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ABSTRACT OF THE DISSERTATION
ENHANCED ZINC OXIDE AND GRAPHENE NANOSTRUCTURES FOR
ELECTRONICS AND SENSING APPLICATIONS
by
Ved Prakash Verma
Florida International University, 2010
Miami, Florida
Professor Wonbong Choi, Major Professor

Zinc oxide and graphene nanostructures are important technological materials
because of their unique properties and potential applications in future generation of
electronic and sensing devices. This dissertation investigates a brief account of the
strategies to grow zinc oxide nanostructures (thin film and nanowire) and graphene, and
their applications as enhanced field effect transistors, chemical sensors and transparent
flexible electrodes.

Nanostructured zinc oxide (ZnO) and low-gallium doped zinc oxide (GZO) thin
films were synthesized by a magnetron sputtering process. Zinc oxide nanowires (ZNWs)
were grown by a chemical vapor deposition method. Field effect transistors (FETs) of
Zn0O and GZO thin films and ZNWs were fabricated by standard photo and electron beam
lithography processes. Electrical characteristics of these devices were investigated by
nondestructive surface cleaning, ultraviolet irradiation treatment at high temperature and
under vacuum. GZO thin film transistors showed a mobility of ~5.7 cm?*/ V's at low
operation voltage of <5 V and a low turn-on voltage of ~0.5 V with a sub threshold swing

of ~85 mV/decade. Bottom gated FET fabricated from ZNWs exhibit a very high on-to-



off ratio (~10°) and mobility (~28 cm?® /V's). A bottom gated FET showed large
hysteresis of ~5.0 to 8.0 V which was significantly reduced to ~1.0 V by the surface
treatment process. The results demonstrate charge transport in ZnO nanostructures
strongly depends on its surface environmental conditions and can be explained by
formation of depletion layer at the surface by various surface states. A nitric oxide (NO)
gas sensor using single ZNW, functionalized with Cr nanoparticles was developed. The
sensor exhibited average sensitivity of ~46% and a minimum detection limit of ~1.5 ppm
for NO gas. The sensor also is selective towards NO gas as demonstrated by a cross
sensitivity test with N, CO and CO, gases.

Graphene film on copper foil was synthesized by chemical vapor deposition
method. A hot press lamination process was developed for transferring graphene film to
flexible polymer substrate. The graphene/polymer film exhibited a high quality, flexible
transparent conductive structure with unique electrical-mechanical properties; ~88.80 %
light transmittance and ~1.174¥sd sheet resistance. The application of a
graphene/polymer film as a flexible and transparent electrode for field emission displays

was demonstrated.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Overview

Nanostructure materials are the essential building blocks of next generation
molecular manufacturing industry. Their unique physical and chemical properties at
nanoscale encourage invention of novel devices made from nano-circuits and nano-
machines. Materials with at least one of their dimension in the nanoscale range (10 m)
are of great research interest for the scientific community from past couple of decades.
Scientific knowledge and findings about these materials have developed at a tremendous
rate, pushing it towards the next step for their application in commercial devices, making
nanotechnology a success.

Semiconducting nanostructure materials have huge potential in future electronic,
optical and sensing devices. In general, all the bulk semiconductors can be synthesized to
form a nanoscale structure. Zinc oxide (ZnO) is a wide band gap (Eg = 3.37 eV at room
temperature) semiconducting material having high exciton binding energy of 60 meV.
Even though research focusing on ZnO dates back many decades, the renewed interest is
fueled by the synthesis and the application if its nanostructures in various kind of devices.
ZnO thin film and nanowires are two main nanostructures which have been of great
research interest in recent years.

Also, nanoscale carbon allotropes ranging from graphene (2D), nanotubes (1D)

and fullerenes (0D) are of great interest because of their unique atomic structures which



are built from the same hexagonal array of sp” carbon atoms. Recently graphene, a new
yet ancient two-dimensional material has sparked an exponentially growing interest in the
scientific communities, in particular technologist and material scientist exploring the way
to incorporate it into future nano-scale devices. Owing to their remarkable electronic,
mechanical and thermal properties, graphene has potential applications in transistors,
integrated electronic circuits, ultracapacitors, solar cell and biodevices.

This dissertation focuses on synthesis, characterization and incorporation of ZnO
nanostructures (thin film and nanowire) and graphene in electronic and chemical sensor
devices for their enhanced performance. ZnO nanostructures and graphene film were
synthesized using radio-frequency (rf) magnetron sputtering (physical vapor deposition)
and chemical vapor deposition methods, respectively. Various characterization
techniques such as scanning electron microscopy (SEM), transmission -electron
microscopy (TEM), x-ray diffraction pattern (XRD) and atomic force microscopy (AFM)
were used to study the structure of these nanomaterials. Devices were fabricated in 1000
and 100 class of clean rooms using, mainly standard photolithography, electron beam

lithography and sputtering process.

1.2 Motivation and Goal

This dissertation focuses on growth, surface modification and application of ZnO
and graphene nanostructures in electronic and sensing devices. High band gap and high
exciton binding energy provide stability of ZnO at high temperature and make it more

resistant to radiation. Zinc oxide nanostructures are fast capturing the attention of the



scientific and technical community as an important technological material for future
nano-electronics, optoelectronics, chemical and biological sensors.

Zinc oxide has a diverse family of nanostructures, both in terms of structures and
properties. In the present work, ZnO thin films and nanowires have been selected for the
experimental works. Zinc oxide nanostructures contain a large number of surface defects
(missing oxygen and zinc atoms from the lattice). These defects are very unstable and
react with other molecules present in its ambient, leading to very unstable electrical
properties of ZnO nanostructures. This kind of behavior though makes incorporation of
zinc oxide in electronics devices a challenging task, but provide an opportunity to use
them in chemical and biological sensors. Our aim is to control or modify the surface
properties according to the application requirements.

For successful application of zinc oxide nanostructures in future nano-devices, a
detailed understanding of the charge transport mechanism is essential. There have been
relatively few attempts to study the electronic transport properties of ZnO nanostructures.
This dissertation aims to investigate the role of surface defects in determining the
electronic properties of zinc oxide nanostructures based field effect transistors and
chemical sensors. ZnO nanostructures have been used to fabricate thin film transistors
and field effect transistors and their performance in air, vacuum and ultraviolet radiation
were investigated thoroughly. A method for enhanced device performance by non-
destructive surface cleaning has been proposed. This type of sensor has the potential of
real time monitoring of atmospheric pollutants such as nitric oxide gas. Another

application of these sensors is for early detection of inflammatory disease by measuring



nasal nitric oxide gas concentration level. Zinc oxide nanostructures are presented as one
of the best candidate materials for this purpose.

Another goal of this dissertation is synthesis of graphene film and its application
in transparent and flexible devices such as field emission display. Because of its
combinational electrical, optical and mechanical properties, graphene can be used as
transparent and flexible electrode in various electronic devices such as liquid crystal
displays, flat panel displays, plasma displays, touch panels, electronic ink applications,
organic light-emitting diodes and solar cells. At present all these devices contain indium
tin oxide (ITO), which is one of the most widely, used transparent conductive electrode
material. But, because of its fragility, lack of flexibility and scarcity of indium element,
an alternate for this material is being sought. Graphene can be a suitable alternate for ITO
in the above mentioned applications. Synthesis of graphene film in large dimensions and

its transfer to a flexible substrate have also been carried out as a part of this dissertation.

