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Abstract
There has been a remarkable excitement in graphene research since the famous
discovery in 2004 by isolating a monolayer with the help of scotch tape.
Graphene, merely a single layer of carbon atoms, is progressively making
inroads into a wide range of applications, from ballistic electronics to
biosensors to flexible/transparent displays. Graphene is a matchless material
that is strong, light, transparent, and an excellent conductor of heat and
electricity. On the other hand, zinc oxide (ZnO) is a wide band semiconductor
that demonstrates excellent electrical, optical, catalytic and sensing properties
and has numerous applications in various fields. ZnO is a natural n-type
semiconductor due to the presence of intrinsic defects such as Zn interstitials
and O vacancies that also contribute strongly to optical emissions in the visible
region.
The amalgamation of the exceptional properties of graphene with good
semiconducting properties of ZnO can pave the way towards the realization of
future devices (LED, biosensors, photovoltaics etc.).
In this thesis, graphene nanosheets and zinc oxide (ZnO) nanostructures have
been successfully synthesized by using chemical vapor deposition (CVD),
vapor liquid solid (VLS) or wet chemistry routines. These nanostructures were
used to fabricate nano and optoelectronic devices, including field effect
transistors (FETs), light emitting diodes (LEDs), UV detectors and biosensors.
Both nanomaterial’s properties and performances of the devices have been
characterized and reported.
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Populärvetenskaplig sammanfattning
Det har varit en anmärkningsvärd uppståndelse kring grafenforskningen
sedan den berömda upptäckten år 2004 där man isolerade ett monoskikt med
hjälp av tejp. Grafen, ett enda lager av kolatomer, gör gradvis inbrytningar i ett
brett spektrum av tillämpningar, allt från ballistisk elektronik för biosensorer
till flexibla och transparent displayer. Grafen är ett enastående material som är
starkt, lätt, transparent, och en utmärkt ledare av värme och elektricitet.
Zinkoxid (ZnO) är en halvledare med stort bandgap som har utmärkta
elektriska, optiska, katalytiska och avkänningsegenskaper och har därmed en
mängd tillämpningar inom diverse områden. ZnO är en naturlig n-typ
halvledaren på grund av närvaron av inneboende defekter, som Zninterstitialer och O-vakanser vilka även bidrar starkt till den optiska
emissionen i det synliga området.
Sammanslagningen av de exceptionella egenskaperna hos grafen med de goda
halvledande egenskaper hos ZnO kan bana väg för förverkligandet av framtida
komponenter (LED, biosensorer, solceller etc.).
I denna avhandling har nanoskikt av grafen och zinkoxid (ZnO)
nanostrukturer framgångsrikt syntetiserats genom chemical vapor deposition
(CVD), vapor liquid solid (VLS) och våtkemiska processer. Dessa
nanostrukturer har använts för att tillverka nano-optoelektroniska
komponenter som fälteffekttransistorer (FET), lysdioder (LED), UV-detektorer
och biosensorer. Både egenskaper hos nanomaterialet och prestanda för
komponenterna karakteriserats och rapporterats.
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Chapter 1
INTRODUCTION
The revolutionary Feynman vision of a mystical field of nanotechnology, based on
nanomachines that are built with atomic precision and control, promised great
prospects. This prophecy made nanotechnology a buzzword and propelled a global
nanotechnology race. At present, nanostructured materials are seen as the
essential building blocks of the next generation electronic industries. Their unique
physical and chemical properties at the nanoscale encourage invention of novel
devices made from nano-circuits and nanomachines, attracting immense
investments. Since the US National Nanotechnology Initiative was announced in
2000, almost every developed and developing economy is currently spending an
average $10 billion per year on nanotechnology research and development. It is
estimated that nearly a quarter of a trillion dollars will have been invested into
nanotechnology by 2015 [1], making nanotechnology a big success.

1.1 Background and motivation
The discovery of new materials and diverse structures has been the beauty of
nanotechnology over the years.
With every new material come new
opportunities, bringing exceptionally exciting and rewarding eras of scientific
and technological research. The recent discovery of graphene [2], a perfect twodimensional (2D) honeycomb network of carbon, has brought us on the verge
of such an era. Graphene has drawn remarkable attention since its discovery in
2004, not only in the field of basic research but also in technological
applications due to its unique physicochemical dimensions, high sensitivity,
extremely large surface area (2630 m2 g-1), high optical transmittance (
97.7%), excellent mechanical (fracture strength, 125 GPa), thermal (thermal
conductivity ~5000 W m-1 K-1) and electrical properties (carrier mobility~200
000 cm2 V-1s-1) [3-10]. The graphene gold rush [11] (so to say) began as soon as
it was experimentally confirmed that its charge carriers were certainly massless
Dirac fermions [12, 13]. This “wonder material” won 2010 Nobel Prize in
physics and has been instigated in many applications, as illustrated in Figure
1.1. One objective of this dissertation is the synthesis of cheap solution
processed graphene film and its application in optoelectronic devices such as
ZnO based light emitting diodes (LEDs).
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Figure 1.1: Some properties and applications of graphene in different domains.

On the other hand, zinc oxide (ZnO) is a unique material possessing
semiconducting and piezoelectric dual properties. ZnO has perhaps the richest
family of nanostructures among all materials, both in structures and properties
[14]. A variety of ZnO nanostructures, such as nanowires, nanotubes,
nanofibers, nanospheres and nano-tetrapods, nano-cabbage, nanocombs,
nanowalls and nanoprisms have been successfully grown by different methods
including vapour-liquid-solid (VLS) technique, thermal evaporation, low
temperature aqueous chemical growth (ACG), electrodeposition, etc (shown in
Figure 1.2). The nanostructures have diverse applications in optoelectronics,
sensors, transducers, piezoelectric elements for nano-generators, sunscreens
and biomedical science since it is a bio-safe material [14, 15]. ZnO is attracting
ample research attention for photonic devices due to many valuable properties
like direct band gap of 3.37 eV, large excitons binding energy of 60 meV and
deep level defect emissions that cover the whole visible range [16]. Due to
these properties, ZnO is considered as one of the excellent electroluminescent
materials [16-19]. P-type doping of ZnO is still a problem that is impeding the
possibility of a ZnO p-n homojunction devices [20]. ZnO has favorable band
energies for forming a heterojunction with many organic and inorganic donor
materials. Alternatively, ZnO is naturally n-doped and does not need external
dopants. A Schottky diode seems to be a very feasible device from ZnO. We
have mainly worked with ZnO nanowires (NWs) in the present work. These
1D nanocrystals can serve as a sample for studying the low-dimensional
phenomena and is potentially a building block for the complex nanodevices.
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Figure 1.2: A collection of ZnO nanostructures synthesized by the author.

1.2 Research overview
Graphene nanosheets and ZnO nanostructures have been successfully
synthesized by using chemical vapor deposition (CVD), vapor liquid solid
(VLS) or wet chemistry routines. These nanostructures were used to fabricate
nano and optoelectronic devices, including field effect transistors (FETs), light
emitting diodes (LEDs), UV detector and biosensors. All the devices were
fabricated inside a class 1000 clean room by using standard photolithography,
wet/dry etching, plasma enhanced chemical vapor deposition (PECVD) and
vacuum evaporation.
These nanomaterials and devices were characterized by using various
techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), x-ray diffraction (XRD),
optical profilometry (OP), photoluminescence (PL), electroluminescence (EL),
semiconductor parameter analyzer, Raman spectroscopy and ellipsometry.

1.3 Goal
This dissertation focuses on synthesis, surface functionalization and
application of graphene and ZnO nanostructures in nano and optoelectronic
devices and sensors. ZnO nanostructures contain a large number of defects (Zn
vacancy/interstitial or Oxygen vacancy/interstitial). At room temperature,
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ZnO typically exhibits one emission peak in the UV region owing to the
recombination of free excitons, and one or more peaks in the broad visible
spectral range. Nevertheless, there is a possibility of enhancing or minimizing
this broad defect emission. Our objective is to control and tune the surface
properties according to the application requirements, e.g. white light emitting
didoes (WLED) or UV detector. Moreover, the biosafety and high ionicity of
ZnO seems very promising for biosensing applications.
Another goal of this dissertation is synthesis of cheap solution processed
graphene and its application in optoelectronic devices such as ZnO based light
emitting diodes (LEDs) and biosensors. Development of the biosensors can
potentially be an interesting application of graphene in order to utilize its
tremendously large surface area to volume ratio as a dominating and
promising parameter. High optical transmittance, high flexibility and
exceptional electrical properties make graphene a strong contender for
replacing indium tin oxide (ITO) as a transparent conducting electrode in a
wide range of applications such as solar cells, LEDs and electronic touch
screens.
The amalgamation of the exceptional properties of graphene with good
semiconducting properties of ZnO can pave the way towards the realization of
future devices such as transparent, flexible electrical and photonic devices.
There has been relatively very less work reported on this combination,
previously. We also aim to analyze the growth mechanism of ZnO nanowires
on high quality (CVD grown, epitaxial) graphene surface and the junction
behavior. This combination of 1D ZnO and 2D graphene can be very important
for realizing the ultimate goal of 3D assembly at the nanoscale.

Chapter 2
BACKGROUND AND LITERATURE SURVEY
1

Graphene is the building block for all carbon based materials, from bulk graphite
(stacked graphene) to nanostructures such as Buckyballs (wrapped up graphene)
and carbon nanotubes (rolled graphene). It was an unexpected discovery as theory
prohibits existence of 2D crystals [11] but interesting properties and nature of
graphene found another way around. Likewise, ZnO is a wide bandgap material
possessing many interesting properties which have led to its demonstration as an
alternative material to the nitride semiconductors. In this chapter, we aim to
narrate properties of both these materials in a comprehensive manner.

2.1 Graphene
Graphene is a name given to a flat/2D monolayer of sp2 bonded carbon atoms
closely packed into a honeycomb lattice with a nearest neighbor distance of
0.14 nm. Graphene can be considered as the mother structure of all the carbon
based materials. It has been generally used in the approximation of the crystal
structure and properties of graphite, carbon nanotubes and Buckyballs. For
instance, graphite is made up of loosely stacked (ABAB type) graphene layers
with an interlayer distance of 0.34 nm. This large interlayer separation,
compared to the in-plane nearest neighbor distance, makes graphite a quasi 2D
system.
Carbon nanotubes are usually considered as graphene layers rolled into hollow
seamless cylinders and a C60 buckyball can be considered as a graphene sheet,
where some hexagons are replaced by pentagons, which cause a crumbling of
the sheet into a final formation of a graphene sphere or a graphene football.
Graphene has been extensively studied in the last several years despite the fact
that it was discovered only 6-7 years back, for the first time [2]. Andre Geim
and Konstantin Novoselov won the 2010 Nobel Prize in Physics for this
trailblazing discovery. This graphene gold rush has begun for good reasons,
primarily owing to its several exceptional properties which are described in
this section of the chapter.
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Figure 2.1: Graphene, mother structure of various carbon based materials.

2.1.1 Crystal Structure
The crystalline structure of graphene consists of 2D hexagonal lattice with a
primitive cell containing two atoms (A and B), as shown in Figure 2.2. Each
carbon atom is covalently bonded to three other atoms in the plate and the
angle between two successive bonds is 120°. The outermost electron shell of a
carbon atom has four valence electrons, three of which are used by the covalent
bonds. The forth valence electron does not take part in covalent bonds and may
be mobilized from the electron shell by means of an electric field to give rise to
conductivity. The graphenes are bonded to each other by weak Van der Waals
forces within graphite. This weakly bonded layered structure of graphite
allows for the separation of individual graphene sheet.

Background and literature survey 7
___________________________________________________________________________________________________

Figure 2.2: (a) Triangular sublattices of graphene, each atom in sublattice “A”
has 3 nearest neighbors in sublattice “B” and vice versa and (b) First Brillion
Zone of graphene reciprocal lattice.
It is quite obvious that there are two different sublattices, A and B, with each
Bravais lattice having primitive lattice vectors denoted as a1, a2 given by;


(2.1)
ܽଶ ൌ ൫͵ǡ െξ͵൯
ܽଵ ൌ ൫͵ǡ ξ͵൯,
ଶ
ଶ
where “a” is the nearest neighbor spacing (0.14 nm). The reciprocal lattice
vectors b1, b2 defined by the condition ai · bj = 2įij , will be as;
ଶగ
ଶగ
(2.2)
ܾଶ ൌ ൫ͳǡ െξ͵൯
ܾଵ ൌ ൫ͳǡ ξ͵൯,
ଷ
ଷ
First Brillouian zone of the reciprocal lattice is defined in the typical manner, as
the region enclosed by the planes bisecting the vectors to the nearest reciprocal
lattice points. This results in an FBZ of the same form as the original hexagons
of the honeycomb lattice, but rotated by ʌ/2 (shown in Figure 2.2b). The six
points at the corners of the FBZ can be categorized into two groups of three
which are equivalent, so we should consider only two in-equivalent corners K
and K’, as shown in the figure. These are called Dirac points and their positions
in k-space can be denoted as;

ܭൌ

ଶగ
ଷ

ቀͳǡ

ଵ

ቁ,

ξଷ

ܭൌ

ଶగ
ଷ

ቀͳǡ െ

ଵ

ቁ

ξଷ

(2.3)

Lattice vectors from A-sublattice atom to the three nearest niehbour Bsublattice atoms, can be expressed as;


(2.4)
ߜଵ ൌ ൫ͳǡ ξ͵൯, ߜଶ ൌ ൫ͳǡ െξ͵൯, ߜଷ ൌ െܽሺͳǡ Ͳሻ
ଶ
ଶ
The fact that these 2D atomic crystals do exist, and additionally, are stable
under ambient conditions [21] was a surprise in itself. Long-range order in 2D
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is not possible according to well established theory [11, 21, 22]. Thermal
fluctuations should destroy the order resulting in melting the 2D lattice at any
finite temperature. Actually, these 2D graphene membranes embedded in 3D
space have a tendency to get crumpled. These fluctuations can be suppressed
by an anharmonic coupling between bending and stretching modes, resulting
in the 2D membranes, but with strong height fluctuations [23]. Experimental
study of these fluctuations showed that the surface normal varies by several
degrees and out-of-plane deformations are up to 1 nm [24].
Bilayer graphene is composed of two layers of carbon atoms one on top of the
other. The way the two layers are stacked is illustrated in the Figure 2.3. The A
sublattice of the one layer is straight on top of the B sublattice of the other in a
Bernal AB-stacking. Bilayer graphene has a unit cell containing four atoms
(two per layer). The Brillouin zone is identical to that of monolayer graphene.

