
first systematic study of amorphous superconductors
was done by Collver and Hammond, on 4d and 5d



transition metal alloys [8]. The characterizing features of
amorphous superconductors are increased value of T
in the amorphous state, as compared to the crystalline
phase for some transition metal superconductors, large
value of resistivity in the normal state, higher value of
2A/k T, as compared to the BCS theory which has the
value 3.52 for a weak coupling BCS superconductor. A
large value of H_,, indicating a small coherence length,
along with a large value of dH_,/dT | _,, consistent
with a large value of normal state resistivity and also
the density of states at the Fermi level [9]. Due to their
very short electronic mean free paths these materials
form good model systems to study the role of disorder
on superconductivity [10-19]. Presence of novel vortex
phases in these amorphous superconductors has been
an area of growing interest [20-22]. From the viewpoint
of applications, amorphous superconductors have been
used for fabricating superconducting detectors [23-25]
and vortex memory devices [26]. Although, a-MoGe is not
a new system being studied, literature survey tells that
a-MoGe thin films have been prepared using multitarget/
co-sputtering or sputtering from a pre-fabricated target
alloy [27-31]. We have used PLD to grow these films [32-
34]. The reason behind this was to get high quality and
homogenous films with stoichiometry being same as that
of the target pellet. Also, amorphous superconductors have
very low pinning strength, implying their vortex lattice [35-
37] is very soft, thereby making them ideal candidates to
study the BKTHNY phase transition [38]. Re Zr, the second
superconductor we report here, is a non-centrosymmetric
(NCS) in the bulk form with a T, of 6.7K in its crystalline
structure. It has a a-Mn cubic structure favoring a time
reversal symmetry (TRS) breaking with singlet-triplet
mixing [39, 40]. Although bulk measurements on both
single crystals and polycrystals showed the existence of
a fully gapped single band [41-43], muon spin rotation
measurements indicated signatures of TRS breaking. Point
contact Andreev reflection measurements also showed
presence of a multi-gapped structure [44], pointing
towards unconventional superconductivity close to the
surface. From these observations we attempt to synthesize
thin films of this superconductor where the surface to bulk
ratio can be controlled.

In this paper we report on the growth techniques of
a-MoGe and a-Re Zr thin films using PLD and subsequent
characterization of the structural and superconducting
properties. The a-MoGe films used in this study were 3 nm
to 40 nm thick, and grown on oxidized silicon substrates,
starting from a Mo, Ge,  target. The T, of the films varied
from 4.6K (3 nm film) to 7.5K (40 nm film), which is also the
bulk T.. We synthesized a-Re,Zr films up to a thickness(t)
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of 120 nm on the same substrate as used for a-MoGe. All
such films exhibited superconductivity for thicknesses
3 nm < t <120 nm, with the T approaching 5.9 K for t >
40nm. Wealso perform penetration depth, magnetoresistance
and Hall measurements in the normal state and employ
free electron gas analysis [45] to calculate the Fermi vector,
mean free path to estimate the disorder in the films.

2.  Experimental Details
21 Growth of the MoGe target material

The films were synthesized from a home grown
MoGe target. A commercially available Molybdenum rod
was taken along with small pieces of Germanium. The
components were taken in stoichiometric amounts (Mo:Ge
— 3:1) and placed on a copper hearth. This hearth is water-
cooled and plays the role of an anode in the arc-melting
procedure employed to make the MoGe target buttons [46].
The hearth along with the starting materials are loaded
onto a chamber in the tetra-arc furnace. The furnace is
equipped with a combination of high vacuum rotary and
turbo pumps, which bring down the pressure inside the
chamber to ~ 10 mbar. The chamber was flushed three
times with gaseous Argon to drive out any impurities that
might have been left. The arcs, made of Tungsten, acting
as cathodes, are ignited by sending a current of ~ 50A.
When the temperature of the chamber rises to ~ 3000 K,
the materials kept on the hearth start melting. The chamber
is heated for about 10 minutes and then rapidly cooled to
achieve an amorphous material. The end product takes
a dome shape, with a concave upper surface. The alloy
obtained is then flipped upside down, placed on the hearth
re-melted again. The process is carried out a total of four
times to ensure homogeneity. Two such targets were made
of diameter around 18 mm and thickness around 3.4 -
3.5 mm. Subsequently, the top surface was polished
with fine emery paper to obtain a flat, smooth ablating
surface.