1.3 Scope of this dissertation

Chapter 2 provides the background of the dissertation and discusses the properties
of ZnO and graphene materials. Mainly structural, electrical and optical properties of
nanostructured ZnO and graphene are described. The progress of the ZnO nanostructure
field effect transistors and chemical sensors are also discussed. A recent development in
graphene based transparent and flexible electrodes has also been covered in this chapter.
Chapter 3 details the synthesis process of ZnO thin film and nanowires by radio
frequency magnetron sputtering and chemical vapor deposition method, respectively. It

also includes a brief introduction to the synthesis of graphene by CVD method. Chapter 4



describes fabrication of gallium doped ZnO thin film transistors and their device
characteristics. Investigating the stability and reliability of the thin film transistor devices
are the main emphasis of this chapter. ZnO nanowire field effect transistor and their
enhanced electrical performance by nondestructive surface cleaning are described in the
chapter 5. The effect of the ambient conditions on transistor characteristics and
application of UV irradiation for desorption of chemical species from the ZnO nanowire
surface are investigated in this chapter. Chapter 6 addresses the electrical hysteresis
phenomenon in bottom gated field effect transistors and the application of vacuum
annealing under UV irradiation for the restoration of intrinsic device characteristics.
Chapter 7 shows the novel application of functionalized ZnO nanowire for nitric oxide
gas sensing at low-ppm concentration level. Chapter 8 discusses the synthesis of
graphene film by chemical vapor deposition method and the transfer of graphene film by
hot press lamination and chemical etching process. The application of graphene film for
transparent and flexible electrode in field emission device is also demonstrated in this

chapter. Chapter 9 provides a summary of the dissertation and proposes for future work.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Properties of Zinc oxide
This part of the chapter overviews the basic physical and chemical properties of

zinc oxide which includes crystal structure, electronic properties and optical properties.

2.1.1 Crystal structure and lattice parameters

Zinc oxide is formed in three types of crystal structures which are hexagonal
wurtzite (B4), cubic zinc-blende (B3), and cubic rocksalt (B1) consisting of oxygen and
zinc atoms at the anion and cation position respectively. These crystal structures are

illustrated in Figure 1.

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Figure 1. Three different zinc oxide crystal structures (a) rocksalt (b) zinc blende and (c)
wurtzite. Gray and black circles represent zinc and oxygen atoms. Figure adapted from

Ref. [1].



For wurtzite and zinc-blende crystal structures, each anion is surrounded by four
cations at the corners of a tetrahedron, and vice versa. In the case of cubic rocksalt, each
of the anion and cation forms a separate interpenetrating face-centered-cubic lattice.
Thermodynamically, wurtzite is the most common and stable structure of zinc oxide at
ambient condition. This structure has a space group of P6smc. The c/a ratio for ideal
hexagonal wurtzite is 1.633, but in case of zinc oxide the crystal structure deviates from

ideal hexagonal wurtzite structure following the relation (1).

u= (l) (a—z) 2 WHETE U 0.375eeeeeeeeeeeeeeeeeeeeseeeeeeeseeeeeeesseeeeses s eesesseeens (1)

3/ \c2 4’

In the case of ZnO hexagonal wurtzite crystal structure, Zn and O atoms are separately
arranged into a hexagonal crystal structure with interpenetrating lattices. In this structure,
every Zn atom is surrounded by four O atoms arranged at the corner of a tetrahedron, and
vice versa. The lattice constants for Zinc Oxide, measured by x-ray diffraction method at
18 °C are [2]:

a=3.2426= 0.0001A

c=3.2426+0.0003A4

c/a=1.6020+0.0001
This tetrahedral coordination of anion and cation in ZnO results in a non symmetric
crystal structure, which in turn produces piezoelectric and pyroelectric properties in the
material. Typical values of piezoelectric and pyroelectric coefficients of ZnO thin film
are 11.0 pC/N [3] and -9.4x 10° C/m?K, respectively. All the ZnO nanostructures

synthesized in this work shows hexagonal wurtzite crystal structures.



2.1.2 Electrical and optical properties

Zinc oxide is a group II-IV binary semiconductor compound with direct band gap.
It has a relatively large band gap of ~3.37 eV at room temperature [1]. Because of its
large band gap which falls near ultraviolet range, pure ZnO is a transparent and colorless
material [4]. Also a large band gap means higher breakdown voltages, ability to sustain
large electric fields, lower electronic noise, and high-temperature and high-power
operation. ZnO possesses a high exciton binding energy of ~60 meV. The electrical and
optical properties of bulk ZnO are summarized in Table 1. In general ZnO, is an n-type
semiconductor, which can be attributed to its intrinsic defects of zinc interstitial (Zn;),
zinc vacancy (Z,) and oxygen vacancy (V,) [1]. The average electron concentration in

ZnO film is of approximately 10 *' cm™ [5].

Table 1. Electrical and optical properties of bulk ZnO, adapted from [6].

Static dielectric constant 8.656

Refractive Index 2.008, 2.029

Energy Gap 34eV

Intrinsic career concentration <10° cm™ (max n-type doping>10"" cm™
electrons; max p-type doping>10'" cm™ holes)

Exciton binding energy 60 meV

Electron effective mass 0.24

Electron Hall mobility at 300 K | 200 cm*/Vs
for low n-type conductivity
Hole effective mass 0.59

Hole Hall mobility at 300 K for | 5-50 cm”/Vs
low p-type conductivity

Figure 2 shows the energy level of various defects present into the ZnO band gap.
In general n-type doping of ZnO can be realized with Group III elements. Al, Ga and In
are common n-type doping elements in ZnO. Economical and high quality of ZnO

transparent conductive films can be made with n-type doping elements. Transparent



conductive films by Al, Ga and In doping have resistivity in the range of ~10™* Q cm [7].
The synthesizing p-type ZnO is very difficult because of deep impurity level, low
solubility and compensation of dopant in the ZnO. There are several reports for the
synthesis of p-type ZnO by doping of group-I and group-V elements in the periodic table

such as Li, Na, K, Cu, Ag, N, P and As [1]. As such, a reliable p-type ZnO material that

Zﬁ Ec
UV
3.18 eV 1.62 eV 2.38eV E,=3.36eV
3.06eV _1 2.28 ¢V (Qreen)
29eV Vg é_
Vo | - A

V OZn

is reproducible has yet to be discovered.

Figure 2. Energy levels of various defects in ZnO, figure adapted from [8].

2.2 Zinc oxide nanostructure field effect transistor

Owing to their wide band, high electron mobility and optical transparency, ZnO
thin film transistors are most sought material for display technologies. ZnO thin film
transistors are the emerging alternate to amorphous silicon transistors used in flat panel
display, printed electronics such as e-books. Table 2 shows ZnO based thin film

transistors, their physical and device properties. The first fully transparent thin film



transistor was discovered by Hoffman along with other engineers at Oregon State
University in 2003 [9]. Their study showed that ZnO thin film transistor operates in an
enhancement-mode with n-channel. On-to-off ratio and mobility of their devices were 10’
and 0.3 to 2.5 cm?/Vs, respectively. Also the optical transparencies of devices were more
than 75 %. They proposed that the future of these transparent thin film transistors is for
elaborate invisible electronics system. Compared with other transparent thin film
materials, ZnO thin films are economical and environmental friendly. ZnO thin films are
easy to work with, as they can be deposited at low temperature over various substrates.
Nomura et. al. [10] showed a way for room temperature fabrication of transparent

flexible thin film transistors using In-Ga-Zn-O material as an active n-channel.