Figure 2.3: A graphene bilayer where two graphene layers are placed on top of
each other according to the usual Bernal AB-stacking. In order to be able to
distinguish the two layers, bottom layer is made to appear out of focus with
top layer sharply focused.

2.1.1.1 Graphene nanoribbons
Graphene nanoribbons (GNRs) are thin strips of graphene or unrolled carbon
nanotubes. GNRs were first introduced by Mitsutaka Fujita, well before the
experimental discovery of graphene, as a theory model to examine the edge
and nanoscale size effect in graphene [25, 26]. GNRs have been experimentally
synthesized by various groups by different methods e.g. wet chemical route [9,
27], scanning tunneling microscope (STM) lithography [28], electron beam
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lithography [29], etc. Recently there have been some very interesting reports
on GNRs, for instance, GNRs have been synthesized encapsulated in singlewalled carbon nanotubes (SWNTs) [30] and also GNRs have been twisted to
form SWNTs [31].
The physical properties of GNRs are highly dependent on their width and the
topology of the edge structures. GNRs have been classified in two categories
depending on their edge structure, (i) armchair (AGNR) and (ii) zigzag (ZGNR).
Crystalline structure of these two types is shown in Figure 1.2. The widths Wac
(for AGNR) and Wzz (for ZGNR) can be estimated by simple geometry and is
given by:
ଷ
ξଷ
(2.5)
ሺܰ െ ͳሻ,
ܹ௭௭ ൌ ሺܰ௭௭ െ ͳሻ
ܹ ൌ
ଶ
ଶ
Where Nac and Nzz are their corresponding number of carbon chains and a =
1.42 Å the nearest neighbor distance.

Figure 2.4: Crystal structure of an (a) armchair and (b) zigzag GNR.

2.1.2 Electronic Structure
Graphene has an amazing band structure thanks to its unique crystal structure
(describe in section 2.2). Each carbon atom in graphene is tied to its three
nearest neighbors via strong ı bonds that lie in the graphene plane with
mutual angles of 120°. The forth valence electron occupies a ʌ orbital that
projects above and below the molecular plane. This ʌ orbital interacts strongly
with adjacent pi orbitals and allows for the delocalization of electrons between
all carbon atoms within the graphene plane. This is one reason behind
remarkable electrical conductivity of graphene.

10 Background and literature survey
___________________________________________________________________________________________________

Figure 2.5: Sp2 hybridize orbitals between the carbon atoms and the ʌ-bonds
formed from pz orbitals extending out of the plane.
The electronic band structure of graphene can be solved by tight binding
approximation (TBA) [32-34]. The graphene lattice has 2 atoms per unit cell;
hence the ʌ bands of graphene will have a 2 x 2 Hamiltonian. In order to
evaluate the band structure of graphene, we start from Schrödinger wave
equation:
߰ܪ ൌ ߰ܧ
(2.6)
Where H is the single electron (ʌ) Hamiltonian of the graphene, given by:
ܪൌ

ଶ
  ܸሺ ݎെ ܴሻ
ʹ݉

(2.7)

ோ

First term depicts the kinetic energy of the electron and the second term is the
periodic potential over the graphene lattice. R denotes the atomic site in the
periodic graphene lattice and r is the electron position. Graphene contains two
atoms per unit cell therefore we can make the following Ansatz for the electron
wavefunction:

߮ǡ
ሺݎሻ

߰ ൌ ߰ ߮ ሺݎሻ  ߰ ߮ ሺݎሻ
are there Bloch functions given as follows;
 ሺݎሻ
ൌ
߮ǡ

ͳ

(2.8)

ே

 ݁ ோಲǡಳ ߯ሺ ݎെ ܴሻ

ξܰ ோ

(2.9)

ಲǡಳ

߯ሺ ݎെ ܴሻ is the Wanier function localized at A and B atoms, whereas, the factor
݁ ோಲǡಳ comprises the lattice periodicity.
So as to obtain the energy eigen value, we put this wavefunction in
Schrödinger equation, multiply with ߮ כand integrate over the whole space
and repeat the same with ߮ כto obtain the following:
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න ݀ ଷ ߮ݎܪ כሺ ߰ ߮  ߰ ߮ ሻ ൌ න ݀ଷ ߮ݎܧ כሺ ߰ ߮  ߰ ߮ ሻ

(2.10a)

න ݀ଷ ߮ݎܪ כሺ ߰ ߮  ߰ ߮ ሻ ൌ න ݀ଷ ߮ݎܧ כሺ ߰ ߮  ߰ ߮ ሻ

(2.10b)

It is important to note here that ߰ǡ do not depend on r, thus can be pulled out
of these integrals. We introduce the following impression here:
ܪ ൌ න ݀ଷ ߮ݎ߮ ܪ כ ݅ ݁ݎ݄݁ݓǡ ݆  אሼܣǡ ܤሽ

(2.11a)

ܵ ൌ න ݀ ଷ ߮ݎ߮ כ ݅ ݁ݎ݄݁ݓǡ ݆  אሼܣǡ ܤሽ

(2.11b)

ܪ is termed as transfer integral matrix element and describes the hopping of
the ʌ electron within different carbon atoms. ܵ is termed as the overlap
integral matrix element and describes the strength of the overlap of the ʌ
orbitals of different atoms. We can express the equation in the matrix notation
as given by:
ܵ
ܵ ߰
ܪ ܪ ߰
(2.12)
൰ ൬ ൰ ൌ  ܧ൬ 
൰൬ ൰
ܪ ܪ ߰
ܵ ܵ ߰
For a good approximation, we only take into account the nearest neighbor
interactions. Thus the off-diagonal elements need to be calculated.
 ߰ܪൌ  ֞ ߰ܵܧ൬

ܪ ൌ න ݀ଷ ߮ݎ߮ ܪ כ

(2.13)

By inserting the Bloch functions, we have
ൌ

ͳ
ξܰ

ே

ே

  ݁ ିሺோಲ ିோಳሻ න ݀ଷ  כ ߯ ݎሺ ݎെ ܴ ሻ߯ ܪሺ ݎെ ܴ ሻ

(2.14)

ோಲ ோಳ

The term ܴ െ ܴ in the exponentional corresponds to the vectors įl where
(l=1,2,3), since each atom has 3 nearest neighbors. Thus we can write the
equation as
ܪ ൌ

ͳ
ξܰ

ே

ே

  ݁ ିఋ න ݀ଷ  כ ߯ ݎሺ ݎെ ߜ ሻ߯ ܪሺݎሻ

(2.15)

ோಲ ோಳ

We denote the integral term as

න ݀ଷ  כ ߯ ݎሺ ݎെ ߜ ሻ߯ ܪሺݎሻ ൌ െݐ

(2.16)

Where “t” is the nearest neighbor hopping energy (hopping between different
sublattices). Its value has been calculated to be around 2.8 eV [32]. The we can
write
ே

ܪ ൌ െ ݐ ݁ ିఋ
ఋ

ൌ െ݂ݐሺ݇ሻ

(2.17)
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Where f(k) is the geometrical factor and can be calculated by simple geometry,
taking into account the values for the 3 nearest neighbor vectors (įl). It is quite
obvious that the other off-diagonal element can be evaluated as follows:
כ
ܪ ൌ ܪ
ൌ െ כ ݂ݐሺ݇ሻ
(2.18)
We employ the same route of inserting the Bloch functions into the equation to
evaluate overlap integral matrix element.

(2.19a)

ܵ ൌ න ݀ ଷ ߮ݎ߮ כ
ͳ

ଷ

ൌ න݀ ݎ

ξܰ

ே

 ݁ ିோಲ ߯  כሺݎ
ோಲ

െ ܴ ሻ

ͳ
ξܰ

(2.19b)

ே
ᇲ

 ݁ ିோಲ ߯  כሺ ݎെ ܴᇱ ሻ
ᇲ
ோಲ

The Wannier functions are normalized as ܴ ൌ ܴᇱ . Thus, we have
ܵ ൌ ܵ ൌ ͳ
For the off-diagonal term, we proceed in a similar manner.
ܵ ൌ න ݀ ଷ ߮ݎ߮ כ
ଷ

ܵ ൌ න ݀ ݎ

ͳ
ξܰ

ൌ

ͳ
ξܰ

 ݁ ିோಲ ߯  כሺݎ
ோಲ

ே

ͳ
ξܰ

(2.21b)

ே

 ݁ ିோಳ ߯  כሺ ݎെ ܴ ሻ
ோಳ

  ݁ ିఋ න ݀ଷ  כ ߯ ݎሺ ݎെ ߜ ሻ ߯ሺݎሻ

ே

(2.21a)

ே

െ ܴ ሻ
ே

(2.20)

(2.21c)

ோಲ ோಳ

ൌ  ݏ ݁ ିఋ

(2.21d)

ோಳ

ൌ ݂ݏሺ݇ሻ

(2.21e)

Where
 ݏൌ න ݀ଷ  כ ߯ ݎሺ ݎെ ߜ ሻ ߯ሺݎሻ

(2.22)

This term describes the Wannier function overlaps of the nearest neighbors and
has a value of s§0.070 [35]. As this value is very small, we can neglect the offdiagonal terms. Thus we have the following results:
ܪൌ൬

Ͳ
െ כ ݂ݐሺ݇ሻ

െ݂ݐሺ݇ሻ
ͳ Ͳ
ቁ
൰, ܵ ൌ ቀ
Ͳ
Ͳ ͳ

(2.23)
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Now, the eigenvalues can be extracted by solving
 ሺ ܪെ ܵܧሻ ൌ Ͳ
which results in the following energy dispersion relation:

(2.24)

ܧሺ݇ሻ ൌ േݐȁ݂ሺ݇ሻȁ
(2.25)
where the plus sign applies to the upper (ʌ*) and the minus sign the lower (ʌ)
band. The resulting band structure is shown in Figure 2.6. Graphene has two
atoms per unit cell, which results in two ‘conical’ points per Brillouin zone
where band crossing takes place at Dirac points, K and K’. Near these crossing
points, the electron energy is linearly dependent on the wave vector, as
depicted by the equation (2.24). Furthermore, the Fermi level of intrinsic
graphene is situated at the meeting points of theses cones, because the two
electrons from two atoms per unit cell just fill the lower band. Since the density
of states vanishes at the points with Fermi energy, the electrical conductivity of
intrinsic graphene is quite low. That is why; graphene is also termed as a
gapless semiconductor. Charge carriers in graphene behave like relativistic
particles with an effective speed of light given by the Fermi velocity (vf §106
m/s) [32]. This behavior is one of the most interesting aspects about graphene,
and is responsible for much of the research attention attracted by graphene.

Figure 2.6: Band structure of graphene. The conduction band meets the valence
band at the Dirac (K and K’) points.

2.1.2.1 Chirality
Graphene exhibits a unique chirality in transport. Graphene A and B
sublattices can be considered as related to different branches of the dispersion
which have a very weak interaction amongst each other. This chirality tells us
about the incapability of transformation of one type of dispersion into another.
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This chiral effect points out a pseudospin quantum number for the charge
carriers. This quantum number is comparable to spin but is totally independent
of the real spin. This concept of pseudospin lets us single out contributions
from any of the two sublattices [36].

2.1.2.2 Klein paradox
When the potential barrier height (V0) is greater than the incoming electron’s
rest mass energy (mc2), the penetration probability decays exponentially inside
the barrier with increasing barrier height and width. Or else, resonant
tunneling is possible when the energy of the propagating electron coincides
with one of the hole energy levels inside the barrier [36]. The Klein paradox
refers to a counterintuitive relativistic phenomenon in which an incoming
electron penetrates through a potential barrier even if its height (V0) exceeds
the electron's rest energy [37]. In this case, the transmission probability (T) for
normally incident electrons is always equal to unity, irrespective of the height
and width of the barrier, contrary to the conventional, non-relativistic
tunneling where T decays exponentially with increasing barrier. This
relativistic effect can be explained by considering that a strong potential which
is repulsive for electrons, is attractive for positrons and results in positron
states inside the barrier, which is conjugated in energy with the electron
continuum outside [37]. Matching between electron and positron
wavefunctions across the barrier leads to this high-probability tunneling,
referred to as Klein paradox [38]. Klein tunneling (illustrated in Figure 2.7) has
been experimentally confirmed [39, 40] by introducing electrostatic potential
barriers in graphene.