2.2 Growth of the Re Zr target material

Re,Zr films of different thicknesses were grown
on surface oxidized Si (100) substrates by PLD. The
target material was made using the same arc-melting
technique, as was employed for making the MoGe target.
Stoichiometric ratio of 6:1 (Re:Zr) was taken in the form of
Rhenium powder (99.99% purity) and 99.999% Zirconium
shots, both from Alfa Aesar. Rhenium powder was first arc-
melted to form small Rhenium shots in a mono arc furnace.
Then the shots were taken along with the Zirconium shots
and melted to form a button (~ 1.1 cm diameter) in a tetra-
arc furnace. The top surface was then polished with emery
paper to make it suitable for ablation.
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2.3 Synthesis of the films

Both the thin films of MoGe and Re Zr were grown on
surface oxidized Si (100) substrate (oxide layer thickness
~ 200 nm) using PLD by ablation of the target. A 248 nm
excimer laser was used for deposition of the films at room
temperature. The deposition was carried out at a base
pressure of ~ 7*107 mbar which is brought about by a
combination of high vacuum rotary and turbo pumps. For
a metallic thin film, comparatively high energy density is
needed to maintain the stoichiometry, close to that of the
target, when compared to oxide thin films, and as such the
laser was focused in a tight spot, with a repetition rate of
10 Hz on the target, giving an effective energy density ~
240 m]/mm?, per pulse. The growth rate on an average was
1nm/100 pulse. Films with varying thickness were grown
by changing the number of laser shots. The films used for
magneto-transport and penetration depth measurements
were capped with a 2 nm thick Si layer to prevent surface
oxidation after it was found from initial MoGe thin films,
made with the commercial target, that the films were prone
to surface oxidation.

2.4 Structural characterization

In both the cases of a-MoGe and a-Re Zr, films with
t > 10nm, the thickness was directly measured using a
AMBIOS XP2 Stylus Profilometer. For thinner samples,
it was estimated from the number of laser pulses using
the calibration from thicker samples.Scanning electron
micrographs (SEM) reveal a featureless surface with low
density of particulates. EDX performed gave the ratio
of Mo:Ge and Re:Zr in the films. XRD analysis using a
Cu K o source, gave a broad hump-shaped contour,
indicating the amorphous nature of the films. Further
analysis using transmission electron microscopy (TEM)
showed concentric circular rings in the diffraction pattern
which confirm the amorphous nature of the films. TEM
was performed using a Tecnai 20-200 microscope with
LaB, filament operated at 200 kV. For both a-MoGe as well
as a-Re Zr, free-standing films were transferred on a Cu
grid as follows. First the films were deposited on surface
oxidized Si substrates coated with a PMMA layer. The
PMMA was dissolved by dipping the substrate in acetone
and the free-floating film on acetone was picked up on a
Cu grid. It was verified that 20 nm films on PMMA coated
substrate had the same Tc (within 0.1 K) as the films of same
thickness on surface oxidized Si substrate.

2.5 High frequency electrodynamics and Magneto-
transport measurements

Two-coil mutual inductance technique was employed
for the penetration depth measurements. In this technique,
the film grown in a circular geometry of 8 mm diameter
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is sandwiched between a quadrupolar primary coil and a
dipolar secondary coil such that the magnetic shielding
response is given by the complex mutual inductance, M
= M’ + iM” measured at 31 kHz. The penetration depth
is then calculated numerically, using a theoretical model
for the given two-coil setup. (more details can be found in
ref.57) The measurements were done in a home-built He*
cryostat, which went down to 2 K. The electronics used for
this are a pair of Stanford SR830 Lock-ins. The temperature
dependence of resistivity (p), T.and the carrier density (n)
were measured through a conventional DC four probe
technique, in a home-built variable temperature insert
(VTI), up to a maximum field of 110 kOe. The current
was sent via a Keithley 6220 precision current source and
measured in Keithley 2182A nanovoltmeter. The films
were patterned through a shadow mask into a Hall bar
geometry. The current was passed across a 1.3 mm long and
0.35 mm wide bridge and the voltage was measured across
it. The voltage developed was an average of the currents
sent in two opposite directions across the film, to negate
the Peltier effect occurring at the junction of the films and
the Cu and Au wires used to make contacts on the film.
The Hall voltage was deduced from reversed sweeps of an
externally applied magnetic field, ranging up to 11 T, after
subtracting the resistive contribution.

3. Results

3.1 a-MoGe thin films

Fig 1(a) shows the x-ray diffraction (XRD) 0 - 20 scans
for a-MoGe films. For the thin films, we observe a broad
hump around the main peaks between 20 of 35° to 45°. The
peaks coming in the data are those from the substrate used
(surface oxidised Si/SiO,), as they match with the XRD data
of the substrate alone. High resolution TEM image on a
20 nm thick film (Fig. 1(b)) shows a uniform and featureless
film surface along with diffuse ring patterns for electron
diffraction measurement, pointing towards the amorphous
nature of the film. Scanning Electron Microscope (SEM)
images (Fig 1(c)) point out to a featureless film surface with
very low density of particulates. Energy dispersive X-ray
(EDX) analysis of the films show the stoichiometric ratio
of Mo to Ge in the films to be approximately 3:1.