Table 2. ZnO based thin film transistors and their properties

Channel Gate Gate Channel | Channel | Channel | Ioyo | Mobility | Ref.
material material structure | width Length | thicknes (cm?*/Vs) | #
(um) (nm) s (nm)

ZnO; rf- Aluminum | Bottom | 7100 1500 ~20-90 | N/A | 5-50 [11]
sputtered | Titanium | gated

Oxide

(ATO)
ZnO-spin | ATO Bottom | 200 150 30 10 0.20 [12]
coated gated
ZnO-ion SiO; and | Bottom | 2000 50 157 10° 0.3-2.5 [13]
beam SiNx gated
IGZO; rf- | Y,0;3 Top 150 10 50 10° 12 [14]
sputtered gated
1Z0; dc- N,O/SiHy | Top 1000 100 7-10 10° 15+3 [15]
sputtering gated

The study of semiconducting nanowire based field effect transistors are of great

interest because they can be prepared in high yield with reproducible electronic
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properties. Compared with conventional lithography and etching method of transistor
fabrication, bottom-up synthesis of nanowire and their FETs have several advantages,
such as low dimensional, crystalline and smooth surface transistor channel, which are
beyond top-down method capabilities. It is believed that this excellent control along with
nanoscale channel size could yield device performance exceeding that obtained using
top-down techniques.

Various architectures and device designs have been explored for ZnO
nanowire field effect transistors. Most of the single nanowire FETs were fabricated
depicting a cylinder on plate model with various gate architectures. Goldberger et. al.
[16] have demonstrated high performance single ZNW-FET device fabricated on Si/SiO,
substrate. Their device exhibits very high on-to-off ratio up to ~10” and mobility up to
~13 cm® V' s, Some advanced design concepts show vertical integration of ZNW with
surrounded gate [17]. In general, the on-to-off ratio and mobility of ZNW FET varies
from 10” to 10" and 3 to 80 cm® V' 5. Although mobility of ZNW-FET is relatively low,
it can be increased by other device modifications such as organic monolayer gate [18] .
Electron mobility values of ~ 1175 cm®/V s [19] have been reported for ZNW-FETs.
Several other studies also have been carried out using ZnO nanowires to examine device
operation under a variety of conditions, such as the use of different gate dielectrics,

surface passivation of the nanowires and gate configuration (Table 3).
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Table 3. Zinc oxide nanowire field effect transistors and their properties

Channel | Gate material Gate Radius Length | Lwosr Mobility Ref.
material structure (nm) (um) gcm2 Vs |#
)
ZnO SiO, Back gate | 50t0 200 | 10 10°-107 | 1345 [20]
Nanowire | SiO, Back gate | 30-150 14 N/A 3 [21]
Si0O, Back gate | ~90 n/A ~10° 20 to 80 [22]
self-assembled | Back gate | 80 5 ~10* ~196 [18]
organic
monolayers
AlLOs Omega 80to 120 | 70 10 30.2 [23]
shaped-
Gate
self-assembled | Back gate | 120 5 10’ 1175 [19]
organic
monolayers

2.3 Zinc oxide nanowire sensor devices

Mainly three types of gas sensors based on metal oxide nanowires have been
developed, which are conductometric, field effect transistor (FET) and impedometric
devices. Owing to their quasi-one-dimensional structure and favorable physical-chemical
properties for chemical sensing, ZNWs are the most explored material for conductometry
metal oxide gas sensors devices. As shown in Table 4, there are many reports on
chemical sensing by ZNW. Wan et. al. [24] introduced ZNW gas sensors fabricated with
micro-electro-mechanical system technology. Their sensor consisted of bundles of ZnO
nanowire which exhibited high sensitivity and fast response to ethanol gas at 300 °C.
They proposed that when a reductive gas at moderate temperature reacts with available
surface oxygen species and decreases the surface concentration of O, ion over the ZNW
surface. This increases the electron concentration in the ZNW, which eventually reflects
an increase in conductivity. Fan et. al. [25] have demonstrated the gas sensitivity by

single ZNW towards various gases such as NO,, NH3 and CO. They explained that gas
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sensing by ZNW is a result of electron transfer between the chemical potential of the gas
molecule and the Fermi energy level of the nanowire. They also reported an interesting
result that with the decrease of nanowire radius, the sensitivity increases, which can be

attributed to the increase in surface to volume ratio of the nanowire.

Table 4. Sensing of various gases by ZNWs

Zinc Oxide | Target Gas | Lowest detection concentration | Response time | Ref. #
Nanorods | H; 500 ppm (25 °C) 10 min [26]
H,S 50 ppb (RT) N/A [27]
Ethanol 1 ppb (300 °C) N/A [28]
Methanol | 50 ppm (300 °C) N/A [29]
Single H, 200 ppm (RT) ~30s [30]
nanowire | NO, 1 ppm (25 °C) N/A [25]
NH; 1 % Vol N/A [25]
CO 0.5 % Vol N/A [25]

The detection of chemicals of low concentration at room temperature is of
paramount importance in some industrial and military applications and for disease
control. Many strategies and methods have been developed for sensing of chemicals of
low concentration by ZNW at room temperature. Fan et. al. [31], have demonstrated the
gate refreshable ZNW gas sensor for the detection of NO, and NH;3 gases at room
temperature, using a strong negative field to refresh the sensors by an electro-desorption
mechanism. Other techniques for room temperature sensing along with high sensitivity
and selectivity involve doping of nanowire with different elements [32] and the

decoration of nanowire by catalyst nanoparticles [33, 34]. Wang et. al. [26, 35] have
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demonstrated that surface modification of ZNW by Pd nanoparticles improves its
sensitivity towards hydrogen gas by a factor of 5. In a similar approach, Chang et. al. [36-
38] have deposited Au and Pd nanoparticles on ZNW by a chemical route for enhanced

sensing of acetone, carbon monoxide and ethanol.

2.4 Properties of graphene
This part of the chapter introduces the basic physical properties of graphene
material. Atomic structures of graphene film along with its unique electrical, optical and

mechanical properties are discussed.

2.4.1 Atomic structure of graphene

Graphene is composed of sp® hybridized carbon atoms arranged in a two-
dimensional honeycomb lattice[39]. This honeycomb lattice contains two interpenetrating
triangular sub-lattices (A and B) as shown in Figure 3a. In this arrangement, atoms of one
sub-lattice are at the center of another interpenetrating sub-lattice. The carbon-to-carbon
inter-atomic length, a.. is 1.42A. One unit cell of graphene contains two carbon atoms
and is invariant under a rotation of 120° around any atom. Graphene shows three in-plane
o bonds/atom and m orbitals perpendicular to the plane as shown in Figure 3b. These in-
plane strong ¢ bonds and perpendicular © orbitals are responsible for its high mechanical

and unique electrical properties.
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Figure 3. Atomic structure of graphene. (a) Schematic structure of honeycomb lattice
structure. (b) Schematic of sp® hybrid c-c bond structure containing in plane ¢ bond and

perpendicular © bond. Figure adopted from [39].

There are three common stacking arrangements of honeycomb carbon layers over
each other in a few layer graphene film; AA type, AB type and ABC type (Figure 4). AA
type stacking is hexagonal, AB is Bernal and ABC has a rhombohedral arrangement [39].
The AB type stacking is most common and abundant in graphite single crystals. This has
the lowest energy state arrangement of the three type of graphene stacking. In the AB
type stacking, the rotation angle between two interlayer honeycomb lattices, around the z

axis is 60°, as shown in figure. The distance between two interlays is Cg = 6.672 A at 4.2
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K and 6.708A at 297 K [39]. The hexagonal AA type structure doesn’t have any rotation
between two interlayer of honeycomb structure. The third ABC stacking is the most
complex type of arrangement, which can be found in three or more layered graphene
structures. ABC stacking can be imagined as a third C layer stacked over the Bernal cell

with same orientation relative to the second layer but with a shift of 2ag/3+ bg/2.