Figure 2.7: Klein tunneling in graphene through a potential barrier of height V0
and width D. The amplitude of the electron wave function stays constant
throughout the barrier whereas it decays exponentially in the barrier for
conventional semiconductors. The size of the sphere indicates the amplitude of
the incident and transmitted wave functions [37]. The Fermi level (dotted lines)
lies in the conduction band outside the barrier and in the valence band inside it
[38].
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2.1.2.3 Bilayer graphene
Few-layer graphene (FLG) has also been studied alongside monolayer
graphene. Bilayer graphene (BLG) system (shown in Figure 2.3) has been found
to possess some unique properties. The low-energy properties of the BLG are
then not described by massless fermions, where Dirac fermion mass originates
from the inter-plane hopping energy Ȗ1.Thus electrons in BLG possess finite
masses and are described by a pair of hyperbolic bands. There is no band gap
opening under neutral conditions, but the pairs of valence and conduction
bands are split. This system is characterized by four bands; two meeting at zero
energy, giving rise to the massive Dirac fermions and other two that start at ±
Ȗ1. The BLG is metallic under this approximation, and has constant density of
states [41].
However, contrary to the monolayer graphene case, where it is rather difficult
to bias one sublattice relative to another, in the bilayer case described by
Hamiltonian the two “basis” states A1 and B2 lie in different layers, which
makes is possible to bias them with respect to one another. In that case it, a
band gap is introduced at the Dirac point which can be tuned by varying the
applied electric field (Figure 2.8). This has been realized experimentally [41,
42], making BLG the first semiconductor whose bandgap can be controlled
externally, continuously tunable of up to 250 meV [42].

Figure 2.8: Electronic bands of unbiased BLG (left) and biased BLG (right).

2.1.2.4 Electronic properties of GNRs
The electronic structure of GNRs can be evaluated by following a Dirac
approach where “particle in a box” boundary conditions are applied to the
ribbon’s ends. In such a case, the wave vector components lying along the
width direction will be quantized, whereas other along the length of the ribbon
will be considered to remain continuous for infinite systems. Thus,
constraining the width of a bulk graphene sheet would mean “splitting” the
energy band structure. As a result, GNRs can be seen as a second route for
bandgap engineering alongside bilayer graphene. Techniques for the
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production of GNRs can be put in two general categories, (i) chemical synthesis
and (ii) lithographic patterning.
Chemical synthesis [9, 27] produces nanoribbons with smooth edges with
widths in the sub-10 nm range. However, this method leads to a distribution of
ribbon sizes and makes their positioning problematic. All this makes it
unfeasible for industrial scale device fabrication.
On the other hand, lithographic patterning [28, 29] makes it easy to control the
position of the ribbons for device fabrication. However, the edge quality of the
lithographically patterned nanoribbons has been found to contain a lot of edge
disorders that can significantly affect the properties of edge states, leading to
Anderson localization and anomalies in the quantum Hall effect as well as
Coulomb blockade effects [32]. Nevertheless, the GNRs can lead the way
towards all graphene electronics, as depicted in Figure 2.9.

Figure 2.9: A scheme for “all graphene” transistor based on semiconducting
GNR channel and metallic graphene source and drain.

2.1.3 Optical properties
Optical properties of different graphene systems have been widely
investigated. The optical transmittances for monolayer and bilayer graphene
are reported to be around 98% and 96% in the visible range [43]. Also,
graphene is a zero-gap semiconductor with a very high Fermi velocity vF = 106
m/s and individual graphene sheets have very high in-plane conductivities
[44, 45]. Therefore, graphene is seen as potentially a strong contender for an
impeccable replacement for conventional indium tin oxide (ITO) as a better
and cheaper transparent electrode in numerous applications e.g. touch screens,
LEDs, photovoltaics etc.
Graphene has been found experimentally to possess optical absorption
window in between 3-30 terahertz (THz) range [46, 47].The width of this THz
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window depended on the temperature and dark current densities. These
findings demonstrate that graphene bilayer system can be used as novel optical
and optoelectronic devices such as Terahertz phototransistors [46]. Moreover,
the possibility of bandgap tuning points towards prospects of externally tuned
infrared (IR) detectors.

2.1.4 Vibrational properties
Phonons are the unit of vibrational energy that arises from oscillating atoms
within a crystal, and their structure determines most of the electronic (also
thermal and mechanical) processes in a crystal. Due to the low atomic mass of
carbon and extremely strong in-plane bonding, graphene exhibits
extraordinary sound velocity (~20000 km/sec) and thermal conductivity
(~5000 W m-1 K-1) along the plane [48], easily outperforming CNTs in heat
conduction [3]. Furthermore, vibrational properties are instrumental in
understanding other graphene characteristics such as optical properties via
phonon-photon scattering in Raman scattering and electronic properties
through electron phonon scattering.
Vibrational properties of graphene can be well comprehended from the
phonon dispersion relation [36, 49]. The two sublattices A and B are considered
explicitly to solve for the eigen spectrum of the dynamical matrix, just like it
was done for the electronic structure. However in this case, the atoms can
vibrate in all three dimensions; hence the dynamical matrix is constructed in
terms of both the sublattices as well as the 3 spatial dimensions. This leads to a
dynamical 6×6 matrix, and subsequently, 6 energy eigenvalues. Two of these
eigenvalues correspond to the out of plane vibrations, ZA (acoustic) and ZO
(optical), and the remaining 4 correspond to the in-plane vibrations: TA
(transverse acoustic), TO (transverse optical), LA (longitudinal acoustic) and
LO (longitudinal optical) [36, 49, 50].
The softness of graphene is correlated with the fact that it has out of plane
vibrational modes phonons that are not found in 3D solids [32]. These bending
and stretching modes are the reason for the lack of long range structural order
in soft membranes leading to the phenomenon of crumpling. Consequently,
anharmonic coupling between bending and stretching modes results in the
existence of these 2D membranes.

2.1.5 Mechanical properties
The basic constitution of the graphene lattice is the C-C covalent bond which is
one of the strongest bond in nature. The strength of this sp² C-C bonds gives
graphene some exceptional mechanical properties, possibly better than any
other material. There are several elastic parameters necessary to define the
mechanical properties: e.g. the Young’s modulus (E) represents the stiffness of
the material, the Poisson’s ratio (Ȟ) gives a ratio between the transverse
contraction strain to longitudinal extension and the shear modulus (G) depicts
the ratio of shear stress to the shear strain.
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Mechanical properties of free-standing monolayer graphene membranes have
been measured experimentally by nanoindentation in an atomic force
microscope. These measurements correspond to a Young’s modulus of E =1.0 ±
0.1 TPa and a third-order elastic stiffness of D = –2.0 ± 0.4 TPa, assuming an
effective graphene thickness of 0.335 nm [51]. The shear modulus (G), has been
reported to be 280 GPa for CVD grown graphene films [52]. Second and thirdorder elastic stiffness was measured to be 340 Nm–1 and 690 Nm–1, respectively.
The fracture strength has been measured to be 125 GPa [53], representing the
intrinsic strength of a defect free graphene sheet [51].
These exceptional values mark graphene as the strongest material ever
measured, and show that graphene can be mechanically tested for
deformations well beyond the linear range. These exceptional mechanical
properties of graphene make it a perfect choice for application like transparent
/flexible electrodes [54], reinforcement in advanced composites [53] and
nanoelectromechanical systems (NEMS) [55].
Another extremely interesting phenomenon has been observed experimentally
when graphene was stretched to form nanobubbles on a platinum substrate,
electrons started to behave as if they were under strong magnetic fields in
excess of 300 tesla, despite the fact that no magnetic field was actually applied
[56]. Bandgap engineering has also been reported for strained graphene
nanosheets [57].

2.2 Graphyne: A competition for graphene
Carbon have three hybridization states (sp, sp2, and sp3), allowing for
numerous combinations of bonds between atoms to produce many carbon
allotropes; such as naturally present graphite (sp2), diamond (sp3), and several
lab synthesized allotropes such as fullerene (sp2), carbon nanotube (sp2), and
graphene (sp2). With ongoing research, there are still a large number of new
forms of carbon yet to be discovered. Although these carbon allotropes are
extremely important, yet the study of other carbon systems was limited for
most of the 20th century. In 1968, Balaban et al published an interesting article
where they purposed diverse imaginative and aesthetically attractive 2- and 3D
carbon allotropes [58]. Even though formation of most of these structures may
be energetically impossible, some networks seemed more reasonable and thus
potentially within the realm of experimental synthesis and existence.
The landmark event that energized the study of carbon allotropes was the
isolation 2D monolayer graphene from 3D graphite in 2004 [2]. Apparently, it
was in contradiction with the well-established theory of Landau and Peierls,
which stated that 2D crystals are thermodynamically impossible to exist. This
discovery paved the way for the field of 2D structures and sparked resurgence
in research related to visionary carbon allotropes like graphyne and
graphydine which were proposed many years back [59-61].
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Graphynes are similar to graphene, the main difference being that they have
triple bonds between some of their carbon atoms [61]. Graphynes also possess
Dirac cones according to ¿rst-principles electronic structure calculations. One
of these materials, “6,6,12-graphyne”, does not have hexagonal symmetry and
features two self-doped nonequivalent distorted Dirac cones suggesting
electronic properties as amazing as those of graphene [61].
Extension of the linkages of graphyne by an additional triple bond generates
another sp-sp2 graphyne substructure called graphdiyne (shown in Figure
2.10). Heat of formation for graphdiyne is calculated to be 18.3 kcal per g-atom
C [58], and it is predicted to be the most stable of the various other
substructures of graphyne. Graphdiyne films have been synthesized
experimentally on large area (3.61 cm2) on the surface of copper through a
cross-coupling reaction using hexaethynylbenzene. A device based on
graphdiyne ¿lms displayed conductivity of 2.516 × 10-4 S m-1 indicating a
semiconducting behavior [59]. It has been experimentally tested to possess a
direct quasiparticle band gap of 1.10 eV, which is much larger than that
calculated from LDA and exciton binding energy of over 0.55 eV has also been
recorded. Moreover, graphdiyne has a very large in-plane Young’s modulus of
412 GPa [62]. Hence, we can say that graphene will not remain the unrivaled
champion in the world of 2D materials; competition is looming for graphene.

Figure 2.10: Lattice structure and ¿rst Brillouin zone (dark shaded hexagon) of
graphdiyne.
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2.3 Properties of Zinc oxide
ZnO is an exceptional material with semiconducting and piezoelectric
properties. It is seen as a vital material due to its unique properties and
probably the biggest family of nanostructures. This has led to the
demonstration of ZnO as an alternative material to the nitride semiconductors.
The properties of ZnO will be described in this section of the chapter.

2.3.1 Crystal structure
The crystal structures shared by ZnO are wurtzite (Figure 2.11), zinc blende
and rocksalt (Figure 2.12). The natural crystal structure of ZnO is the hexagonal
wurtzite structure. Zn and O atoms are arranged into a hexagonal crystal
structure with interpenetrating lattices where each Zn ion is surrounded by
tetrahedra of O ions, and vice-versa. The lattice parameters of the hexagonal
unit cell measured by x-ray diffraction method [63, 64] under ambient
conditions are a=3.2490 Å, c=5.2069 Å with axial ratio c/a = 1.6, and the density
is 5.605 g cmí3 [65].
The tetrahedral coordination between Zn+2 and O-2 ions is responsible for polar
symmetry along the hexagonal axis. This polar structure is the reason behind
numerous properties of ZnO, including its piezoelectricity and spontaneous
polarization, and is also a vital feature in crystal growth, etching and defect
generation. The Zn-O bond also has very strong ionic character, and
consequently ZnO lies on the borderline between being classed as a covalent
and ionic compound, with an ionicity of fi =0.616 on the Phillips ionicity scale
[65].
The four most common face terminations of wurtzite ZnO are the polar Zn
terminated (0001) and O terminated (000ͳത) faces (c-axis oriented), and the nonpolar (11ʹത0) (a-axis) and (10ͳത0) faces [65]. These polar faces are known to
possess slightly different Physical and chemical properties. Most frequently,
oppositely charged ions produce positively charged (0001)-Zn and negatively
charged (000ͳത)-O polar surfaces, bring about a normal dipole moment and
spontaneous polarization along the c-axis, along with a divergence in surface
energy [14]. Thus while growth of ZnO, the structure grow in such a way that
it tends to minimize the surface energy which leads to formation of diverse
nanostructures. All the ZnO nanostructures synthesized in the present work
demonstrate hexagonal wurtzite crystal structures.
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Figure 2.11: The hexagonal wurtzite structure of ZnO. One unit cell is outlined
for clarity.

Figure 2.12: Unit cells of zincblend (left) and rock salt (right) phase of ZnO.
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ZnO also exists in zincblend and rock salt phases besides the stable wurzite
phase. Zincblende ZnO is stable only by growth on cubic structures e.g. by
using a zinc sulphide (ZnS) buffer layer for growth of ZnO zincblend epitaxy
[66]. While the rocksalt structure is a high-pressure metastable phase. Under
normal conditions, wurtzite ZnO is thermodynamically stable and at pressures
of about 9 GPa transforms into the cubic form. The reverse transition to
wurtzite phase occurs when the pressure drops down to 2 GPa, showing large
hysteresis between the direct (w ĺ rs) and reverse (rs ĺ w) phase
transformations in ZnO at room temperature [67].