We observe from Fig. 2 the results of the magneto-
transport (R-T) and exclusion of the magnetic field (M-T)
experiments for the a-MoGe films. Figs. 2(a) and 2(b) show
the temperature variation of the resistance and also the
sheet resistance (R) with different film thicknesses (%).
The films show a weak negative temperature coefficient
along with large normal state resistivity (p,) (inset of Fig.
2(d)) point towards the behaviour of a bad metal. Fig 2(b)
shows a magnified view of the resistive transition, which
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Fig. 1: (a) X-ray diffraction 6-26 scans of the a-MoGe films and the Si/SiO,
substrate (b) High resolution TEM image of 20nm thick film and electron
diffraction pattern of the selected area (inset). (c) SEM topographic image
of the same film; two particulates are visible within the scan range of the
otherwise clean surface. (d) Schematic of the PLD chamber.

are reasonably sharp, indicating a single phase of the films.
Fig 2(c) shows the magnetic shielding response measured
using a 2-coil mutual inductance setup for thin films. The
superconducting transition temperature (T), is defined as
the temperature where the resistance drops to 0.05% of its
value in the normal state (measured at 9 K as a standard)
from the resistance vs temperature measurements.
While from the 2-coil measurements, it is defined as the
temperature where M’ drops to 99% of its normal state
value. From both these definitions, we get almost the
same value of the T for a given film. Fig. 2(d) captures the
variation of T with thickness. For bulk samples (20 nm
and of higher thickness) it saturates to about 7.5 K, where
with decreasing thickness, we see a systematic reduction
to about 6 nm, till which the decrease is relatively gradual,
but below it, the T decreases drastically to 1.84 K for a
film of thickness 2 nm. Figs. 2(e)-(f) show the results of
the Hall measurements performed at 25 K. In Fig. 2(e) we
plot the dependence of the Hall resistance for different film
thicknesses, while Fig. 2(f) shows the variation of carrier
density with thickness of the films. It is interesting to note
that the type of carriers for the 11 nm, 20 nm and 40 nm are
holes, whereas the carrier type for the 3 nm and the 6nm
films are electrons. The carrier density, n was obtained
from the Hall coefficient,
Ry = p;_y > using the relation, M = i-

Figs. 3(a)-(b) show the magnetic field variation of the
resistance of the 3 nm and 20 nm MoGe films, observed
at different temperatures, with the magnetic field being
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Fig. 2: (a) Variation of resistance for a-MoGe films with different
thicknesses. (b) Expanded view of the temperature dependence of sheet
resistance (R ) close to the superconducting transition. R, at 9K is taken
as the normal state sheet resistance. (c) The real and imaginary parts
of the magnetic shielding response M = M’ + iM”, as a function of
temperature, for different film thicknesses. (d) Variation of T with film
thickness (t) as measured from R-T and M-T. Variation of normal state
resistivty (p°) with thickness is given in the inset. (e) Hall resistance
(R,,) as a function of magnetic field variation for different t, taken at
25K. (f) Carrier density (n), obtained from R  as a function of.

applied perpendicular to the film plane. The upper
critical field, H , is defined as the magnetic field, where
the resistance reaches 90% of its normal state value. H_,(0)
and the Ginzburg-Landau coherence length, &5, (0) is then
determined using the dirty limit formula [47].

Hey (0) = 0693+ T, () andé, (0) = =)W

d 2TH¢p

The H,, (0) ranges from ~14.8 T for the 20nm film
and decreases systematically to 6.9 T for the film of 3nm.
The corresponding ¢, (0) ranges from 4.8-6.9 nm (Fig.
3(d)). Figs 3(e)-(f) shows the variation of the zero-field
penetration depth 42 with temperature, as a function of
film thickness and the consequent fitting with the dirty
limit BCS expression [48],

)

A72(T) A(T) [A(T)
A72(0) ~ A(0) 2kgT
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using A(0) and A(0) as fit parameters and assuming a
BCS temperature variation of A(T)). It is interesting to
note that A(0) doesn’t show appreciable variation with
thickness till down to 5 nm. The ratio of the A, obtained
from experiments as T—0, to that obtained from the fitting
is close to 1 upto 5 nm film thickness, while decreasing
rapidly for the 2 nm film, due to combined effects of
increasing disorder coupled with quantum and classical
phase fluctuations [49].

3.2 a-RelZr thin films

Fig 4(a) shows the x-ray diffraction (XRD) 6-260scans
for a-Re Zr films. For the thin films, we observe a broad
hump around the main peaks between 26 of 40° to
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Fig. 3: For a-MoGe variation of R, with magnetic field for two film
thickness, (a) 3 nm and (b) 20 nm. (c) Variation of H , with temperature,
for different film thickness. (d) Variation of H ,(0) and &, (0), (calculated
using eqn. 1) with film thickness. (e) Temperature variation of A for
films of different thickness; the solid lines are fits with dirty limit BCS
expression (eqn.2), (f) variation of A*(T—0)/ A, .*(0) and A, (0) with
different film thickness.

BCS BCS

50°. High resolution TEM image on a 40 nm thick film
(Fig. 4(b)) shows a uniform and featureless film surface
along with diffuse ring patterns for electron diffraction
measurement, pointing towards the amorphous nature
of the film. AFM measurement shows smooth films with
no granularity with a surface roughness of ~ 1-1.5 nm
(Figs. 4(c)-(d)). Energy dispersive X-ray (EDX) analysis
of the films show the stoichiometric ratio of Re to Zr in

154

the films to be approximately 6:1. We perform transport
measurements on the a-Re Zr thin films, and the results
are as follows.