O
AB Stacking ABC Stacking

Figure 4. Three common stacking sequences in few layer graphene films; AA type, AB

type and ABC type. Figure adopted from [39].

2.4.2 Electronic properties of graphene

Intrinsically, graphene is a semi-metal or zero band gap material. It has very high
electron mobility ~15,000 cm?/V.s at ambient condition [40]. The mobility of graphene is
independent of temperature between 10 and 100K, suggesting that the charge scattering is

dominated by defects. In their experiment of suspended graphene, Bolotin et. al. [41]
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have achieved a record high electron mobility exceeding the value 200,000 cm® V' s at
electron densities of ~2x10'" ¢cm . Estimated mean free path of charge carrier in a
suspended graphene film goes upto ~lum [42]. Under the influence of a gate applied
field effect, graphene shows am-bipolar charge characteristics with almost equal electron

and hole mobilities [43].

Energy

Conduction band

Valence band

Figure 5. Electronic band structure near Fermi level of single-layer graphene. The
conduction and valence bands cross at points K and K'. This point is called Dirac’s point.

Figure adopted from [44].

Figure 5 shows the electronic band structure near Fermi level of single layer

graphene. Energy versus wave vector relation is linear at all the six corners of the
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hexagonal Brillion zone. Near these six points, electrons and holes behave as relativistic
particles with zero effective mass and they can be described by Dirac’s equation for spin
half particles. Therefore, the six corners of the Brillion zone are called Dirac points, and

the electrons and holes at these points are named fermions [45].

2.4.3 Optical properties of graphene

Graphene monolayer exhibits very high transparency which is related to its low
energy and two dimensional gapless electronic structures. One or two layer of suspended
graphene film shows white light absorption of 2.3 and 4.6%, respectively with a
negligible reflectance, less than 0.1% [46]. Transparency of the graphene layer decreases
with the increase of thickness. The band gap of graphene bi-layer FET can be tuned by
application of a potential difference and its optical response can be changed with a

magnetic field [47].

2.4.4 Mechanical properties of graphene

Graphene is a very strong and rigid form of carbon. Similar to carbon nanotubes
in-plane p orbitals in graphene honeycomb lattice structure are responsible for its
remarkable mechanical properties. The hybridization of in-plane p orbitals leads to the
formation of strong ¢ bonds. The rigidity of these bonds defines the mechanical
properties of graphene. It is considered as the strongest material ever measured. The
measured stiffness of graphene by AFM nanoindentation method is of the order of 300-
400 N/m. The defect free graphene shows a breaking strength of 42 N/m and Young’s

modulus of ~1.0 TP [48]. Mechanical properties of graphene are similar to that of the
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diamond and carbon nanotubes, which makes it an ideal reinforcement material and
resonators. The comparatively low cost, high conductivity, transparency and chemical
and mechanical stability of graphene make it suitable for transparent and flexible

electrode.

2.5 Graphene transparent/flexible electrode

Graphene being the thinnest and strongest material is an ideal candidate of
transparent and flexible electrodes for foldable and plastic electronics. The potential
application of graphene flexible electrodes ranges from printed electronic circuits,
photovoltaic cells and LCD screens. Table 5 shows the optical transmittance and sheet
resistance of graphene films prepared by different methods. One of the major advances in
this area was reported by researchers from Sungkyunkwan University, Korea. In his
report Kim et. al. [49] has demonstrated large scale growth of graphene film on Ni
substrate and fabrication of patterned graphene films for stretchable transparent
electrodes. In his method for transferring graphene film from Ni metal, he used PDMS
solution to cure over graphene film and then chemical etching of Ni metal from the
bottom. The graphene film over PDMS shows high transmittance (>80%) and electrical
conductivity with a strain in up to ~12%. In another example Wang et. al. [50] have
fabricated a transparent and flexible electrode by first dip coating the graphene oxide
(produced by the Hummers method) flakes solution on quartz substrate and then
chemically reducing graphene oxide into a graphene film. This graphene film on quartz
had a high conductivity of 550 S/cm and a transparency of more than 70% over 1000-

3000 nm. An application of this graphene film has been shown for dye-sensitized solar
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cells, in which it replaces the conventional brittle FTO electrodes. In another application,
graphene on polymer substrate electrode was used to fabricate transparent and flexible
nanogenerator [51]. Similarly, solution processed graphene thin film transparent
conductive anodes were used to design organic light-emitting diodes [52]. In most of the
above examples, graphene synthesized by CVD or Hummer’s process were transferred by
scooping, stamping or spin coating methods to non-flexible (glass or quartz) transparent
substrates, which limits its application in flexible devices. For successful application of
graphene into these devices, a suitable method for fabricating large area graphene film on

flexible substrate is required.

Table 5. Transmittance and sheet resistance of graphene films.

Substrate Synthesis method Transmittance | Sheet resistance | Ref#
(%) (Q/sq)

Graphene on | CVD growthon Ni | 90 850 [53]

glass

Graphene on | CVD growthon Ni | 80 280 [49]

quartz

Graphene on | Hummers method 82 800 [52]

quartz

Graphene on | Hummers method >80 S5K-1M [54]

quartz

Graphene on | CVD growth on Cu | 90 2.1K [55]

glass

Graphene on | Hummers method 80.80 1.8 -0.08 [56]

quartz
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CHAPTER 3

SYNTHESIS OF ZINC OXIDE AND GRAPHENE NANOSTRUCTURES

3.1 Zinc oxide nanostructures

Zinc oxide can be grown in various nanostructure morphologies such as thin film,
nanowire, nanotubes, nanobelts, nanocombs, nanosprings, nanopolyhedrals and
nanodisks. Some of the ZnO nanostructures grown in our lab by simple thermal
evaporation techniques are shown in Figure 6. Different growth kinetics during synthesis
process result in the formation of various morphologies of ZnO [57]. The morphology of
the nanostructure can be influenced by different growth parameters, such as temperature,

distance between source and substrate, pressure and carrier gas flow rate.

Figure 6. Various ZnO nanostructures grown by vapor deposition technique. (a) SEM

images of Zinc oxide nanowires, (b) nanobelts, (c) polyhedron and (d) tripod.
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In general nanostructure growth methods including a chemical vapor deposition
(CVD), vapor-liquid—solid (VLS) growth mechanism at high temperature and a chemical
bath deposition (CBD) at low temperature are applied to synthesize the zinc oxide
nanostructures. We have used VLS techniques to synthesize the ZNWs by low pressure
chemical vapor deposition system. GZO and ZnO thin films were grown by
radiofrequency (rf) magnetron sputtering process. Details of these two growth techniques
have been disused in the next section. Figure 7 shows SEM images of ZnO thin film

grown by rf magnetron sputtering.

Figure 7. SEM images of ZnO thin film (a) top view and (b) cross section, synthesized by

RF magnetron sputtering method.

22



3.2 Zinc oxide thin film growth

Several techniques have been used to prepare ZnO films such as pulsed laser
deposition (PLD), molecular beam epitaxy (MBE), magnetron sputtering, metal organic
chemical vapour deposition (MOCVD), spray pyrolysis, hybrid beam deposition (HBD)
[58] and Sol-Gel technique. We have used RF magnetron sputtering system to deposit

thin films of ZnO and GZO films on various substrates.