2.3.2 Electronic structure
The ZnO binding in its crystal lattice involves sp3 hybridization of the electron
states, resulting in four equivalent orbitals. In the resulting ZnO crystal, the
bonding sp3 states create the valence band, while its antibonding states
constitute the conduction band. The resulting energy gap is 3.37 eV [68, 69],
which lies in the UV spectral range. Due to its wide bandgap, pure ZnO is
transparent in the visible region. Moreover, a large bandgap results in higher
breakdown voltages, electronic stability, lesser electronic noise and high power
operation. ZnO possesses a high exciton binding energy of ~60 meV [69]. Due
to the native defects such as oxygen vacancies and zinc interstitials, ZnO
naturally exhibits n-type semiconductor behavior. P-type doping of ZnO is still
a problem that is hindering the possibility of a ZnO p-n homojunction devices
[20]
The electronic band structure of ZnO has been calculated by many groups [7073]. The band structure has been evaluated using the local density
approximation (LDA) and incorporating atomic “self-interaction-correctedpseudo-potentials” (SIC-PP) to accurately account for the Zn 3d electrons, and
is shown in Figure 2.13 [73]. Both the valence band maxima and the lowest
conduction band minima occur at the ī point k=0 indicating direct bandgap
nature of ZnO. The bottom 10 bands (occurring around í9 eV) are related to Zn
3d levels. Whereas, there are no bands in the bottom of the left panel of Figure
2.13, which is evaluated from conventional LDA method that does not account
for the effect of Zn 3d levels. The next 6 bands from -5 eV to 0 eV correspond to
O 2p bonding states [65, 73]. In SIC-PP incorporated LDA approximation, the
bands are shifted down in energy noticeably and the band gap opening is
clearly visible, as shown in right panel of the figure 2.13. The band gap
calculated from this “modified LDA” method is 3.77 eV, which is in much
better agreement with the experimentally evaluated value of 3.37 eV [65, 74].
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Figure 2.13: The LDA band structure of bulk wurtzite ZnO calculated using a
standard pseudo-potential (left), and by SIC-PP (right) [73]. Reprinted with
permission from authors of [73] and the American Physical Society (APS).

2.3.3 Optical properties
Unique optical properties of ZnO have been the core of ZnO research. ZnO has
a wide bandgap of 3.37 eV which makes it a promising material for photonic
applications in the UV range, while the high exciton-binding energy of 60 meV
is much larger than that of GaN (25 meV), which allows for efficient excitonic
emission even at room temperature. The refractive index of wurtzite ZnO is
commonly given as nȦ =2.008 [75].
Wide bandgap semiconductors usually possess higher density of free carrier
trapping centers; thus allowing for more efficient radiative recombination
processes. In order to form stable electron-hole pair at room temperature, the
binding energy of the exciton must be larger than the thermal energy at room
temperature, which is why ZnO has been known as a good luminescent
material [76]. Indeed, when subjected to the same excitation condition, the
photoluminescence of ZnO is much more efficient than that of GaN at room
temperature.
The broad defect related peak extending from400 nm to700 nm is a common
optical feature of ZnO. The origin of its luminescence is still not perfectly
understood and has been attributed to a variety of different impurities and
defects. ZnO has emissions in the visible range because ZnO possesses deep
level emission (DLE) bands and emits in a broad visible regime as well. A
number of studies on the optical properties of ZnO have suggested that, within

24 Background and literature survey
___________________________________________________________________________________________________

the DLE, the green (~500 nm) and red (~600 nm) emissions have originated
from oxygen vacancies (Vo) and zinc interstitial (Zni) [77-80]. While, some other
reports attribute the green emission to both oxygen and zinc vacancies [18, 81].
The violet-blue and blue emissions were credited to zinc interstitial (Zni) and
Zinc vacancies (VZn), respectively, in the DLE [18].
The yellow emission, which is mostly present in hydrothermally grown ZnO,
was attributed to the presence of OH groups on the surface [77]. The formation
energy and energy levels of different defects within the DLE have been
experimentally studied and calculated to explain the different defect emissions
(violet, blue, green, yellow, orange-red, and red) by various researchers [18, 68,
77, 80, 82, 83]. An extensive interest is being shown in investigating the defect
emissions in ZnO in general and, ZnO nanostructures in particular, because of
their great potential for a wide range of optical applications.

Figure 2.14: Schematic band diagram of the DLE emissions in ZnO based on
the value of different impurities and the defects extracted from literature [18,
68, 77, 80, 82, 83].

2.3.4 Mechanical and piezoelectric properties
The mechanical properties of a material are described by various parameters
such as hardness, stiffness, and piezoelectric constants; Young’s and bulk
moduli, and shear modulus. Mechanical properties of ZnO have been
measured experimentally by nanoindentation in an atomic force microscope.
These measurements correspond to a Young’s modulus of E = 111.2 ± 4.7 GPa
and a bulk hardness of H = 5.0 ± 0.1 GPa for a plastic penetration depth of 300
nm [84]. Epitaxial Young’s modulus of E = 310±40 GPa and epitaxial hardness
of 5.75±0.8 GPa has been measured for ZnO epitaxial layers grown on c-axis
sapphire [85].
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Crystal orientation of ZnO has also been found as an influencing factor on the
mechanical properties due to alignment of the basal planes. Bulk ZnO with aaxis orientation is significantly softer than c-axis material, having a hardness of
2 GPa at a plastic penetration depth of 50 nm [65, 85]. Basal planes lie normal
to the surface in a-axis material, and are thus more vulnerable to slip-up.
Results clearly indicate that epilayer ZnO is harder than its bulk counterpart,
and experiences more localized contact induced deformation damage [65, 85].
Nanostructures can be taken as excellent model systems to investigate the size
dependence of mechanical properties, particularly the ability to tune the
dimension over continuous range to investigate mechanical properties as a
function of shape and size. Mechanical properties have been found to change
with size and shape. The Young’s modulus of ZnO NWs with diameters
smaller than about 120 nm increases dramatically with decreasing diameters
reaching upto 220 GPa (for d =20nm), and is signi¿cantly higher than that of
the larger ones whose modulus tends to that of bulk ZnO [86].
ZnO is a well-known piezoelectric material as it demonstrates efficient charge
accumulations in response to applied mechanical stress. ZnO has one of the
highest piezoelectric tensor among all the tetrahedrally bonded
semiconductors. This property makes it an important material for various
applications requiring a large electromechanical coupling [87]. The
piezoelectric tensor is comprised of three independent components in
hexagonal wurtzite phase, which characterize the full piezoelectric tensor. Two
of these components in wurtzite phase measure the polarization produced
along the c-axis at zero electric field, under a uniform strain along the c-axis or
in the basal plane [88]. The spontaneous polarization along the z-axis is given
by:
௭

ܲ௭

ൌ ݁ଷଷ ߝ௭  ݁ଷଵ ߝୄ

(2.26)

where ߝ௭ and ߝୄ are the strain along the c-axis and in the basal plane,
respectively, and e33 and e31 are the piezoelectric coefficients. The third
independent component of the piezoelectric tensor, e15, accounts for the
polarization induced by shear strain which can be neglected for simplicity. The
sign of the piezoelectric tensor is generally fixed assuming that the positive
direction along c-axis goes from the cation to the anion [88]. ZnO has become a
material of choice for piezoelectric harvesting devices because of the ease of
growth in the nanorwire and nanobelt geometries. The effective piezoelectric
coefficient d33 for the (0001) face of the nanobelts has been measured by
piezoresponse force microscopy. The d33 coefficient varies from 26.7 to 14.3
pmVí1 with increasing frequency of 30 to 150 kHz. These values are noticeably
larger than that for bulk ZnO effective piezoelectric coefficient value of 9.9 pm
Ví1 [88].
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2.4 Summary
Key properties of graphene and ZnO, discussed in this chapter, have been
summarized in table 2.1 and table 2.2.

Property
Lattice parameters

Surface area
Thermal conductivity
Crystal structure
Carrier mobility
Optical transmittance
Bandgap (BLG)
Fermi velocity
Young’s modulus
Fracture strength

Value
a=2.4612 Å
ac-c=1.14 Å
(ac-c =Nearest neighbor
distance)
2630 m2 g-1
5000 W m-1 K-1
2D Hexagonal
200 000 cm2 V-1s-1
97.7%
0- 250 meV (Tunable)
106 m s-1
1.0 ± 0.1 TPa
125 GPa

Reference
[89]

[10]
[3]
[90]
[4]
[91]
[42]
[44]
[51]
[53]

Table 2.1: Key properties of graphene at the room temperature
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Property

Value

Reference

Lattice constants

a=3.25 Å
c=5.21 Å

[92]

Density
Melting point
Stable crystal structure
Dielectric constant
Refractive index
Band gap
Exciton binding energy
Effective mass
(Electron/Hole)

5.606 gm/cm3
1975 oC
Wurtzite
8.66
2.008
3.37 eV, Direct
60 meV
0. 24 mo / 0. 59 mo

[65]
[93]
[90]
[94]
[75, 95]
[74, 90]
[96]
[92]

Hole mobility
Electron mobility
Bulk Young’s modulus
Bulk hardness
Bulk effective piezoelectric
coefficient

5-50 cm2/V s
100-200 cm2/V s
111.2 ± 4.7 GPa
5.0 ± 0.1 GPa
9.9 pm Ví1

[97]
[97]
[84]
[84]
[88]

Table 2.2: Key properties of ZnO at the room temperature
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Chapter 3
Growth and processing

3

In this chapter, the details of the experimental techniques used to grow and
synthesis reproducible, good quality graphene and ZnO are described. These
include wet chemistry routine and sublimation on SiC by high temperature
chemical vapor deposition (HTCVD) for graphene, and aqueous chemical growth
(ACG), electrochemical deposition (ECD) and vapor-liquid-solid (VLS) for ZnO
nanostructures. These nanostructures were incorporated in devices with patterns
defined by lithography, etching (dry and wet), metallization, passivation etc.

3.1 Substrate preparation
Graphene nanosheets and ZnO nanostructures were casted or grown on Si,
SiC, SiO2, silver, gold, and aluminum substrates. The substrates were cleaned
for the purpose of eliminating unwanted dirty particles, oxide layers and
chemicals on the surface of substrates to ensure good quality.
First the samples (Si and SiC) were immersed in hydrofluoric acid (HF) diluted
with deionized (DI) water in a proportion of 9:1 (DI-H2O: HF) for three minutes
to remove native oxide layers from the surface. Then the substrates were
immersed in acetone and put under sonication for 5 minutes at 40 oC and this
process was repeated with isopropanol for removing any organic stuff.
Between these steps the samples were washed with DI water. After this process
the samples were rinsed thoroughly in running DI water for two minutes and
water break test was performed by submerging the substrate in DI water and
observing the film of draining water. Finally, the samples were dried by
nitrogen.
For preparing graphene oxide (GO) thin films on glass slides, the glass slide
was treated for 1 h in boiling piranha solution (3:1 concentration H2SO4:H2O2)
prior to the thin film deposition. After 1 h, the glass slides were removed from
the cleaning solution, rinsed with DI water and dried with nitrogen and
vacuum oven (100 oC).

3.2 Graphene synthesis
Graphene was first extracted by Professor Andre Geim and professor K.
Novolosev by utilizing scotch tape to peel away layers of carbon from graphite,
and in the end successfully attaining a single layer [2]. This method is very
simple and fruitful for achieving graphene nanosheets but is impractical for
scaling up to industrial level. In the present research, graphene was
synthesized for device applications by two different routes; (i) wet chemistry or
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solution based techniques, and (ii) sublimation of Si from SiC (i.e. Si-face of
SiC) in HTCVD reactor.

3.2.1 Graphene by solution based techniques
Graphene nanosheets and nanoribbons were synthesized in solution phase by,
(a) chemically functionalizing with compounds such as hydroxyls and cations,
which stabilized the sheets in water, and (b) by non-chemical, solution-phase
exfoliation of graphite in certain organic solvents. We will describe these
techniques in this section of the chapter.

3.2.1.1 Polycation stabilized graphene
This process is carried out in two steps; (i) chemical oxidation of hydrophobic
graphite to hydrophilic graphite oxide and (ii) exfoliation into graphene oxide
(GO) sheets in aqueous solution. GO sheets are graphene sheets having oxygen
functional groups. These GO sheets are prevented from agglomeration by
electrostatic repulsion alone [98]. The low conductive GO can be reduced to
highly conducting graphene by hydrazine reduction. However, the reduction
of GO in aqueous solutions soon leads to agglomeration, while a stable
dispersion is key to the possibility of large scale processing. In this method we
were able to stabilize functionalized graphene in aqueous solution by using a
polymeric imidazolium salt [99].
Graphene oxide was prepared by the modified Hummer’s method [100, 101].
The graphite flakes were first put in H2SO4 (98%, 12 mL) and kept at 80 0C for 5
h. The resulting solution was cooled down to room temperature. Mild
sonication was performed in a water bath for 2 h to further delaminate graphite
into small flakes. Sonication time and power is very critical as it defines the size
of the resulting graphene oxide sheets. Excessive sonication leads to extremely
small flakes. Then the solution was diluted with 0.5 L de ionized (DI) water
and left overnight. The solution was filtered by Nylon Millipore filters after
that. The resulting powder was mixed with KMnO4 and H2SO4 and put in a
cooling bath under constant stirring for 1.5 h. The solution was diluted with DI
water and 20 mL H2O2 (30%) was added to it.
The supernatant was collected after 12h and dispersed in dilute HCl in order to
remove the metal ion residue and then was recovered by centrifugation [100,
101]. Clean GO was again dispersed in water to make a homogeneous
dispersion and was centrifuged at 8000 rpm for 40 mins in order to remove the
multilayer fragments. We added a polymeric imidazolium molten salt into the
aqueous dispersion of GO at a ratio of 1 mg mL-1 and vigorously shook the
solution for a proper mixing. The imidazolium salt used by us was
polyquaternium 16 (PQ-16) which is a copolymer with 95 % molar of
imidazolium chloreide and 5 % molar of vinylimidazole. Then the solution was
reduced by hydrazine monohydrate at 90oC for 1 hour to obtain a stable
dispersion of graphene in aqueous solution (as illustrated in Figure 3.1).
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Figure 3.1: (a) Schematic illustration of graphene oxide with carboxylic
functional groups attached to the surface, and (b) Polycation stabilization of
graphene suspensions.