Figs. 5(a)-(b) show the temperature variation of the
resistance (sheet resistance for the heating curve 5(b)) with
temperature for different film thicknesses. Like a-MoGe,
we observe a weak negative temperature coefficient of
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Fig. 4: (a) X-ray diffraction 6-20 scans of the Re Zr target (left axis) and
a-Re Zr films (right axis). (b) High resolution TEM image of 40 nm thick
film and representative selective area electron diffraction pattern (inset).
(c) and (d) AFM topographic image of two a-Re Zr films; one particulate
can be observed within the field of view in the 20 nm sample.

the resistance coupled with large normal state resistivity
y(p) from 2-3 uQ (at 9 K, inset of Fig. 5(d)), pointing to
wards the nature of a bad metal, in the normal state of
the superconductor. Fig 5(c) shows the magnetic field
screening response with different thickness. Fig 5(d)
shows the variation of T with thickness. It remains at
a constant value of 5.86 K for thicknesses from 120 nm,
down to 40nm (the bulk regime), whereby there is a
decrease downwards with decreasing thickness. Down
to 8 nm, the decrease in T  is gradual but for thickness <8
nm, there is a sharp decrease, with the 3nm film having a
T of 2.3 K. In figs. 5(e)-(f) we have the Hall resistance and
the carrier density as a function of thickness, measured
at 25 K. Unlike the case of a-MoGe, here we don’t see a
change in the sign of the Hall resistance as we go down
with thickness. The sign of Hall resistance is negative for
the a-Re Zr films, indicating the majority carrier type to
be electrons. Following the calculations of Hall coefficient,
as done for a-MoGe filimns, one can estimate the carrier
density for the a-Re Zr films.



Figs. 6(a)-(b) show the magnetic field variation of
R_ for film of thickness 40 nm and 5 nm, measured at
different temperatures. One interesting aspect, not shown
by the a-MoGe films down to 3 nm, is the crossover of the
magnetoresistance curves around 72 kOe for the 5 nm
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Fig. 5: (a) Variation of resistance for a- Re Zr films with different
thicknesses. (b) Expanded view of the temperature dependence of sheet
resistance (R) close to the superconducting transition. R at 9 K is
taken as the normal state sheet resistance. (c) The real and imaginary
parts of the magnetic shielding response M = M’ +iM”, as a function of
temperature, for different film thicknesses. (d) Variation of T with film
thickness (t) as measured from R-T and M-T. Variation of normal state
resistivty (p*) with thickness is given in the inset. (e) Hall resistance
(R,,) as a function of magnetic field variation for different t, taken at
25 K. () Carrier density (n), obtained from R  as a function of t.

film. This crossover reflects the weak negative temperature
coefficient of resistance in the normal state. Like in the case
of a-MoGe, the H , is defined as the field, where R _reaches
90% of its normal state value. Fig. 6(c) shows the variation
of H, with temperature, for films of different thickness.
We determine H ,(0) and the Ginzburg-Landau coherence
length, ¢, (0) using eq. (1), where H_,(0) ~ 11 T for the 40 nm
thick film and decreases to 6.5 T at 5 nm. The corresponding
. (0) ranged between 5.5 - 7.1 nm (Fig. 6(d)). Figure 6(e)
shows variation of A2 as a function of temperature for
films of different thickness. The data is fitted with the dirty
limit BCS expression (eq. (2)) with fit parameters A(0) and
L(0) parameters (plotted in Fig. 6(f)) and assuming a BCS
temperature variation of A(T). It is interesting to note that
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L(0) doesn’t show appreciable variation with thickness.
Unlike the variation of A2 for the 2nm a-MoGe film, due
to combined effects of disorder and phase fluctuations, we
don’t see any such signature for the 5nm film.

4. Discussions

We have seen from penetration depth measurements
and reports from tunneling experiments [50,51] that
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Fig. 6: Variation of R, Re Zr with magnetic field for two film thickness,
(a) 40 nm and (b) 5 nm. (c) Variation of H , with temperature, for
different film thickness. (d) Variation of H,(0) and &, (0), (calculated
using eqn. 1) with film thickness. (e) Temperature variation of A for
films of different thickness; the solid lines are fits with dirty limit BCS
expression (eqn.2). (f) Variation of A*(T—0)/ A, .. *(0) and A, _.(0) with
different film thickness

BCS BCS

thin films of both a-MoGe and a-Re Zr behave like a BCS
superconductor. We now try to find the mechanism for the
variation of transition temperature with thickness in the two
systems. Following the model of Simonin[52], based on the
Ginzburg-Landau theory one gets a description between the
correlation of film thickness with T, which goes as

1o = 1 (1-5) ®)

where T, is the bulk T and d_ is the critical film
thickness, below which superconductivity disappears.
Using least square fitting method, we obtain for a-MoGe,
Tcoas 7.82 K and T; as 1.49 nm as shown in Fig 7(a).