3.2.1 Magnetron sputtering process

Magnetron sputtering is a very efficient and versatile technique for the thin film
deposition of a wide range of materials, which overcomes the limitation of a conventional
sputtering process by increased low deposition rate, low ionization efficiencies in the
plasma, and high substrate heating effect [59]. Magnetron sputtering is the most
commercially available technique for the coating of high quality films of metal, ceramics,
oxides and alloys over a substrate under vacuum. The basic principle of the sputtering
process is the physical vapor deposition of a material by its ejection from a source and
followed by its deposition on a substrate. In the magnetron sputtering process, the
sputtering source or gun is usually a magnetron that utilizes strong electric and magnetic
fields to trap electrons close to the surface of the magnetron, which is known as the
target. The electrons follow helical paths around the magnetic field lines undergoing
more ionizing collisions with gaseous neutrals near the target surface than would
otherwise occur. In general, the whole process of ignition of sputtering and deposition of
material on the substrate is conducted under vacuum with Ar gas atmosphere. Figure 8

shows a simple schematic of the magnetron sputtering system. The main part of the
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sputtering system is the high vacuum chamber, where the sputtering gun serves as a

cathode and the substrate holder serves as anode.

L ——— |
— <«
—
TurboPump ™\ Substrate holder Gas supply
\
Vacuum
Target  Sputtering Chamber
M”
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|| || Cathode
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Figure 8. Schematic diagram of a simple magnetron sputtering system.

The three magnetron sputtering guns are installed at the bottom of the cylindrical
chamber, where the substrate holder and heater assembly are mounted under the top lid of
the chamber. The substrate holder is mounted with a motor, which rotates the holder and
substrate along with it at a constant speed facilitating the homogeneous growth of the thin
film. A constant pressure of process gases (Ar and or other gases) can be maintained
within the chamber with mass flow controllers and turbo gate valve. Deposition of metals

by magnetron sputtering is a relatively simple process compared with oxides and
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insulating materials where a charge build-up develops hindering the efficiency of the
sputtering process. This charge build-up can be avoided by utilizing radio frequency
sputtering, where the sign of the anode-cathode bias is varied at a high rate. ZnO and
GZO thin films in this study were grown by using the RF magnetron sputtering system
shown in Figure 9. Disk shaped sputtering targets of ZnO and GZO, two inch in diameter

and 0.25 inch in thickness having high purity ~5N were used.

Gate valve

Load lock
chamber

Figure 9. A three gun magnetron sputtering system (AJA International), used to

synthesized thin films.
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For the sputtering process, first the targets were installed over the sputtering gun
inside the vacuum chamber. Sputtering chamber was pumped to the base pressure of
~1x107 Torr with the help of attached turbo molecular and roughing pump. Substrates
were mounted over disk sample holder, which was later transferred into the sputtering
chamber through a load lock system. Sample holder with substrates facing down towards
the sputtering gun was locked into the anode and was set into rotation mode at constant
speed. A continuous flow 10 sccm of Ar gas into the vacuum chamber was maintained
with the help of mass flow controller. For generating the plasma or ignition of sputtering
gun, chamber pressure was raised to ~25 mTorr with the help of manual gate valve
mounted between turbo molecular pump and vacuum chamber. This helps to increase the
Ar gas concentration near the target. A sputtering power of ~75 Watt was applied to
magnetron gun. High concentration of Ar gas and ~75 Watt of power can easily start the
plasma. After generating plasma the pressure was lowered to ~5 mTorr which was the
deposition pressure. Reflection power of the sputtering gun was lowered to zero value
using tuning of matching circuit. Finally the shutter over the gun is opened for starting
the deposition on the substrate. After deposition of thin film for desired time line,
sputtering power and gas flow is turned off and sample holder is removed through load
lock system. Table 6 shows the standard process condition used for ZnO and GZO thin
film deposition. After deposition the film thickness was measured by Tencor Alfa step
profilometer. Characterization of the film was performed by SEM, XRD, AFM and

Photoluminescence spectroscopy.
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Table 6. Standard process conditions used for ZnO and GZO thin film deposition.

Target Zn0, GZO, Au and Ti (5N purity)

Substrate silicon, polymer, glass, sapphire and alumina
Substrate to target distance | 25-30 cm

Temperature Room temperature

Base pressure ~10" Torr range

Process pressure Sm Torr

Gas used Ar or Ar/O,

Gas flow rate 10 sccm

RF power ~75 Watt

Reflection power <3 Watt

3.3 Zinc oxide nanowire synthesis

Currently there are many techniques available for zinc oxide nanowires synthesis
such as thermal evaporation, chemical vapor deposition (CVD), metal organic vapor
phase epitaxy (MOVPE) and hydrothermal processing [60]. We have synthesized ZNW
in our laboratory by thermal evaporation method using low pressure chemical vapor

deposition system.

3.3.1 Low pressure chemical vapor deposition system

Low pressure chemical vapor deposition system consists of a horizontal tube
furnace, an alumina tube, a rotary pump system and gas supply and control system shown
in Figure 10a. We have Atomate™ low pressure chemical vapor deposition system in our
lab (see Figure 10b) which has three-zone horizontal furnace and a 75 cm alumina tube
with 2 inch diameter. One side of the tube is connected to gas inlet and other side of the
tube is connected to rotary pump. LPCVD system is connected to the gas cylinders which

are kept into the support room. The gas delivery system is consisting of MKS gas
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controller and mass flow controller. Five mass flow controllers with different flow range
are used to flow various gases into the alumina tube. The source and sample loading
system consist of two alumina boats and long alumina rods extending to the center of the
alumina tube. The two alumina boats are used for holding the source and substrate for the
deposition. The LPCVD system can operate at up to 1000 °C and a pressure range of
0.4-760 Torr. The pressure, temperature and gas flow rate can be controlled automatically

by Atomate™ workbench software system.

3.3.2 Nanowire synthesis process

Zinc oxide nanowires were grown in our lab by simple carbon-thermal
decomposition process. ZnO and graphite in powder forms were mixed together in 1:1
molar ratio into an alcohol medium with a mortar and pestle. This mixture was used as a
source material for the ZNW growth. Zinc oxide nanowires are grown on various
substrates such as single crystal silicon, quartz and sapphire wafers. Gold nanoparticles of
~2-10 nm (Sigma Aldrich) and thin films (sputtered by 5N pure gold target purchased
from Kamis Incorporated) were used as catalyst for the vapor-liquid-solid growth of
nanowires. Figure 11 shows schematics of the vapor liquid process for ZnO growth. To
grow ZNW, first gold nanoparticles (Sigma Aldrich) (10 nm) suspended in deionized
(DI) water were dispersed by ultra-sonicated for 1 hr and then drop-casted on the desired

substrate.
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Figure 10. (a) Schematic diagram of LPCVD system (b) Atomate™ LPCVD system.
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Figure 12a shows the AFM image of homogeneously dispersed Au nanoparticles
on quartz substrate. The particle sizes of the Au nano-dots were in the range of 5 to 10
nm. Two alumina boats were placed over the loading alumina rods at a fixed distance of
4 inch such that the first boat reaches to the center of the furnace. The first boat was filled
with source material (mixture of ZnO and graphite powder) while the substrate was
placed on second alumina boat. Loading rods along with boats were inserted into the
furnace through one end of the alumina tube. Tube was vacuum sealed using a polymer
gasket and quick flange assembly. The alumina tube was purged by Ar gas for 30 min at
100 Torr pressure to avoid air and moisture during the growth process. A typical recipe
shown in Table 7 was applied for the ZNW synthesis. Initially, the temperature was
raised to 970 °C at ramp speed of 100°C /min and was held at 970 °C for an hour, which
is the actual time required for the ZNW growth. After that, the furnace was allowed to
cool down to room temperature. Throughout the whole synthesis process, 200 sccm of Ar
gas was passed through the alumina tube at 100 Torr pressure. Finally, a white colored

thin layer of ZNWs was observed on the quartz substrate.

Table 7. Typical process recipe for ZNW growth.