3.2.1.2 Liquid-phase exfoliation of graphite
Liquid-phase exfoliation can only take place if the net energetic cost is very
small. In chemistry, this energy balance is expressed as the enthalpy of mixing
(per unit volume), which can be approximately calculated to be in the
following form [102]:
ʹ
οܪ௫
ீ
௦ ଶ
ൌ
ሺටܧ௦௨
െ ටܧ௦௨
ሻ ߶
ܸ௫
ܶ

(3.1)

ீ
௦
Where ܧ௦௨
and ܧ௦௨
are the respective surface energies of the graphite and
solution phase, ܶ is the thickness of a graphene flake and ߶ is the graphene
volume fraction. This relation clearly shows that the enthalpy of mixing
depends on the graphene and solvent surface energies. For graphite, the
surface energy is defined as the energy per unit area required to overcome the
van der Waals forces when peeling two sheets apart [102]. It is clear from
euation 3.1 that enthalpy of mixing will be minimal for solvents whose surface
energy matches that of graphene. We successfully dispersed and exfoliated
graphite in a wide range of solvents like N-methylpyrrolidone (NMP),
Dimethylformamide (DMF) and dichloroethane (DCE).

Sieved graphite powder was dispersed in any of the above mentioned solvents,
preferably NMP by bath sonication. After ultrasonication, a greyish liquid
consisting of a homogeneous phase and large numbers of macroscopic
aggregates were obtained. These macroscopic aggregates were removed by
centrifugation and we get a homogeneous dark dispersion. Such dispersions
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were prepared by varying different parameters like graphite concentrations,
sonication time and centrifugation speeds. Especially, Sonication time and
power is very critical as it defines the size of the resulting graphene flakes.
Flakes with sizes up to 10 ȝm were obtained by applying sonication for short
time (25 mins) but concentration is very low in this case (0.01 mg mL-1) [102].
We also tested that by applying mild sonication for very long times (up to 180
h) in NMP, we can get the graphene concentration up to 1mg mL-1 [103, 104].
These graphene dispersions were found to be stable against considerable
sedimentation and aggregation for several weeks. These high concentration
dispersions can be used for depositing graphene thin films with good electrical,
optical and mechanical properties

3.2.1.3 Chemical synthesis of graphene nanoribbons
We also derived graphene nanoribbons (GNRs) along with graphene sheets
starting from simple graphite powder [9, 27]. We exfoliated graphite powder
by short heating to 1000°C in forming gas (hydrogen, argon). This exfoliated
graphite was dispersed in a 1,2-dichloroethane (DCE) solution of poly (mphenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) by moderate
sonication for 30 min, which resulted in a homogeneous suspension. Large
graphite pieces were removed by centrifuging the dispersion at 15K for 10
minutes. Relatively higher sonication power is the reason behind chemomechanical breaking of the well dispersed graphene sheets into various smaller
structures, with a considerable yield of GNRs [9]. The supernatant after high
rate centrifugation (15K) contains a good fraction of GNRs. We were able to
observe sub-10 μm GNRs (Figure 3.2) by using transmission electron
microscopy (TEM), which will be described in the next chapter.

Figure 3.2: TEM image of a sub-10 μm GNR derived in the present research

3.2.2 Graphene preparation on SiC by sublimation
The growth of graphitic layers on SiC substrates by the sublimation of Si, has
been known since 1975 [105]. After the famous discovery of graphene in 2004,
the electronic properties of these graphitic layers were found to be comparable
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to that of isolated graphene sheets [106, 107]. This technique seems to be most
compatible with current standard semiconductor device fabrication
technology, opening up prospects of achieving practical graphene technology
with more complex functionality and performance [108].
In the sublimation technique, silicon atoms in the top layer(s) of a semiinsulation SiC substrate are removed through annealing at elevated
temperatures (>1200 °C), leaving behind an electronically decoupled epitaxial
graphene layer (illustrated in Figure 3.3). However, the realization of an
atomically Àat surface covered by a monolayer graphene requires advances in
SiC substrate preparation and comprehensive understanding of the graphene
nucleation and growth. SiC substrates are grown, cut, and polished with an
intension to get an impeccably flat surface but these are never perfectly on-axis.
Miscut tolerances can be as high as 0.5° off-axis, making steps on the surface
that can be multiple unit cells high [107].

Figure 3.3: Schematic illustration of the graphene formation on SiC by
sublimation
In the present work, the preparatory substrate was a 2-inch, on-axis, semiinsulating (ȡaverage=6u108 :cm) 4H-SiC wafer grown by the high temperature
chemical vapor deposition (HTCVD) technique [109]. The Si-face of the wafer
was mechanically polished to a roughness (Rq) of 1.8 nm (AFM 10u10 μm2). The
wafer was treated with RCA cleaning prior to the graphene growth with the
sublimation technique [110]. The wafer was placed into a graphite crucible
which is loaded into a RF heated furnace. After roughing out the chamber,
process of graphitization (annealing) was carried out at 2000 °C in argon
atmosphere for one hour. Temperature was monitored by a pyrometer and the
furnace was kept at an atmospheric argon pressure during the entire growth
cycle. We were able to get good control on the graphitization and graphene
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monolayer was found with good coverage on the surface. The details about the
quality of as derived graphene will be discussed in the coming chapter.

3.3 Growth of ZnO nanostructures
ZnO has possibly the richest family of nanostructures among all materials,
both in structures and properties [14]. A variety of ZnO nanostructures, such as
nanowires, nanotubes, nanofibers, nanospheres and nano-tetrapods, nanocabbage, nanocombs, nanowalls and nanoprisms have been successfully grown
by different methods including VLS technique, thermal evaporation, low
temperature aqueous chemical growth (ACG), electrodeposition, etc [68, 111114]. ZnO nanostructures in this work were mainly synthesized by ACG and
VLS methods.

3.3.1 Aqueous chemical growth (ACG)
There have been many reports on the synthesis of ZnO structures by solution
based methods. Zinc nitrate, zinc acetate and zinc chloride have been used as
zinc
sources,
while
HMT
(hexamethyletetramine),
CTAB
(cetyltrimethylammonium), PPA (poly acrylic acid), SDS (sodium dodecyl
sulfate), ethanol and PVP (polyvinylpyrrolidone) have all been used as
chemical additives, surfactants and modifiers to alter the morphology of the
ZnO nanostructures [115].
The growth of ZnO nanorods (NRs) or nanowires (NWs) from aqueous
solution involves controlled heterogenous nucleation and homogeneous
nucleation on the substrate. In this chemical solution, the HMT decomposes to
formaldehyde and ammonia, which act as a pH buffer to regulate the pH value
of the solution and also supplies additional OH- ions [116, 117]. Through the
whole experiment, the pH value is retained neutral in general cases. The main
chemical process can be described as
ܼ݊ሺܱܰଷ ሻଶ ՜ ܼ݊ଶା  ʹܱܰଷି

(3.2)

ܱܰଷି  ܪଶ ܱ  ʹ݁ ି ՜ ܱܰଶି  ʹܱି ܪ

(3.3)

ܼ݊ଶା  ܱ ି ܪ՜ ܼ݊ሺܱܪሻଶ

(3.4)

ܼ݊ሺܱܪሻଶି ՜ ܼܱ݊  ܪଶ ܱ

(3.5)

Additional OH- ions are attained by the chemical reaction of HMT with water:
ܪ ܥଵଶ ܰସ  ܪଶ ܱ ՜ ܪܱܥଶ  Ͷܰܪଷ

(3.6)

ܰܪଷ  ܪଶ ܱ ՜ ܰܪସା  ܱି ܪ

(3.7)

HMT also contributes dominantly in defining the shape and morphology of the
nanostructures [118]. HMT is a long chain polymer and a nonpolar chelating
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agent [119]. It will preferably attach to the nonpolar facets of the zincite crystal,
by this means cutting off the access of Zn2+ ions to the sides of the structure,
leaving only the polar (0001) face exposed to the Zn2+ ions for further
nucleation and growth. Hence, HMT as a non-ionic ligand chelates on the
nonpolar surface of ZnO nanocrystals on the six prismatic side planes of the
wurtzite crystal and induces c-axis growth [120, 121]. Radial enlargements of
the rods are suppressed by the use of HMT as the chelating agent. HMT
therefore acts more like a shape-inducing polymer surfactant rather than just
buffer [122].
ZnO grow along the c-axis as high energy polar ± (0001) surfaces with
alternating Zn2+ and O2- terminated faces are available. When, a new ZnO
nucleus is formed, the incoming precursor molecules preferably adsorbs on the
polar surfaces, rather than the passivated/low energy six prismatic sides.
However, after adsorption of one layer of precursor molecules, the polar
surface transforms into another polar surface with inverted polarity. For
instance, a Zn2+ -terminated surface changes into an O2– terminated surface, or
vice versa. Such a process is repeated over time, leading to a fast growth along
the ± [0001] directions, exposing the nonpolar {1100} and {2 1 10} surfaces to the
solution [123]. This is the mechanism behind growth of ZnO NRs and NWs.
Figure 3.4 depicts the mechanism of ZnO nanocrystal growth with passivation
of nonpolar facets by HMT.

Figure 3.4: Illustration of probable attachment of HMT on to the nonpolar
facets leaving the polar face available for incoming ions for further crystal
growth along the c-axis (left), and SEM image of the NRs prepared during the
present work, showing the polar and nonpolar surfaces of the NR (right).
The metastability of the ZnO polar surfaces in aqueous solutions can be
exploited to dissolve the core of ZnO NRs by potassium chloride (KCl),
attaining the ZnO nanotubular structures. For this purpose, samples were
loaded upside down in a 4M concentration of KCl solution at 95 °C for 10
h.The etching mechanism is quite similar to the previously discussed growth
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mechanism. The nonpolar surfaces have the lower surface energy and thus are
more stable, whereas the ± [0001] polar facet is more prone to the adsorption of
chloride ions (Clí). Hence, adsorption of Clí gradually dissolves the NR core,
forming highly water soluble complex such as ZnCl+, inducing the gradual
dissolution of the NR core from the top toward the bottom. This process
results in partially or entirely hollow structures.

Figure 3.5: Etching of a ZnO NR into a nanotube (left), and SEM image of the
ZnO nanotubes (right).
A diverse range of other ZnO nanostructures, such as nanofibers, nanospheres
and nano-tetrapods, nano-cabbage, nanocombs, nanowalls and nanoprisms
were also grown successfully by changing different parameters e.g. growth
temperatures, pH of the solution, growth additives etc. A collection of these
structures is shown in Figure 3.6.

Figure 3.6: SEM images of various ZnO nanostructures grown by ACG
method.
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3.3.2 Vapor-liquid-solid method (VLS)
Crystalline ZnO NWs were also grown by high temperature (~900 oC) vaporliquid-solid (VLS) method. For the growth of ZnO nanowires a thin film (3-5
nm) of pure Au (99.9%) was used as a catalyst and was deposited on the Si
substrate in a high vacuum metallization chamber. The thin gold film melts
into small gold droplets at elevated temperature which act as growth sites for
ZnO nanowires. The source material was prepared by mixing graphite (99.9%)
with ZnO (99.9%) powder with ratio of 1:1. The source material was placed
into a ceramic boat and the substrate was placed 3-4 cm away in the
downstream and the growth face was downward to the source material. Zn,
CO, and CO2 gases are produced from the reaction of ZnO and graphite
powder at 9000C. Zn atoms adsorb on the Au droplet surface due to higher
sticking coefficient of Zn on liquid versus solid. CO/CO2 molecules are
transported to the liquid-solid interface and bulk diffusion of Zn takes place
through Au droplet [124]. Zn islands oxidize to ZnO due to the presence of
CO/CO2 mixture. The argon gas was used as a carrier gas with flow of 50-80
sccm (standard cubic centimeters per minute). The growth time was about 40
minutes. The schematic illustration of the VLS process is shown in Figure 3.7,
with transmission electron microscope (TEM) image of the grown ZnO NW.