155



SMC Bulletin Vol. 11 (No. 3) December 2020

This is in good match with the T of the bulk films
(20nm and higher), while for the 2nm thick film, T goes
down to 1.84 K, pointing towards the disappearance of
superconductivity as one goes to 2nm and lower. The
same analysis, when employed for the a-Re Zr films, gives
Tcoas 617 K and T¢ as 1.69 nm, shown in Fig 8(a). The
bulk films (40 nm-120 nm) all show a T,. of around 5.85 K,
while going down in thickness to 3 nm, T, is reduced to
2.29 K. The thin films of both a-MoGe and a-ReZr both are
in the strong disorder limit, as ascertained from the dirty
limit BCS fitting of the penetration depth and the mean free
path (J) calculation, from the Hall data, using free electron
gas relations, as shown in Figs 7(c) and 8(c). The electronic
mean free path is given by

_ mvufg

=t Ve e = G @

where m is the electron mass, e is the electron charge,
and Vg (kp) is the Fermi velocity (wave-vector). We obtain
the electronic mean free path, [ ~ 0.7-1.7 A for the a-MoGe
films, while for the oai—ReéZr films, I was more or less a
constant around 0.5 A (assuming the effective mass of the
electron to be the free electron mass). The corresponding
value of k.l ~ 1 for both sets of films, suggests that the films
are strongly disordered.

Destruction of superconductivity occurs via two
different, although not always mutually exclusive, routes.
One is the fermionic mechanism[53,16], where with
increasing disorder, the effective screening between the
two electrons forming a Cooper pair, weakens, with the
electron-electron Coulomb repulsion gaining precedence
over the phonon mediated pairing, thereby leading to a
decrease in the amplitude of the order parameter and hence
causing a decrease in T . The theory of this effect for thin
films was given by Finkelstein, which predicts a correlation
between T and the sheet resistance R_given by [16],

T, -\ g2
=M () Tk
[, ®)
X = TV = In(h/tTcoks)
iy

Here T is the limiting value of T for large thickness.
In Fig. 7(b) and 8(b) we show that we can fit our data with
eqn. (5) reasonably well, with T ~7.8 Kand y ~8.72 for the
a-MoGe thin filmsand T ,~ 6.5 Kand y=~8 for the a-Re Zr
thin films respectively. The value of y is comparable to
that obtained for a-MoSi[25] and a-MoGe [54] films,
made from sputtered targets.The second mechanism is
the destruction of superconductivity from thermal phase
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fluctuations. Quantitively this is estimated by comparing
the values of the superfluid stiffness, J, which is given by
(in SI units)[55, 56],
_ h?nga . m

J= Tam Ns = upeza? ©

where HUg is the permeability of vacuum and
a = min{t, {;,(0)}. Phase fluctuations start playing an
important role when J(0) S A(0). It has been shown
recently that in a-MoGe films, that there is a crossover from
the first mechanism to the second [49] when the thickness
becomes ~ 2 nm (Fig 7(d)). For the a-Re Zr films, down to
5nm, J(0) is larger than A(0) (Fig 8(d)), and therefore we
don’t expect phase fluctuations to play a dominant role in
the destruction of superconductivity. The possibility of the
crossover still remains an open question that will have to
be addressed in more detail in the future.

Regarding the reversal of the sign of the Hall
coefficient, for the a-MoGe films, one possible explanation
[568-60] is the hybridization of the s-d orbitals and hence
the distortion of the E-k dispersion curve in amorphous
transition metals. Weir et al. showed that in a transition
metal, following some model Hamiltonian, a free electron
(s) band hybridizes with tightly bound d-orbitals. As a
result, the dispersion curve is distorted into a S shape
and depending on the curve where the slope is taken \A
comes out to be positive and negative, thereby making
the charge carriers holes or electrons. This leads us to an
assertion that the Fermi-level of the a-MoGe system might
be thickness or disorder dependent. Dependence of R,
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Fig.7: (a) Variation of T . with 1/t, for the a-MoGe films and fitting with
the Simonin model using eq. 3; (b) Variation of R, with T . and fitting
with Finkelstein model, following eq. 5. (c) Variation of electronic mean
free path (1) with t (using eq. 4); (d) Comparison of A(0) (blue circle)
and J(0) (red circle) for a-MoGe films of different thickness
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on thermopower[61] is another factor for sign reversal of
the Hall coefficient. Fritsch et al. showed that according to
the Ziman model, in the expression of the thermopower, a
factor called Y defined as y = din (Er ), is related to R, as
Ry = I::_I (nle|)™!, where V is the volume of the system and
n is the carrier density. So, in a sense, dependence of Fermi
level on film thickness can be a criterion in our system for

the sign reversal.