Step Time (min) | Temperature (°C) | Ar gas flow (sccm)
1. Purging 30 25 200
2. Ramping 9.7 970 200
3. Hold 60 970 200
4. Cooling 45 25 200

The growth reactions of the ZNW are described into equations (1-4). At high

temperature the carbon-thermal reduction of ZnO takes place which produces Zn vapor
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and carbon monoxide gas (Eq. 1). Zn vapor is then transported over the substrate by Ar
carrier gas where at low temperature and presence of Au catalyst Zn vapor react back to

CO and residual O, gases to form solid ZnO (Eq. 2 and 3).

ZnO (solid) T C (solid) = Z/n (vapor) T CO (gas) (T>970 °C)...cccovvveeeeee. (1)
/n (vapor) T CO (gas) = 20O F G (2)
27002 = 2700 .o e 3)
Growth
Saturation/ Zn\‘ cO ”/02
nucleation A
Eutectic
formation ZnT TZn
Zn CO,0,
Catalyst N X Zn] zn
deposition 2Zn CO. O
“u I'd

ZnO nanowire

Figure 11. Schematic diagram showing simple vapor liquid solid process for ZnO

nanowire growth.
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Figure 12. (a) AFM image of Au nanoparticles deposited on quartz substrate. (b) SEM
image showing initial stage of nucleation of ZnO crystal; white dots show Au catalyst
over ZnO seeds. (¢c) SEM image of ZNW grown on sapphire substrate; lengths of ZNWs

were in range of 1-3 micro meter. (d) SEM image showing catalyst on the top of ZNW.

Zn vapor and Au catalyst forms an Au-Zn eutectic at high temperature and when
Zn becomes supersaturated and is oxidized to precipitate ZnO below the catalyst particle.
After an initial period of nucleation, ZnO crystal grows into the preferred morphology,
which is determined by relative surface activities of various growth facets under given
conditions. In the case of ZnO nanowire, the preferred growth direction of crystal is

[0001] where for nanobelts the morphology is defined by other available polar surfaces
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[61]. Figure 12 shows different stages of ZNW growth. Figure 12a is an AFM image of
Au nanodots. The particle size of catalyst nanoparticles were in the range of 2 to 10 nm.
Initial growth and nucleation of nanoparticles were shown into Figure 12b. White color
catalyst nanoparticles were observed over the ZnO nucleated sites. After complete
synthesis process, 1 to 3 um length of ZN'W were grown over the quartz substrate (Figure
12¢). Catalyst nanoparticles were observed at the end of nanowires suggesting tip growth

mechanism during vapor liquid solid process (Figure 12d).

3.4 Graphene synthesis by chemical vapor deposition process

Numerous metals (Co, Ru, Ir, Ni, and Cu) substrate have been study for graphene
growth by chemical vapor deposition process. In our lab graphene films were synthesized
by CVD method on thin Cu foils. Cu serves as best metal substrate for graphene growth
because of its low cost, wide availability, easy chemical etching and ability to grow in
large grain size. Commercial grade of Cu foils were purchased from Nimrod Copper Foil
Company. Cu foils were cut into pieces in required dimensions and were annealed for 1
hrs, at 1000 °C and under H, + Ar atmosphere at 1 atm pressure. After 1 hrs of annealing
the grain size of Cu increases upto 500-1000 pm. After annealing Cu foil was subjected
to chemical etching by acetic acid. This process is important to remove any oxide film
generated over Cu foil during prolonged annealing. Cu foils were washed with DI water
to remove acid trace from the surface. For graphene growth, Cu foils were inserted at
center of quartz tube in the LPCVD system. Initially quartz tube was flushed with Ar
(500 scem) gas for 30 min to remove air from the quartz tube. Temperature of quartz tube

was raised upto 1000 °C at a rate of 100 °C/min under Ar (500 sccm) and H, (50-100
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sccm) atmosphere. At 1000 °C, CHy (10-25 scem) along with H; (50-100 sccm) gas was
introduce into the quartz tube for graphene growth. After 5 to 10 min of growth time
furnace was cooled to room temperature under 500 sccm of Ar atmosphere. Whole
process was done at 1 atm pressure. Luster of Cu metal foil was changed to little grey

after graphene growth over it (Figure 13).

Figure 13. Images of Cu foil (a) before and (b) after graphene growth. After graphene

growth, luster of Cu metal changes to grayish.

Characterization of graphene films were done by Raman spectroscopy and
HRTEM. Figure 14 a and b show Raman spectrum and HRTEM images of graphene film

over Cu substrate, respectively. Raman spectroscopy is a very effective nondestructive
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technique to characterize graphene film. This technique is very well known for
characterization of graphitic materials (graphite, nanotubes and graphene). The major
Raman features for graphite material are defect or D band, graphite or G band (~1580
cm ') and second order 2D (~2670 cm™) band. D band originates from defect; G band
gives information about in-plane vibration of sp” carbon atoms and 2D band represents
stacking orders in graphite material [62]. 2D band in graphene is used to identify the
number of graphene layers by their symmetry, sharpness and ratio with D band. The
obvious difference between the Raman spectra of single layer graphene and graphite is
the 2D band which results in sharp and symmetric peak in the former case while that of
graphite is very broad. As the graphene thickness increases, the 2D band becomes
broader and it is blueshifted for multilayer graphene. Electronic band structure of multi
layer graphene cause splitting or overlapping in 2D bands. Depending on the defect
(electron or hole) of in the graphene, their charge transfer effect and hence lattice
parameters differ resulting in change of 2D band frequency. Electron doping gives a
larger Raman frequency shift (blue shift) where as hole doping result in lower Raman
shift (red shift) [63]. Raman spectroscopic studies also can be used to find the influence
of substrate on mono/multilayer graphene properties and also the effect of folding and
insulator deposition on the top layer [64, 65].

HRTEM is another powerful tool for graphene imaging and analysis. Figure 14b
shows cross section image of graphene grown over Cu foil. For sample preparation and
easy handling process, graphene over on Cu foil was sandwiched with Ag layer. Image
shows 3-4 layers of graphene films stacked over Cu foil. Inset shows corresponding

diffraction pattern of the interface depicting its crystalline nature.
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Figure 14. A typical Raman spectrum (fitted) from graphene film over Cu foil. (b)
HRTEM image of graphene film between Cu and Ag layer. Inset shows electron

diffraction pattern from the interface region.
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CHAPTER 4

GALLIUM DOPED ZINC OXIDE THIN FILM TRANSISTORS

4.1 Introduction

Zinc oxide is a transparent and wide band gap (~3.36 eV) semiconducting
material that has been extensively studied due to its multi-functionality such as
optoelectronic, piezoelectric and pyroelectric with high exciton binding energy of ~60
meV [9, 10, 66]. The potential applications include ultraviolet lasers, light emitting
devices, transparent conductors and thin film transistors. The intrinsic oxygen defects and
Zn interstitials enable good electrical conductivity of ZnO thin films.

However, the conductivity of ZnO can be further improved by doping with
several elements such as As, In, Ga, Fe, Sb, Al and Li. The minimal resistivity of ZnO
achieved by doping was about 4-10 Qcm [67-70]. Of all the elements considered Ga is
the best n-type doping element because of its good lattice match with ZnO lattice; the
bond lengths of Ga—O and Zn—O are 1.92 A and 1.97 A, respectively [71]. Also the Ga
atom replaces the zinc ions and acts as substitutional impurity, releasing a free electron in
the conduction band at room temperature. High gallium doped zinc oxide material has
been used for contact electrodes in transparent oxide thin film transistors due to its high
conductivity and transparency [72]. Recently, ZnO films with low resistance and high
transparency have been obtained with Ga doping concentration range of 2.0-4.0 at.% [73,
74]. ZnO with different concentration of gallium has been studied for high mobility and

crystalline thin films. Carrier concentration of GZO increases linearly with increase in Ga
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concentration [75]. An improved high carrier concentration of ~10*'/cm’ can be achieved
by Ga doping compared to un-doped zinc oxide thin film which has typical carrier
concentration of ~10'7/cm’ [71, 75, 76]. Recent reports demonstrated that low Ga-doped
ZnO down to ~1 wt.% can be grown in single crystal by radio frequency magnetron
sputtering [77]. This material has potential in optoelectronic devices because it can be
grown as a transparent single crystal thin film at room temperature and has a wide band
gap of ~3.76 eV [74, 78].