Figure 3.7: Schematic illustration of the VLS growth process with TEM image
(on the right) clearly showing the gold droplet on the top of the grown ZnO
NW.
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3.4 Device processing
The fabrication of devices involves several different patterns, deposited in very
controlled amounts over small regions with full precision. The various
patterns used in device patterning, metallization and etching are defined by a
process called lithography.
The lithography process employed during the present research generally
consisted of the several steps. A photoresist (PR) is first spin-coated on the
surface of the substrate. The resist layer is then selectively exposed to
ultraviolet (UV) radiation through a photomask. After exposure, the PR is
developed which removes the unwanted areas of the PR layer, revealing the
corresponding areas of the underlying layer. The development step may
remove either the exposed or unexposed areas depending on the resist type
(positive or negative). Within the developed pattern, the areas with no resist
material left on top of them were then subjected to subtractive (etching) or
additive (metallization, passivation etc.) processes, permitting the selective
removal or deposition of material on the substrate.
Etching is the process of removing regions of the underlying material that are
no longer protected by photoresist after development. Etching processes can
be isotropic or anisotropic, depending on the type. Wet etching is generally
isotropic, whereas, dry etching processes that employ reactive plasmas are
generally anisotropic. Reactive plasma or reactive ion etching (RIE) involves
the removal of surface material not protected by lithographic masks by
impinging chemically reactive species. These species are generally oxidizing
and reducing agents produced from process gases that have been ionized by a
glow discharge. The ion plasma reacts with the exposed surface material,
removing them from the substrate while forming volatile byproducts in the
process. In some cases, hard metal (Ni, Al) masks were also used while
performing high power RIE process, in order to avoid the PR burning effect.
Metallization was performed inside a high vacuum (P <10-6 Torr) metallization
chamber, mainly by resistive heating. In some cases, simple shadow masks
were also used but generally PR patterned masks were used followed by the
lift-off process. Passivation layers of silicon dioxide (SiO2) and silicon nitride
(Si3N4) were deposited by plasma enhanced chemical vapor deposition
(PECVD) process.
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Figure 3.8: Some optical profilometer, AFM and SEM images of the various
patterns made during device processing
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Chapter 4
Experimental and characterization procedures

4

Diverse experimental and characterization procedures were carried out to
investigate the structural, electrical, optical, vibrational and electro-optical
properties of graphene and ZnO nanostructures and assist the device fabrication.
The techniques used during the present work include: Scanning electron
microscopy (SEM), Transmission electron microscopy (TEM), Focused ion beam
(FIB), Atomic force microscopy (AFM), Raman spectroscopy, XRD,
Photoluminescence (PL) /Electroluminescence (EL) spectroscopy, Ellipsometry,
Optical profilometry (OP), Fourier transform infrared spectroscopy (FTIR), UVvisible spectroscopy, Reactive ion etching (RIE), Plasma enhanced chemical vapor
deposition (PECVD), thermal evaporation, sputtering, photolithography etc.
Some of these techniques will be described briefly in this chapter.

4.1 Scanning electron microscope (SEM)
In a typical SEM, an electron beam is thermionically emitted from an electron
gun consisting of tungsten filament cathode and accelerated through the anode
and on down towards the column. This electron beam has energy up to 40 keV
and is focused by condenser magnetic lenses and passes through scanning coil
in the electron column, which deflect the beam in the x and y axes so that it
scans in a raster manner over the area of the sample surface.
When the primary electron beam interacts with the sample, the electrons lose
energy through random scattering and absorption within a certain volume into
the surface of the sample, where penetration depth depends on the accelerating
voltage. Electron/atom interactions are analogous to collisions between
incident “water droplet” molecules and molecules in the bucket of water. Both
phonon and electron signals are emitted on these interactions which are
depicted in the inset of Figure 4.1. These signals are detected by diverse types
of detectors. In the present research, SEM images constructed by signals from
secondary electron (SE) detectors were recorded for studying topography of
nanostructures.
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Figure 4.1: Schematic diagram of the scanning electron microscope, inset
showing electron/atom interactions and type of signals produced.

Figure 4.2: Schematic diagram of the transmission electron microscope
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4.2 Transmission electron microscope (TEM)
Transmission electron microscopy (TEM) is a microscopy technique in which a
beam of electrons is focused on the sample in somewhat similar manner like
SEM but in this case beam is transmitted through the ultra-thin sample,
interacting with the atoms of the sample as it passes through. An image is
formed from the interaction of the electrons transmitted through the specimen;
the image is magnified and focused onto an imaging device, such as a
fluorescent screen or CCD camera. Working principle of TEM is quite similar
to an ordinary light projector. TEM has many advantages over SEM e.g.
superior spatial resolution, large range of operation, simultaneous reciprocal
and real space information etc. While the disadvantages include destructive
and extensive sample preparation process (most of the time), extremely local
information and relatively difficult operation and interpretation procedures.
The obtained information from TEM is related to the bulk, thus it is in general
not a surface sensitive technique. The schematic illustration of the TEM setup is
shown in Figure 4.2.

4.3 Focused ion beam (FIB)
The Focused Ion Beam (FIB) system resembles to a scanning electron
microscope (SEM) in operation, but instead of a beam of electrons, it uses a
focused beam of gallium ions (Ga+) that can be used for imaging at low beam
currents or for precisely controlled sputtering or milling at high beam currents.
Gallium (Ga+) primary ion beam hits the sample surface and sputters some
material, which leaves the surface as secondary ions (i+ or i-) or neutral atoms
(n0). The beam impact also produces secondary electrons (e-). The signal from
the sputtered ions or secondary electrons can be collected to form images. By
introducing minute amounts of gas near to the sample surface at the same time
as the beam is scanning, the FIB can accurately deposit or etch material. These
gases are introduced close to the sample surface via a high precision gas
injection system (GIS). Carbon (C), platinum (Pt), tungsten (W), palladium (Pd)
and silicon dioxide (SiO2) are examples of the species that can be deposited. FIB
is also integrated in a system with both electron and ion beam columns, where
electron beam is used for imaging and ion beam for selected milling or
deposition. FIB working principle and SEM images of the selective milling and
metal deposition are shown in Figure 4.3.
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Figure 4.3: Schematic illustration of FIB working principle (left), and SEM
images of the selective milling and metal deposition by FIB (right).

4.4 Atomic force microscope (AFM)
The atomic force microscope (AFM) belongs to a larger family of instruments
termed as scanning probe microscopes (SPMs). Scanning tunneling microscope
(STM), scanning near field optical microscope (SNOM) and kelvin probe force
microscopy (KPFM) are members of this family amongst many other
techniques. The common factor in all SPM techniques is the use of a very sharp
probe for scanning over a surface of interest. Interactions between the probe
and the surface are used to produce a very high resolution image of the sample
suface, potentially down to atomic scale, depending upon the technique and
the probe tip sharpness [125].
The cantilever is typically made of silicon with a tip radius of curvature on the
order of few nanometers. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection of the
cantilever according to Hooke's law. As the surface is scanned, the oscillatory
amplitude of the cantilever will change as it encounters differing topography.
A feedback mechanism alters the z-height of the piezo crystal and maintains
constant amplitude, subsequently; an image of the surface topography is
obtained. Contact, tapping and non-contact are some common modes of an
AFM operation. Tapping mode has some advantages over contact mode in case
of topography imaging, like it eliminates the lateral, shear forces present in
contact mode. This enables tapping mode to image soft, fragile, and adhesive
surfaces without damaging them while working under contact mode allows
the damage to occur.
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Figure 4.4: Schematic illustration of AFM working principle.

4.5 Raman spectroscopy
Raman spectroscopy is a technique employed for studying vibrational,
rotational, and other low-energy modes in a material. It is based on inelastic
scattering of any monochromatic light (e.g., laser light). When, the light beam is
directed towards the sample, the energy of the light photons changes after
interacting with the atoms of the sample. Light photons are once absorbed by
the sample and afterwards, get reemitted. Energy of the reemitted photons is
higher or lower in comparison with the incident energy, a phenomenon known
as the Raman Effect. This change in energy carries the information about
vibrational, rotational and other low frequency modes of the material under
analysis.
Raman spectroscopy is extremely important spectroscopic technique for
analyzing graphene as graphene’s vibrational and electronic structure is
distinctively captured in its Raman spectrum. Raman fingerprints for single
layers, bilayers, and few layers graphene and allow for a reliable
nondestructive identification of graphene. Vibrational modes of graphene
(described in section 2.1.4) are important to comprehend the Raman spectra.
The most prominent features in the Raman spectra of graphene are the G band
(~1582 cm-1), the 2D band (~2700 cm-1) and the disorder-induced D band
(~1350 cm-1), at about half of the frequency of the 2D band, under 2.41 eV laser
excitation [126]. These prominent features and their respective processes are
illustrated in Figure 4.5. The G band is related with the in-plane TO (transverse
optical) and LO (longitudinal optical) vibrations. The G band is the only band
in graphene coming from a standard first order Raman scattering process. The
2D and D bands come from a second-order process, involving two TO phonons
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near the K point for the 2D band and one TO phonon and one defect in the case
of the D band [126, 127].

Figure 4.5: Double resonance intervalley D-band process (left), first order Gband process (Center) and double resonance two phonons assisted intervalley
2D-band process (right). The Raman spectrum of monolayer graphene
(measured during the present work) is shown at the bottom with these
distinctive bands of graphene.

4.6 X-ray diffraction (XRD)
About 95% of all solid materials can be described as crystalline [128]. A
diffraction pattern is attained as a result of X-rays interaction with a crystalline
solid. XRD is a non-destructive analytical technique which exposes information
about the crystal structure, chemical composition, and physical properties of
materials and thin films. Every material has its fingerprint XRD pattern which
makes it possible identify the material and its phases.
A crystalline solid consists of a regular array of atoms, stacked into lattice
planes separated from one another by a distance d. When an X-ray beam with
wavelength ߣ strikes a crystal at an incident angle ߠ, if a diffraction condition is
met there can be a reflected X-ray. According to Bragg’s law we have:
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In the above equation, Ȝ is known, ș is measured in the experiment (2ș) and d
spacing is calculated. Subsequently, lattice parameter a can be calculated from
the planes (hkl). The incident X-rays may reflect in many directions but is only
measured where angle of incidence (și) equals angle of reflection (șr) in the
conventional ș-2ș scan. The detector moves twice as fast in ș as the source to
attain the required position. Hence, the intensity of the reflect X-ray (counts of
photons) is measured only where și = șr.
A four circle diffractometer (shown in Figure 4.6) is capable of measuring full
sets of crystal parameters like crystal structure, chemical composition and
physical properties of materials and thin films. These XRD techniques are
based on measuring the scattered X-ray intensity as a function of incident and
scattered angle, polarization, scattered wavelength etc. These measurements
involve varying parameters like 2ș (angle between incident x-rays and
detector), Ȧ (angle between incident x-rays and sample surface), ȥ (sample tilt)
and ĳ (in-plane sample rotation). During the present work, ș-2ș scan (shown in
Figure 4.7) was used most of the times for analyzing the crystallinity and
texture of graphene and ZnO.

Figure 4.6: Schematic illustration of a diffractometer with options to vary 2ș, Ȧ,
ȥ and ĳ for different measurements.
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Figure 4.7: Visualization of the Bragg equation, involving 2ș and d-spacing of a
ZnO sample. The 2ș and d-spacing values are for the (002) peak of ZnO.

4.7 Photoluminescence (PL)/ electroluminescence (EL)
In photoluminescence (PL), material under analysis is exposed to an
intense/focused light (laser) which excites the excess carriers (electrons and
holes). Consequently, the material emits luminescence owing to the radiative
recombination of these photo excited carriers which is recorded in the form of
continuous spectrum [129]. Shape of the PL spectrum gives valuable
information about the intrinsic properties of the semiconductor, the bandgap,
defects and the carrier concentration.
A schematic illustration of the PL setup used during the present work is shown
in Figure 4.8. The semiconductor is optically excited by a laser to create
electron-hole pairs. The room temperature photoluminescence (PL) spectra for
ZnO were measured under a Verdi/MBD-266 laser (Ȝ = 266 nm). The laser
beam is projected on the sample with the help of a setup as shown in the
schematic diagram. The excited electron-hole pairs recombine radiatively and
emit light which is detected and dispersed by a double grating monochromator
and photomultiplier detectors. The final spectrum is collected and displayed
on a computer. Electroluminescence (EL) is similar to PL in principle, except
that in EL the excess carriers are generated by current injection and it is usually
measured for a complete device (e.g. LED).
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Figure 4.8: Schematic illustration of the PL setup.
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Chapter 5
Results and Discussion

5

Graphene and ZnO nanostructures were used to fabricate nano and optoelectronic
devices, including field effect transistors (FETs), light emitting diodes (LEDs) and
sensors. The junction between graphene and ZnO has also been characterized and
reported. In this chapter, the experimental results of the junction analysis and the
fabricated devices will be given and discussed.