5. Conclusions

In summary, we have successfully grown thin films
of a-MoGe and a-Re Zr by pulsed laser deposition and
carried out a comprehensive study of the superconducting
and structural properties. Measurement of penetration
depth and magneto-transport measurements show that
both are Type II s-wave superconductors, with upper
critical fields for the thick samples exceeding 100 kOe. The
ability to grow high quality thin films can have potential
applications in the field of superconducting single photon
detectors (SNSPDs), where the films can be integrated
into advanced optical structures like waveguides and
cavities.
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Abstract

Charge carriers transport characteristics of coaxially-gated single-walled carbon nanotube field effect
transistors (SWNTFET) have been investigated in presence of transverse magnetic field by simulation
using non-equilibrium Green function (NEGF) method. It is found that the shape and position of energy
band get modified as a result of strain introduced under application of magnetic field. The band bending
at higher magnetic field leads to the band gap reduction, which in-turn transformation of semiconducting
carbon nanotube into metallic. The band gap reduction made available sufficient number of density of
states, which are responsible for rapid enhancement in thermionic and tunneling current through increased
carrier injections in the channel region. The modulation of carrier transport through transverse magnetic
field in SWNTFET explores the possibility for usage in next generation photonic and electronic devices.

Key Words: SWNTFET, NEGF, Tunneling Current, Thermionic Current, Quantum Transport

1. Introduction

The quasi-1D symmetrical structure and outstanding
electronic properties of semiconducting single-walled
carbon nanotube (SWNT) made it a potential material
at nanoscale regime [1-3]. Depending on their chirality
nanotube can be metallic or semiconducting, therefore
different structure having different electronic properties
[2]. The lighter weight, smaller size, high aspects ratio,
good tensile strength and mechanical properties of carbon
nanotube (CNT) made them potentially useful as fillers
in different materials (polymers, metallic surfaces and
ceramics), transistors, sensors, membranes and capacitors
[4-8]. Moreover, SWNT has also been explored in the field
of chip-scale plasmonics, such as, launching and detection
of surface plasmons polariton on nanoscale plasmonic
waveguide [9,10].

The Electronic properties of SWNT can also be tuned
by bending, twisting, mechanical distortion and application
of magnetic field [11-13]. Since the band gap is inversely
proportional to diameter of semiconducting SWNT [2]. The
external magnetic field modulates the electronic properties
of SWNT by altering the band gap, which is found to be
oscillatory function of magnetic field [14]. The magnetic
field can be applied either parallel or perpendicular to axis of
nanotube and is impacting significantly on the energy band
diagram [13-15]. There is band-gap opening in case of metallic
SWNT for magnetic field parallel to the axis of nanotube.
However, the band gap is found to be suppressed in case of
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semiconducting single-walled carbon nanotube (SWNT) for
perpendicular field [13-20].Thus, the conductivity of SWNT
can be modulated by magnetic field irrespective of the nature
(semiconducting or metallic) of nanotube.

In this work, it has been explored the effect of
transverse magnetic field on (17,0) single-walled carbon
nanotube field effect transistor (SWNTFET). The carrier
transport is discussed by taking in account of quantum
effect and is presented in terms of energy position resolved
spectrum for both ballistic and non-ballistic transport. The
non-ballistic carrier transport is studied by considering
the inelastic phonon scattering. The non-equilibrium
Green’s function (NEGF) method was used to calculate
the transport characteristics of SWNTFET, where p -orbital
based tight binding Hamiltonian (H) was used to describe
the interaction between carbon atoms [21].

2. Theory and Simulation
The external magnetic field is considered as a prominent
perturbation to influence the transport properties of SWNT.
The external magnetic field B is expressed in terms of the
vector potential as [20].
? LB . 2 1
A=(0,—Smﬂ) @
21 L
where, L = ‘6’ h‘ is the circumference of chiral vector.The

vector potential modifies the momentum operator in the
Hamiltonian as P to (;,_eg/c) [19].
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The e-k dispersion relation in presence of transverse
magnetic field is expressed as [14].

ek)y== A
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where, A is the band gap, ¢ = (JZR B/ ¢0) R is the
radius of SWNT and @, =(h/e) is quantum of magnetic
flux and g5(@) >1 (diverges as ¢ — o). g5(@) =1+

(36/5)¢> —(396/25)9" +.......... , - » which holds for
@<1/4 . Atlarger field ¢ >1/4, the band gap suppresses

exponentially by a factor of g,,;(¢) =exp(@d¢) [14].Thus,
the band gap gets suppressed in presence of magnetic field
by a factor g 5(@). The energy band diagram of SWNT is
calculated by self-consistent potential method [22,23]. The
density of carriers is determined by using the electron and
hole correlation functions, which is expressed in terms of
Green'’s function [22,23].

G(E)=[(E+i0")I-H-X, -X,-% 1" (5)

where, E is the energy, Lz, and 3y, are the self-
energy interaction matrices for source, drain and scattering
interaction.The effect of source and drain contacts on
nanotube channel is described by self-energy matrices [23-
25]. To study the carrier transport characteristics, SWNT
is considered as a channel in coaxial gated device. The
integrated current flow from source to drain is determined
by the equation [24]

I, =%jT(E)[f(E—EFS)—f(E—EFD)]dE ©

where, ¢, h and T(E) are the electron charge, Planck
constant and transmission coefficient respectively.