Since the electrical properties of ZnO surface are affected by gaseous molecules
present in the ambient, many researchers have studied the effect of annealing on ZnO
film at different ambient conditions [77, 79]. However, the choice of annealing
atmosphere, temperature and pressure still remains controversial. There is also lack of
information about the environmental effects on ZnO thin film grown by rf-magnetron
sputtering. This chapter deals with the electrical characteristics of low Ga-doped (1 wt.%)
ZnO thin film transistor fabricated at room temperature. Device characteristics with
different ambient conditions are studied and the corresponding mechanism is discussed.
This work demonstrates our effort to develop a thin film transistor fabricated at room

temperature with low Ga-doped (1 wt.%) ZnO, and its environmental effect.

4.2 Results and Discussion
4.2.1 Thin film transistor fabrication and characterization method
GZO-TFTs were fabricated with the use of a thermally grown SiO, thin film on Si

substrate. Figure 10b shows the schematic of TFT fabricated on Si/SiO, substrate. Steps

38



for device fabrication have been illustrated in Figure 15a. The alignment marks and

patterns were generated by standard electron beam lithography process.

|. Ga-doped ZnO deposition

(a)

- Sisubstrate (Gate)
Il. SiO, deposition for gate insulator

Si0,
Ga-doped ZnO

SiO
e(Gate)

Ill. Interconnect using the e-beam lithography

~ il

Si0o,
Ga-doped ZnO

(b)

Source (Ti/Au) Si0, (100 nm) Gate (Ti/Au) Drain (Ti/Au)

Ga-doped ZnO (30nm)

Thermal rown SiO, (500nm
Heavily doped Si sub. Iy 9 2 ( )

Figure 15. (a) Schematic of steps for fabricating top gated GZO TFT. (b) Side view of

top-gate TFT.
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A 35 nm of GZO thin film was deposited with a growth rate of 3.5 nm/min at
room temperature by rf-magnetron sputtering system using (1 wt.%) gallium doped GZO
target. The deposition of active channel was done in Ar ambient at 75 W of rf power,
0.67 Pa pressure and room temperature. Gate insulator of SiO, (100 nm) and Ti (10
nm)/Au (70 nm) electrodes were also deposited by same method and conditions. The
channel length and gate width were 1 um and 5 um, respectively, corresponding to a
width-to-length ratio of 0.2. Device image (Figure 16) was taken by field-emission
scanning electron microscopy (FE-SEM; JEOL-JSM-7000F) operated at 3 kV.

Structural characterization of the thin film was investigated by high resolution X-
ray diffractometry (HRXRD) using Panalytical X' Pert PRO diffractometer equipped with
monochromatic copper anode (CuKo 1.54056A), operated at 40 kV and 30 mA /20
mode. Atomic force microscopy (AFM) (PSIA XE-100) in contact mode was used to
analyze the surface features and surface roughness of the thin film. An etched Si tip
(length 130 um, width 35 pm) with the resonance frequency of 75 kHz and force constant
of 0.60 N/m was used for the measurement under ambient condition. The films were
analyzed using TEM (Jem2010, JEOL) operating at 200 kV to examine the crystal
structure and energy dispersive spectroscopy (EDS) to examine the gallium content in
ZnO films. Photoluminescence (PL) and transmittance of thin film was measured at room
temperature using 325 nm line of a He—Cd laser at various excitation powers and optical

spectrometer (VARIAN CARY 5000) in the range of 200 to 1600 nm, respectively.
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Figure 16. FE-SEM image of top-gate TFT fabricated on SiO2/Si substrate. Length and
width of GZO channel were 5 um and 1 pm. A gate oxide of SiO2 (100 nm) was
deposited over GZO thin film. Metal electrodes of (Ti/Au) were deposited for source (S),

drain (D) and gate (G).

The structural quality of GZO thin film was investigated by HRXRD scan in 6/20
mode (Figure 17a). Diffraction pattern revels that the film is strongly oriented in c-plane.
A relatively broad peak, full width half maximum of 0.5019, from (0002) plane at 26 =
34.21° was observed in HRXRD measurement. The broadening of the peak is attributed
to the high mosaicity of the sample. The lower diffraction angle compared to ZnO (with
reference to JCPDS file number 89-1397 of ZnO powder) suggested that the incorporated
Ga atoms result in expansion of wurtzite ZnO lattice [80]. Figure 17b represents the

surface morphology of thin film investigated by the AFM.
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Figure 17. (a) High resolution X-ray diffraction spectrum (Cu Ka radiation) of GZO thin
film and (b) AFM image of GZO thin film as-deposited on SiO,/Si substrate shows a

roughness of 5 nm and grain size of 30 nm (root mean square).
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The thin film grown at 75 Watt power in Ar (10 sccm) shows high crystalline and
smooth surface structure. Surface morphology in a scan area of the 500 nmx500 nm of
the thin film shows a roughness of 5 nm and grain size of 30 nm (root mean square). A
considerable roughness features a typical three dimensional growth mode of film at room
temperature [81]. As the field effect characteristics depend on grain boundary conduction
and hence grain size, the results indicate that structural and surface morphology of thin
film grown by magnetron sputtering produces high quality thin film for device fabrication
at room temperature. Further, TEM cross-sectional investigations were carried out, to
investigate interface between substrate and thin film and structure of the film with
thickness.

Figure 18a presents the TEM planer bright field image and corresponding selected
area diffraction pattern (SADP) (Figure 18b) of 300 nm thick GZO films. A thin film
with polynanocrystalline grain structure was observed. The grains were irregularly
shaped, and their sizes varied from 10 to 50 nm. The typical column size ranged from 10
to 20 nm, which was in good agreement with the AFM measurements shown in Figure
17b. An interesting film evolution during growth was revered by cross sectional TEM
study. At the film/substrate interface, a transition layer of ~50 nm was observed, which
consist of a fine crystalline structure with a crystal size of about 10 nm. The diffraction
patterns in Figure 18b exhibited a series of diffraction rings confirming the hexagonal
crystal structure of GZO film. Figure 18c shows the EDS spectrum of Ga-doped ZnO thin
fillm on Si substrate. The peaks in the pattern agreed with those of Zn, Ga, and O. In
addition, the EDS measurement of the GZO film implied that the Ga atoms replaced Zn

atoms in the hexagonal lattice.
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Optical properties of the thin film were investigated by percentage transmittance.
A transmission pattern of GZO thin films grown on the glass substrate is shown in Figure
19a. The thin films exhibit a high optical transmittance (above 80%), referred to air in the
310 nm to 1200 nm region. Emission characteristics of the GZO thin film were

investigated by PL spectroscopy.