5.1 Synthesis, basic devices and junction study
This section covers the results from paper 1-3. In paper 1, the functionalized
graphene was synthesized chemically and stabilized in aqueous solutions by
the assistance of a polycation (details of synthesis given in section 3.2.1.1). This
aqueous dispersion of graphene was found to be stable even after 2 months,
whereas the reduced GO without the addition of the polycation (PQ-16)
formed agglomerates soon after reduction with hydrazine. The underlying
mechanism has been associated with adsorption of some of the polycations on
the surface of the graphene membranes by non-covalent ʌ-ʌ interactions
between the imidazolium rings of the salt and graphene, soon after reduction
with hydrazine monohydrate [130].
The graphene was deposited onto Si/SiO2 (SiO2 thickness ~300 nm) substrates
by dip-coating and treated at 400 oC for 2 h in Ar/H2 to further reduce the
graphene oxide and also to sublimate the solution residue. The optical
microscope images were taken in order to identify graphene [131]. Atomic
force microscope measurements were carried out to confirm the presence of
single and few layer graphene by measuring step height [102]. Graphene
shows typical wrinkled structure which is intrinsic to graphene [132] over
relatively large sheet sizes. Very large graphene membranes with sizes around
10 ×10 μm were identified. The size was found to be directly related with
sonication power and time. Excessive sonication results in very small graphene
sheets whereas less sonication results in incomplete exfoliation of graphite
oxide. The average thickness of a GO sheet was ~1 nm (Fig. 2), which in
agreement with the preceding research, confirming that the graphite oxide was
completely exfoliated. We observed heights from slightly less them 1nm to a
few nm thick. We assigned the sheets with height ~1nm, ~1.5nm, ~2 nm and
<5nm< to be 1, 2, 3, few layered GO sheets, respectively. This was in agreement
with the reported AFM results on few-layer graphene sheets [2, 9, 133], where
the single layer graphene is always ~1nm, probably due to different attraction
force between AFM tips and graphene as compared to SiO2 and imperfect
interface between graphene and SiO2. AFM image of our chemically reduced
GO sheet after addition of PQ-16, deposited on SiO2/Si substrate by drop
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casting is shown in Figure 5.1. The graphite interlayer spacing is about 0.34 nm
which should ideally corresponds to the thickness of a monolayer graphene.
Conversely, the thickness of single PQ-G was determined to be 1.9 nm, as
shown in Figure 5.1 (bottom). If we assume that monolayered PQ-16 covered
both sides of graphene sheet with offset face-to-face orientation via ʌ-ʌ
interactions (mechanism of stabilization), the estimated distance between PQ
and the graphene sheet is 0.35 nm [134]. Accordingly, the average thickness
of the graphene sheet in the PQ-G layer can be derived to be around 1.9 nm.
This is assumption is further supported by Figure 2b, which shows the step
height for the region with bilayer graphene. The step height of the graphenegraphene interface was also observed to be ~1.9 nm in various measurements.

Figure 5.1: Tapping mode AFM image of GO on SiO2/Si (top) and polycation
stabilized graphene (bottom) with height profiles.
Transmission electron microscopy (TEM) is also a very important tool for
investigating the quality of exfoliated graphene. We dropped a small quantity
of the dispersion on the holey carbon grid by pipette and dried the samples.
Figure 5.2a shows bright-field TEM image, 5.2b shows HRTEM image of the
graphene surface and 5.2c depicts the electron diffraction (ED) pattern
observed. The analysis of the diffraction intensity ratio was used to confirm the
presence of mono-layer graphene [135]. We use the Bravais-Miller (hkil)
indices to label the peaks corresponding to the graphite reflections taken at
normal incidence [135]. After analyzing a large number of TEM images, we
were able to determine that our dispersion contains a very good fraction of
monolayer graphene. In paper 3, we report on synthesis (section 3.2.1.3) of
GNRs with sub-10 nm widths. It has been experimentally demonstrated that all
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sub-10 nm GNRs are semiconducting due to the edge effect, which make them
extremely promising for electronic device applications [9, 136].

Figure 5.2: (a) Bright field TEM images of monolayer graphene, (b) HRTEM
image from the same location, (c) Electron diffraction pattern of the graphene
sheet in (a) with diffraction spots labeled by Miller-Bravais indices and (d)
TEM image of the synthesized sub-10 nm GNRs.

A simple bottom gated graphene field effect transistor (FET) was fabricated by
putting a monolayer of reduced GO membrane in between thermally
evaporated gold electrodes defined by lithography. The channel length
between source and drain electrodes was 5 μm. Figure 5.3 shows the
schematic/SEM image of the device (left) and the drain current Id vs. gate
voltage Vg curve of FET prepared with this reduced monolayer graphene
membrane (right). The FET gate operation exhibits hole conduction behavior
whereas pristine graphene has a zero bandgap. Thus chemical fictionalization
is a possible route to modify the electronic properties of graphene, which can
be important for graphene based nanoelectronics [137].
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Figure 5.3: Schematic of a device with 30 nm thick thermally evaporated Au
contacts as the source (S) and drain (D) electrodes and SEM image of the device
(left), and Source-drain current (Isd) vs. source-drain voltage (Vsd) as a function
of gate voltage (Vg) with p++ silicon serving as a back gate (right).
In paper 2, we report the growth of graphene on SiC by sublimation (detailed
in section 3.2.2). As indicated by the AFM results in figure 5.4, a continuous
layer of graphitic material is formed over the SiC small terraces at a growth
temperature of 2000 oC. It is apparent that the graphitic surface exhibits a
meshwork of 1D crests [138]. The formation of that mesh-like network of
wrinkles was attributed to the release of the compressive strain, which builds
up in graphene layers during the sample cooling due to the mismatch between
the thermal expansion coefficients of graphene and the SiC substrate [138-140].
The wrinkles are not of uniform height and contain a number of localized
wrinkle nodes where individual wrinkles intersect. The few layered graphene
(FLG) over SiC surface resembles to a piece of crumpled paper that is
subsequently unfolded and moderately smoothed [138]. The attainment of an
atomically flat surface covered by a single layer of graphene requires advances
in SiC substrate preparation and thorough study of the graphene nucleation
and growth. SiC Substrates are grown, cut, and polished such that the (0001)
direction is perpendicular to the surface of the substrate. However, only on
rare occasion is the surface oriented exactly in the (0001) direction. Miscut
tolerances can be as high as ±0.5° off axis, causing terraces on the surface that
can be multiple unit cells high [107]. Central on axis area of the SiC substrate
give us very good coverage of monolayer graphene with ~0.6 nm measured
thickness, as seen in Figure 5.3.

Results and Discussion 55
___________________________________________________________________________________________________

Figure 5.4: Monolayer graphene on the flat region of SiC surface with coverage
along the terraces as well.
In our Raman spectrum for GO, a D-band at 1342 cm-1 and the G-band at 1583
cm-1 can be seen in Figure 5.5a. The noticeable D peak evolved from the
structural imperfections created due to the attachment of oxygen functional
groups on the carbon basal plane, that’s why it just about vanishes in the
epitaxial graphene (Figure 5.5b). The G-band corresponds to the recovery of
the hexagonal network of carbon atoms with defects. The relative intensities of
the 2D peak at ~2700 cm-1 increase in epitaxial graphene, specifying the
existence of monolayer graphene [141-143].

Figure 5.5: (a) Raman spectra of GO, and (b) Raman spectrum the graphene
grown on 4H-SiC semi-insulating substrate after SiC background subtraction.
The blue line displays the Lorentzian fit to the G and 2D Raman modes. G/2D
ration is a confirmation for monolayer graphene.
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Samples produced by our optimized process have relatively smooth surfaces
with a big central flat area with gradual large, flat substrate terraces that reach
several micrometres in size and these continue towards the ends of the wafer in
steps several times the height of the original substrate steps (Figure 5.6). The
graphene attained on this surface now consists primarily of monolayer
graphene, with narrow bilayer (and occasional trilayer) stripes at the terrace
edges [144]. This trend was confirmed by the study of Raman spectra (Figure
5.6, right). The full width at half maximum (FWHM) of the G peak is also not
effected by the number of layers. The number of layers for graphene is strongly
related to the shape of the 2D peak. Monolayer graphene for instance has a
single and sharp 2D peak with FWHM of 30-40 cm-1. Whereas, bilayer and
trilayer graphene has relatively broader 2D feature with FWHM of ~60 cm-1 for
the bilayer and ~70 cm-1 for the trilayer [145, 146]. The 2D peak position,
increases monotonously to higher wavenumber with increasing layer number.

Figure 5.6: Development of the graphene during graphitization of Si-face SiC.
The surface termination is mostly monolayer graphene with narrow stripes of
bilayer and trilayer graphene near the upper edge of the substrate terraces
[144] along with AFM image (top, left) of the terraces of our sample. On the
right, the measured Raman spectra for the mono- bi- and trilayer graphene are
depicted with their respective FWHM.
Then, we demonstrated the controlled growth of ZnO NWs on graphene
surface by using a low temperature hydrothermal routine (section 3.3.1). The
mechanical stability and electrical behavior of the junction was analyzed. ZnO
NW growth was achieved on spin coated graphene along with the nearly
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monolayered graphene on SiC. The motive behind following this route was the
identification and confirmation of ZnO-graphene interaction at the
atomic/molecular level. ZnO also has a good crystallographic relationship
with SiC, which makes it impossible to single out the ZnO–graphene
interactions even after patterning. Graphene fabricated on semi-insulating SiC
wafers by the sublimation method has a better quality (than the chemically
derived graphene) for demonstrating the growth on larger areas of monolayer
graphene and also for analyzing the junction electrical behavior for future
device applications.

Figure 5.7: SEM of the ZnO NWs grown on graphene surface by hydrothermal
method after mild ultrasonication. (a) selective growth on random drop casted
graphene sheets with inset showing the AFM image of the monolayer sheets
before growth, (b) on the patterned graphene film, inset showing the Al
masked sample prior to mask removal and growth, (c) SEM image of ZnO
NWs grown on the large area epitaxial graphene, and (d) HRTEM image of a
ZnO NW detached from graphene substrate and FFT pattern (inset) showing
good crystal quality and [0001] growth direction.
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Figure 5.8: (a) ZnO-SiO2 and ZnO-graphene lattice matching and interface
illustration, (b) schematic view of the band profile at the graphene-ZnO
interface, (c) schematic of graphene-ZnO-Metal device and (d) I-V
characteristics of graphene-ZnO-Al and graphene-ZnO-Au devices.
Mechanical stability of the graphene-ZnO heterojunction was verified by
subjecting the samples to ultrasonication. The ZnO NW growth remained
unharmed only where the graphene sheets were available, whereas the growth
on SiO2 easily left the surface (Figure 5.7abc). 1D ZnO NWs demonstrated
strong binding with 2D graphene surface and the NWs had good crystal
quality (Figure 5.7d). The electrical contact between graphene and ZnO was
investigated by constructing a simple device and studying its current vs.
voltage (I-V) characteristics. We experimentally prove that graphene-ZnO
junction behaved as a typical metal-semiconductor ohmic contact lacking a
contact barrier, as seen in Figure 5.8.

5.2 Biosensing applications
Nanotechnology has shown great promise for fabricating novel nanobiosensors with faster response and higher sensitivity than of planar sensor
configurations. A biosensor consists of a bio-sensitive layer that either contains
biological recognition elements or consists of biological recognition elements
covalently attached to the transducer. The immobilization of enzymes onto the
surfaces of suitably modified electrodes can provide highly selective, sensitive
and rapid analysis of various biological species. New developments in
biosensor design are appearing at a high rate as these devices play immensely
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important roles in daily life. This section aims to highlight recent developments
in graphene and ZnO based electrochemical biosensor design, construction and
performance.
Biosensing can potentially be an interesting application of graphene owning to
its tremendously large surface area to volume ratio as a dominating and
favorable parameter [10, 147]. The immobilization of enzymes onto surfaces of
graphene modified electrodes can provide highly selective, sensitive, and rapid
analysis of numerous biological species. The dramatic decrease in the
hydrogen peroxide over potential plus the direct electron transfer of glucose
oxidase (GOD) observed at carbon nanotube (CNT) modified electrodes have
already shown great promise for the biosensing of glucose [148, 149]. Graphene
based chemical sensors can potentially have a much higher sensitivity because
graphene is a 2-dimentional single atomic layer of graphite which can
maximize the interaction between the surface dopants and adsorbates. It has
much lower Johnson noise [11, 12, 150] as compared to CNT, therefore, a
minute variation of carrier concentration can cause a notable variation of
electrical conductivity [151]. Moreover, compared with CNTs, graphene can be
obtained easily by chemical conversion of the inexpensive graphite [152].
During the present work (paper 3-6), we tested graphene and ZnO based
biosensors for measuring cholesterol and glucose in extracellular and
intracellular environments. Cholesterol and glucose hold a significant character
and crucial functioning in a number of bioanalytes present in the animal cells
[153, 154]. The controlled level of these in the blood is highly important
parameter for the controling the major life threatening diseases [155-157].
Fourier transform infrared (FTIR) spectroscopic measurements (Figure 5.9)
were executed on as-synthesized and conjugated graphene nanosheets with
enzymes (GOD, ChOx) by using an aluminum thin film as reference. The
spectrum observed from the conjugated graphene nanosheets reveals that the
adsorption peak at 1722 cm-1 has disappeared while the peaks at 1550 and 1407
cm-1 have become significantly discernible providing an evidence to the
presence of higher density of symmetric and asymmetric vibrations,
respectively, of carboxylic group [158]. In addition, the adsorption peaks
related to primary amide ions could be ascribed as a part of this broad peak at
1600-1700 cm-1 and the highly resolved peak at 2953 cm-1. The adsorption peak
at position 3382 cm-1 has become more prominent compared to the peak in assynthesized graphene curve depicting the presence of comparatively higher
concentration of hydroxyl ions. The reason of the adsorption peaks in both
spectra at 2358 cm-1 is due to presence of varied amount of CO2 in the chamber
depending on the way of conducting two consecutive measurements. The FTIR
spectra not only provide a firm evidence of the successful exfoliation of
graphene sheets but also the successful conjunction with enzyme in our
experiments [104, 159].
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Figure 5.9: FTIR results for as-synthesized graphene and graphene conjugated
with enzyme.
In graphene-based biosensors, biomolecules are immobilized onto graphene
surface by physisorption (hydrophobic interactions), electrostatic interactions
or by anchorage via peptide bonding [104, 160, 161], as illustrated in figure
5.10.