The schematic diagram of n-i-n coaxially gated (17,0)
SWNTFET structure is shown in Fig. 1. Source and drain
doping concentration (N,) is considered as 8.75x10°
m™ (n-i-n device), thickness of oxide layer (t ) is 3 nm,
dielectric constant of material (k) is 16 and length of channel
is taken 18 nm for the simulation.The external magnetic
field pushes the barrier closer and consequent to change in
the band gap of nanotube. The presence of external biasing
(either gate or drain) disturbs the equilibrium by pushing
the electrons from one end to other (source and drain) and
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resulted into net flow of current. Therefore, it is required
to understand the impact of magnetic field on energy band
diagram of SWNT in presence of external biasing.

Applied Magnetic Field

LCNT

Source Drain

Fig. 1: Schematic diagram of coaxially gated (17,0) SWNTFET for
simulation study. The magnetic field direction is shown by solid arrow,
which is transverse to nanotube axis.

Band gap reduction and change in shape of band is
observed at higher values of transverse external magnetic
field. The effect of magnetic field on the energy band
diagram of (17,0) CNTFET at different gate voltages is
shown in Fig. 2.

3. Results and Discussion

The change in shape and position of band are observed
with gate bias (V) at different transverse magnetic field.
It is found that the sub-band energy shift down with an
increase in gate voltage (Fig. 2(a), (d) and (g)). At high
gate voltage, the gate field pushes down the sub-bands in
channel, which results in lowering the height of potential
barrier between source and channel conduction bands [26].
The influence of magnetic field on energy band profile
of CNTFET biased at fixed drain (V) and gate voltage
is presented in Fig. 2(a)-(c) and band gap reduction is
observed. The band gap decreases due to perturbation
potential introduced by magnetic field. Such coupling of
gate potential with perturbation potential deforms the
lattice structure of nanotube, which resulted into shape
change of conduction and valence bands [27].

At low gate field, there is shift in sub-bands energy
with increase in magnetic field. However, there is no
significant change in shape of energy bands as depicted
in Fig. 2(a)-(c). With increase in gate field, the potential
barrier is dropped down and the presence of high magnetic
field favored more number of scatterer inside the channel
region, which affects the transport of carriers and shapes of
bands [28]. The tunneling states inside channel disappeared
in the presence of high gate field. Thus, the electrons
overcome the top of barrier through thermionic emission
(TE) mechanism [29].
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Fig. 2: Plot of first conduction and valence sub-band of (17,0) SWNTFET in presence of

transverse magnetic field at V= 0.1V.
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and ¢ = 0.25

The consequence of transverse magnetic field on TE
and tunneling current (ballistic) is presented in the Fig.
3(a) and (c), respectively and their respective energy
position resolved band diagram is shown in Fig. 3(b) and
(d), respectively. A drastic change in TE and tunneling
current is observed under external magnetic field. The
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TE current starts to appear along
with tunneling current for negative
gate voltage (Fig. 3(c)). The band gap
reductions with increased magnitude
of magnetic field push down the
potential barrier and therefore provide
an opportunity for electron to surpass
the barrier. The reduction of threshold
voltage, V, = (Eg / 26) (where, E is the
band gap of SWNT andV, = 0.323V for
biasing condition) due to suppression
of band gap leads to more number of

electrons injection in channel region
[30].

Light brighter line above the top
of conduction band (CB) barrier (Fig.
3(b)) represents the flow of electrons
from the source to the drain. Influence
of magnetic field on electron tunneling
current is shown in Fig. 3(c)-(d). It
is observed that TE current starts to
appear along with tunneling current
in the presence of magnetic field. There
exists a finite density of states beneath
the CB band edge due to the appearance
of the tunneling states (formed due
to the longitudinal confinement in
the effective potential well) and are
responsible for tunneling current [28].
This is due to the alignment of source
CB with channel valence band (VB)
as a consequence of the negative gate
biasing in the presence of magnetic
field (Fig. 3(d)). Tunneling of electron
from source to drain side through these
discrete states starts to appear as a
tunneling current [28,31,32]. However,
band gap reductions at higher values
of magnetic field reduced the threshold
voltage, which causes the electron
concentration to increase. Therefore, few
of them (electrons) have a chance to get
through the barrier and consequences
into appearance of TE current along
with tunneling current. Since potential

barrier has noteworthy consequences on performance of
the MOSFET-like devices having doped contacts region as a
source and drain [31,32]. In Fig. 3, it is noticed that in case of
ballistic transport the carrier injected from the source arrive
at the drain terminal without losing any energy which is
in good agreement with reported values [23,32].
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tunneling current spectrum is shown in
Fig. 4 (a) and 4 (b) and their respective
electron density profile is presented
in Fig. 4 (c) and 4 (d) under different
magnetic field.

It is observed that tunneling is
the dominant mechanism of carrier
transport in non-coherent transport (Fig.
4). The electrons tunnel from source to
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drain through the tunneling sites inside
the channel [21,28]. The interrupted (half
line) line below the source CB (Fig. 4
(a) and (b)) represents the fraction of
electrons which travels via emitting a
phonon of corresponding energy and
continuous line represent the number
of electrons which tunnel through the
discrete quantized states without losing

Fig. 4: Energy position resolved (a)-(b) current-spectrum (c)-(d) electron-density profile of
(17,0) SWNTFET for ¢ = 0.08 and ¢ = 0.16 respectively at V_,=-0.575V, V, =0.352V

at different magnetic field for non-coherent transport.

its energy [28]. Increase in the number
of phonon emission line is observed for
higher value of magnetic field (¢ = 0.16)

(Fig. 4(b)).

® Log,, 168) ® Log,, 1E) Influence of magnetic field on TE
0 current in presence of magnetic field
i s is shown in Fig. 5 and their respective

2 2
- a - s electron-density profile is displayed
© s " © " in Fig. 6. It is observed that there is a
E ° E ° rapid increase in TE current with rise in

i B magnetic field (Fig. 5(a)-(d)).
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Fig. 5: Energy position resolved current-spectrum of SWNTFET for (a) ¢ = 0, (b) ¢ = 0.08,

() o =0.16 and (d) ¢ = 0.18 at V= 0.352 V, V, = 0.352 V.

The non-ballistic (dissipative) carrier transport is
studied by modifying the respective source and drain
self-energy matrices [23,24,28]. Since scattering have
significant importance on transport properties of SWNT
[23,28]. The effect of scattering is studied by considering
electron-phonon interaction as a prominent perturbation
in the Hamiltonian term [23]. The energy position resolved

therefore they tends to occupy the low
lying energy level along the drain side
[28,33].1t is observed that there is large
number of carrier relaxation at higher value of magnetic
field (Fig. 5(d)). A small bright line is observed above the
top of channel, because sufficient amount of carriers are
not able to pass the potential barrier at ¢ = 0 (Fig. 6 (a)).
The increased strength of magnetic field causes the VB and
CB come closer, which result in thickening of the electron
transport line (Fig. 6(d)) due to excitation of more number
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band gap reduction (in presence of
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6 magnetic field) causes more number of
i states to be occupied in (fs-fd) region
above the top of barrier, which leads
to increase in drain current in the
presence of magnetic field (Fig. 7(a))
[32]. The drain current first increases
with V. and then get saturated at

10 20 30 40 50 60 70
Position (nm)

10 20 30 40 S0 60 70
Position (nm)

higher drain biasing. However, a small

Gnix.E) Gn(x.E)

30 &0 &0 70
Position {(nm)

10 20 30 40 &0 80 T0
Position (nm)

change in drain current is observed at
positive gate voltage region in case of
transfer characteristics under influence
of magnetic field (Fig. 7(b)). It is
noticed that drain current represent an
2 enhancement with increasing V , and
1 get diminished at V_, = 0V, further,
there is advancement in it due to the

involvement of tunneling conduction

Fig. 6: Energy position resolved electron-density spectrum for (a) ¢ = 0, (b) ¢ = 0.08, (c) ¢ =

0.16 and (d) ¢ = 0.18 at V= 0.352 V and V= 0.352 V.

mechanism at negative gate biasing
region.

4. Conclusion

@ ®)

In conclusion, the influence

-3

of magnetic field on ballistic and
non-ballistic carrier transport of
(17,0) SWNTFET n-i-n device is
studied by NEGF method. The
device characteristic was altered by
external magnetic field. The band gap
reduction was the dominant factor
to influence the transport properties

03 04 1003 96 04 Q2

VpsV)

02

06 08

0

Ves¥)

under transverse magnetic field. The
shift in bands position and shape
change has been observed due to

02 04 06

Fig. 7: (a) Output characteristics at V.= 0.352 V and (b) Transfer characteristics at V=

0.352 V of (17,0) SWNTFET device in presence of magnetic field.

of charge carriers.

The effect of scattering reduces the current by emitting
the phonon of corresponding energy [28,33]. Some of the
electrons tunnel without losing the energy but few of them
having chance to reflect back due to the increased number
of collision inside the channel. Thus the occurrence of
larger number of scattering event results in decrease of
drain current [28].

Impact of magnetic field on output and transfer
characteristics of n-i-n SWNTFET device is shown in Fig. 7.
Increase in drain current is observed in output and transfer
characteristics at higher magnitude of magnetic field. The
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the gate potential coupling with
perturbation potential introduced by
an applied magnetic field. Increase
in TE and tunneling current is observed with increased
strength of the magnetic field. It was observed that
magnetic field pushes down the barrier which result in
the formation of tunneling sites inside the channel region,
causing tunneling current to increase and also enhances
the TE current. Due to participation of more number of
density of states there is increases in the drain current for
both output and transfer characteristics. More number of
carrier relaxations (TE) is seen with increased strength of
magnetic field. Therefore, a large number of carriers get
accumulated towards the drain side representing the large
number of phonon emissions with increased strength of
the magnetic field.
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