Figure 5.10: Immobilization strategies of enzymes on graphene: (a)
physisorption of enzymes on graphene via hydrophobic interactions, (b)
covalent binding via amide coupling with the carboxylic acid groups of
oxidized graphene, and (c) electrochemical coating of graphene with positively
charged ionic liquids (ILs) and subsequent immobilization by electrostatic
interactions.
In the present work, we describe a method in which cholesterol oxidase (ChOx)
and glucose oxidase (GOD) enzymes are immobilized onto the graphene
coated wire or pipette surface (working electrode). A two-electrode
electrochemical potential cell was constructed and the electrochemical cell
voltage (emf) changes when the composition of the test electrolyte is modified.
These changes can be related to the concentration of ions in the test electrolyte
via a calibration procedure. The actual electrochemical potential cell can be
described by the diagram in figure 5.11c. Graphene based cholesterol and
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glucose biosensors show an excellent sensitivity slope curve with the value of
82 and 64 mV per decade, respectively. In addition, the storage ability of the
biosensors has been investigated with the series of repeated experiments for 1
month on daily basis and it has been observed that the sensitivity slope curve
of the biosensors holds more than 95% of the original slope curve.
Subsequently, the entire electrode assembly was employed for the detection of
intracellular glucose. The intracellular glucose concentration in a single human
adipocyte was 55 ± 15 μM, corresponding well with the 70 μM intracellular
concentration determined by nuclear magnetic resonance spectroscopy in
human muscle tissue [162].

Figure 5.11: (a) Calibration curve with repeated experiments at different
cholesterol concentrations, (b) calibration curve with repeated experiments at
different glucose concentrations, (c) experimental setup of two electrode
system, (d) schematic illustration of the glucose sensing setup along with
possible electrochemical reaction near the electrode, and (e) microscopic
images of a single human adipocyte taken during measurements with
schematic illustration.
Same setup can be utilized for intracellular measurements with ZnO nanowire
working electrode [27, 163]. The isoelectric point (IEP) of ZnO is about 9.5,
which makes it suitable to immobilize low-IEP proteins or enzymes such as
GOD (IEP 4.2) by electrostatic adsorption in proper buffer solutions around
neutral pH [163]. We performed these selective measurements by using ZnO
nanowires grown on the surface of a metal wire or metal coated pipette with an
aim to produce electrochemical biosensors. We were able to perform these
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measurements with a control down to single nanowire (Figure 5.12), which can
be significant for precise analysis and totally eliminating the cell damage
during experiment.

Figure 5.12: SEM images of ZnO multiple and single nanowire biosensor.

5.3 UV detectors
ZnO based UV detectors are reported in paper 7 and 8. P-type doping of ZnO
is still a problem that diminishes the prospects of a ZnO p-n homojunction
device [20]. On the other hand, ZnO is naturally n-doped and does not need
external dopants. A Schottky diode seems to be a very feasible device from
ZnO. A Schottky barrier diode exhibits faster switching and lower turn-on
voltages as compared to a p-n junction diode and there is some optical loss in
the p-region of a p-n diode. That makes it a very useful for electronic and
optoelectronic application.
In paper 7, relatively long (30 μm) high quality ZnO nanowires (NWs) were
grown by the vapour-liquid-solid (VLS) technique. Schottky diodes of single
NW were fabricated by putting single ZnO NW across Au and Gallium
induced Pt electrodes made by the assistance of FIB and photolithography. A
device with ohmic contacts at both the sides was also fabricated for
comparison. The current-voltage (I-V) measurements for the Schottky diode
show clear rectifying behaviour and no reverse breakdown was seen down to 5 V. High current was observed in the forward bias and the device was found
to be stable up to 12 V applied bias.. The Schottky barrier device shows more
sensitivity, lower dark current and much faster switching under pulsed UV
illumination. Desorption and re-adsorption of much smaller number of oxygen
ions at the Schottky junction effectively alters the barrier height resulting in a
faster response even for very long NWs. The NW was treated with oxygen
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plasma to improve the switching. The photodetector shows high stability,
reversibility and sensitivity to UV light. The results (seen in Figure 5.13)
suggest that single ZnO NW Schottky diode is a promising candidate for
fabricating UV photodetectors.

Figure 5.13: Electric model, schematic, SEM image and UV response of the
fabricated Schottky diode (left column), and (b) Electric model, schematic, SEM
image and UV response of the ohmic device (right column).
In paper 8, we demonstrate a very easy to fabricate ZnO UV sensor, made on
common pencil drawn circuit over a paper. Speaking to the audience in the
2010 Nobel lecture, Professor Per Delsing said, “most of you in this hall have
produced graphene-like layers when you have written with a pencil”. We were
tempted to make use of this most prehistoric form of graphene, known as
graphite pencil. ZnO NCs were extracted from the solution bath used for the
growth of ZnO nanowires (NWs). The NWs are typically grown from solution
based technique (section 3.3.1) to fabricate devices like light emitting diodes
(LEDs) [18, 68, 111], biosensors [163, 164] etc., by uploading the samples upside
down in the growth solution. We collected ZnO NC from the chemical bath
after the growth of NW on some samples and dried these in powder form,
consequently making a printable and semiconducting ZnO NC paste by
employing a commercial binder. Different grade pencils were tested for
resistivity and standard 4B pencil was chosen with a line resistance of ~3 Mš.
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A 4B pencil typically has 4:1 graphite to clay binder ratio. Our ZnO NC film
has a horizontal sheet resistance of ~6-7 Mš; hence there is no need for very
high conductive sophisticated electrodes for the sensor fabrication. This sensor
is well capable of detecting UV light and demonstrates features comparable to
those of made with complex and expensive techniques.

Figure 5.14: (a) Illustration of graphene-pencil analogy, (b) XRD of the ZnO
NCs printed on the paper with inset showing the picture of the pencil drawn
ZnO device, (c) I-V curves of the flexible pencil drawn UV sensor with and
without UV illumination, and (d) time-dependent photoresponse of the flexible
UV sensor.

5.4 Light emitting diodes (LEDs)
In paper 9 and 10, we report on fabrication and characterization of ZnO based
white light emitting diodes (WLEDs). Unique optical properties of ZnO along
with broad defect related peak extending from400 nm to700 nm, make it a
strong contender for WLEDs. Valuable properties of ZnO can be utilized by
making a heterostructure of ZnO with p-GaN, using ZnO as an active layer.
Stable and reproducible p-type doping of ZnO is still a problem that is
hindering the possibility of a ZnO p-n homojunction device [165, 166]. ZnO has
favorable band energies for forming a heterojunction with many inorganic and
organic donor materials, including p-GaN, p-SiC, PEDOT:PSS and poly (9,9dioctyl-fluorene) (PFO). NWs offer a number of potential advantages over the
conventional thin film growth. The ZnO NW array can be grown on any
substrate directly by a low temperature, low-cost process for making functional
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pn heterojunction. Moreover, vertical NWs are like natural waveguiding
cavities for causing the emitted light to travel to the top of the device
minimizing partial leakage and thus enhancing the light extraction efficiency
from the device surface.
In paper 9, vertically aligned ZnO NWs with a mean diameter in the range of
160–200 nm were grown on a p-GaN/Sapphire substrates using seed layer by
aqueous chemical growth technique. Ni/Au alloy was deposited as a contact.
The properties of this diode were investigated by parameter analyzer, SEM,
cathodoluminescence (CL), EL and PL. I-V characteristics of the fabricated
ZnO/GaN heterojunction revealed rectifying behavior and the diode emits
visible electroluminescence when bias is applied. The emission band is very
broad extending from 430 - 700 nm with a peak at 630nm. CL emissions at 368
nm (3.37 eV) were verified to be emitted by the GaN substrate and emissions at
381 nm (3.25 eV) correspond to ZnO nanorods. Comparison of the CL, PL and
EL data (Figure 5.15bcd) suggests that the blue and near red emissions in the
EL spectra are from Mg acceptor levels in GaN and deep levels present in the
ZnO NW array, respectively. Although, this LED performed well but
expensive GaN substrate seemed not a good complementary material to cheap
and easy to fabricate ZnO nanowires.

Figure 5.15: (a) Schematic illustration of the LED with SEM image showing
cross-sectional view of the fabricated LED, (b) CL spectra of the NWs at two
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different areas, (c) PL spectrum for ZnO NWs measured at room temperature,
and (d) EL spectrum of the LED with Gaussian fitting.
In paper 10, water-processable graphene nanosheets were used as precursors
for dual purpose: as HTL and as a transparent conducting electrode in LED.
Thus the issue of finding a cheap donor, seen in paper 9, was addressed by
choosing graphene and a polymer, as a way out. An rGO/GO/PFO/ZnO/Al
LED (Figure 5.16a) was fabricated by spin coating and solution growth
techniques. The fabricated LED demonstrated clear rectifying behavior and a
broad band emission covering the whole range of the visible spectrum (Figure
5.16bc). We demonstrate that GO can not only be used as an alternative HTL
to PEDOT:PSS but also as an substitute to ITO as a transparent electrode in
optoelectronic devices. The graphene-based LED performs as good as the
conventional one with PEDOT.

Figure 5.16: (a) Schematic diagram of the graphene/ZnO LED, (b) I–V
characteristics of the fabricated LED, inset depicts energy band diagram with
respect to the vacuum level, (c) Electroluminescence spectra of the GO LED
with Gaussian fitting, (d) Electroluminescence spectra of the PEDOT LED with
Gaussian fitting.
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Chapter 6
6 Conclusions and Outlook
The present work mainly covers graphene and ZnO nanostructures, study of their
growth mechanism by different techniques as well as junction study and
application of their various combinations. This work can mainly be divided in two
parts: (i) Synthesis, basic devices and junction study of graphene and ZnO
nanostructures, (ii) Applications.

6.1 Summary
In the first part, the functionalized graphene was synthesized chemically and
stabilized in aqueous solutions by the assistance of a polycation. This aqueous
graphene dispersion was found to be stable even after 2 months, whereas the
reduced GO without the addition of the polycation (PQ-16) formed
agglomerates soon after reduction with hydrazine. The core mechanism has
been associated with adsorption of some of the polycations on the surface of
the graphene membranes by non-covalent ʌ-ʌ interactions between the
imidazolium rings of the salt and graphene, soon after reduction with
hydrazine monohydrate. A simple bottom gated graphene field effect
transistor (FET) was fabricated to study the effect of chemical functionalization
on the electronic properties of graphene. Then, growth of graphene on SiC by
sublimation was performed and optimized. A very good coverage of
monolayer graphene layer over 2Ǝ SiC wafer was attained at growth
temperatures up to 1800 oC inside a HTCVD reactor. Then, we demonstrated
the controlled growth of ZnO NWs on graphene surface by using a low
temperature hydrothermal method. The mechanical stability and electrical
behavior of the junction was analyzed. ZnO NWs demonstrated good
mechanical stability with graphene due to good mutual crystallographic
relationship. The graphene-ZnO junction behaved as a typical metalsemiconductor ohmic contact lacking a contact barrier.
In the second part, we demonstrated applications of graphene and ZnO
nanostructures and their various combinations. Biosensing was found to be an
interesting application of these nanomaterials owning to their exceptionally
large surface area to volume ratio and biocompatibility. The immobilization of
enzymes onto the surfaces of suitably modified electrodes provided highly
selective, sensitive and rapid analysis of glucose and cholesterol. UV detection
was also experimentally confirmed to be an interesting application. The
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photodetector shows high stability, reversibility and sensitivity to UV light.
The results suggest that ZnO is a promising candidate for fabricating UV
photodetectors. Single NW photodetectors were fabricated and their
performance was optimised by making good Schottky contacts and oxygen
plasma treatment. We also demonstrated a novel type of UV sensors by
making use of the most prehistoric form of graphene, known as graphite
pencil. ZnO NCs were extracted from the solution bath used for the growth of
ZnO NWs and screen printed onto the pencil drawn circuitry. This sensor was
found to be well capable of detecting UV light and displayed features
comparable to those of made with complex and expensive techniques. Lastly,
we report on fabrication and characterization of ZnO based WLEDs as unique
optical properties of ZnO along with broad defect related peak making it a
strong contender for WLEDs. First, we fabricated ZnO/GaN heterojunction
LED which emitted good observable white electroluminescence on bias
application. Then in the second type of LED, water-processable graphene
nanosheets were used as precursors for dual purpose: as HTL and as a
transparent conducting electrode in LED. Thus the issue of finding a cheap
donor, seen in ZnO/GaN heterojunction LED, was addressed by choosing
graphene and a polymer as a solution. An rGO/GO/PFO/ZnO/Al LED was
fabricated by spin coating and solution growth techniques. The fabricated LED
demonstrated clear rectifying behavior and a broad band emission covering the
whole range of the visible spectrum.

6.2 Future Outlook
With all the recent and well justified boom in graphene research, many critical
issues are still to be resolved before bringing out the all-graphene electronics
into the market. We have experimentally seen that the interaction between
graphene and SiC substrate are critical to the future applications of epitaxial
graphene. Besides that, graphene can be seen as a perfect replacement for ITO
as transparent conducting displays. Better control and optimization of
functionalization of graphene can open new ways for a diverse range of
applications. Similarly, a diverse range of ZnO nanostructures can find
application in many applications such as LEDs, biosensors, UV sensors, nanogenerators etc. The novel design of having very few or even a single ZnO NW
on the sharp tip makes it possible to penetrate the cell membrane with
nanosensor devices and measure biological species in living cells. The
amalgamation of the exceptional properties of graphene with good
semiconducting properties of ZnO can lead the way towards the realization of
future devices.
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