Spectrum 6
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0

Figure 18. (a) Plane-view TEM images along with the (b) corresponding selected area
diffraction pattern (SADP): 300 nm thick GZO films on the substrate. (¢c) EDS spectra of

GZO film. The presence of Ga peaks indicated the incorporation of Ga into the ZnO film.
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Figure 19. (a) Transmittance spectra of GZO thin film at visible and infrared wavelengths

and (b) Room temperature PL pattern measured from the GZO thin film on glass

substrate shows a strong emission near ultraviolet region and a defect-related emission

near visible region.
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Figure 19b shows the room temperature PL pattern of GZO thin films grown on
glass substrate. This pattern is featured by a strong PL near the ultraviolet region and a
defect-related emission in the visible region. The UV emission peak around 3.26 eV is
due to the exciton related recombination contributed by both Zn and Ga atoms [82]. A
relatively broad UV emission can be attributed to the presence of the large amount of Ga
impurities in the film [77, 83]. A defect related emission near visible region entails the
impurities and point defects such as Zn interstitial and/or oxygen vacancies in the film

[81].

4.2.2 Device characterization

Electrical measurements for the device characteristics were performed by using
four-probe system and precision semiconductor parameter analyzer (HP 4156C). The
bottom-gated field effect transistors (FETs) were vacuum annealed at 475 K under
vacuum (~3.3x107 Pa) to investigate the environmental effect on the device
characteristics. Several current—voltage measurements with different ambient conditions
were performed to investigate the role of absorbed gaseous molecules in the thin film and
the stability of device performance. The electrical characteristics of the top-gated GZO-
TFTs are depicted in Figure 20a. These devices show n-type FET characteristics with
good gate controllability. The drain current gets saturated at relatively small drain bias of

5V, compared to other results which are in the range of 20 V or higher [84].
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Figure 20. (a) Gate dependent I~V and (b) I+—V, characteristics at V4=5.0 V for GZO-

TFTs.

A number of key transistor parameters, including transconductance, mobility (L),
on—off (Lon/fr) ratio, threshold voltage (Vy), subthreshold swing (S) and off-state current

were calculated for topgated TFTs. The threshold voltage (Vi,), defined as the gate
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voltage at which the device turns on, is approximately 0.5 V. The threshold voltage is
derived from linear extrapolation of the Ids_m—\/gs relation at constant drain voltage.
Where I is drain-source current and Vg, is voltage between gate and source. Modulation
of ZnO Fermi level by gate voltage is normally described by the subthreshold swing, S =
—[dV,/d(log 14s)], defined as the voltage required to increase the drain current by a factor
of 10. A subthreshold swing of 5 mV/decade was obtained for Ga-doped ZnO TFTs,
which is lower than that of organic or amorphous silicon TFTs that typically range from
one to several volts per decade [85]. We measured an Loy ratio of 10* and off-state
leakage current of ~107'" A, which are related to power consumption and device
performance. A high off-state leakage current and low Loy fr ratio can be related to large
number of interfacial floating charges trapped at the GZO/SiO, interface [86]. To
estimate the carrier mobility, the device was modeled using standard equations of TFT.
Ias= (WCiusat/2L)(Vgs—Vth)2, can be calculated from the slope of the plot of \Ids|l/2 Vs Vs
in the saturation region (V=2 V), where L is the effective channel length, W is effective
channel width and C; is the capacitance per unit area of the gate insulator. Under
appropriate biasing conditions, the device exhibits effective electron mobility of p. ~5.7
cm?/Vs at very low operation voltage of 5 V. GZO-TFTs show a higher mobility of ~5.7
cm?/Vs compared to ZnO FETs, which have mobility of ~0.024 cm?®/V's [87].

Figure 21 shows the environmental effects on the bottom-gated GZO FETs. To
determine the reliability of the device, electrical measurements were performed again
after 10 days of device storage. Source-drain current shows a significant decrease from
10° A to 10 A in a voltage range of 15 V (curve #2). We attribute this effect to the

atmospheric exposed active layer in bottom-gated FET. Intrinsically, ZnO contains
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surface and volume defects like oxygen vacancy, oxygen antisite, zinc vacancy and
interstitial zinc. Oxygen vacancies and zinc dangling bonds at the surface act as active
sites for the absorption of oxygen molecules present in the atmosphere [88-91]. The
surface state model presented by Morrison [92] treats the oxygen interaction with metal
oxide surface as a two step process. In first step, rapid physisorption of oxygen takes
place on the surface which leads to weakly bonded molecules and in second step these
molecules capture the electrons from the material and form into strongly bonded
chemisorbed species. Effect of these adsorbed gaseous molecules on the surface charge
conductance of ZnO thin film has been widely studied [31, 93]. At normal temperature
and pressure, the adsorption of oxygen on ZnO film can be treated as an electronic
process in which the charge transfer takes place from thin film surface to absorbed
oxygen molecules [94]. In case of adsorption of oxygen on the surface, a depletion layer
is formed in the thin film channel and overall performance of device decreases. Further
increase in vacuum up to 3.3x 107 Pa doesn't increase the current values (curve #3). After
that devices were annealed at 400 K (curve #4) and 475 K (curve #5) under vacuum
3.3x10° Pa. These annealing treatments at high vacuum of 3.3x107 Pa improve the
device performance by removing the oxygen species from the surface which results in

increase of source-drain current up to 10—6 A (curve #6).
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Figure 21. Effect of annealing at high vacuum on device characteristics. Source-drain
current value decreases after 10 days of device storage. High vacuum and annealing

treatments increase the current values up to ~1 pA at 15 V of bias.

4.3 Conclusion

In summary, transparent GZO (1 wt.% Ga) thin film on Si/SiO, and glass
substrates were deposited at room temperature by rf-magnetron sputtering. Thin film
transistors fabricated with this GZO as an active channel operate at low voltage (<5 V).
Current—voltage measurements indicate an n-channel TFT operation which has a drain
current saturation and field effect mobility of 5.7 cm?/Vs at Vg4s =5 V. Threshold voltage,
sub threshold swing and on—off current ratio were 0.5 V, 85 mV/dec and 104,

respectively. Low reliability and reduction in current density by two orders of magnitude
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for bottom-gated GZO-TFTs can be attributed to the adsorption of oxygen on the ZnO
thin film surface. The initial device characteristics can be recovered by vacuum-thermal
treatment. The results indicated in this letter identify low doped GZO as potential TFT

channel materials for future transparent oxide electronics.
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CHAPTER 5
ENHANCED ELECTRICAL CONDUCTANCE OF ZINC OXIDE NANOWIRE

FET BY NONDESTRUCTIVE SURFACE CLEANING

5.1 Introduction

Semiconducting zinc oxide nanowires are very promising materials for high-
power/high-temperature electronics due to their remarkable physical properties like wide
band gap of ~3.4 eV and high exciton binding energy of ~60 meV [95-98]. FETs with
ZNW as an active channel may enable promising applications for flexible and transparent
electronics and chemical sensors [99-101]. It is well known that zinc oxide contains a
high density of surface defects and dangling bonds that act as absorption sites for gaseous
molecules, mainly oxygen species present in the ambient [102, 103]. The surface state
model presented by Morrison [104] treats the oxygen interaction with semiconductor
surface as a two-step process. Initially, rapid physisorption of oxygen takes place on the
surface leading to weakly bonded molecules, which then capture the electrons from
material and form into strongly bonded chemisorbed species. Due to high surface to
volume ratio in nanoscale materials, these surface states dominate which affects their
electron transport properties and catalytic reactions occurring at the surface [105]. In case
of metal oxide nanostructures, these surface states defoliate the electronic properties of
the materials by scattering and trapping of charge carriers that significantly hinders their
application to the high-density and high-speed nanoelectronic circuits [106-108]. Several

efforts have been made to passivate these surface states and improve the electrical per-
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formance of ZNWs and thin films [109]. Park et al. reported the fabrication of high-
mobility (~1000 cm?/V.s) zinc oxide FETs by coating of polyimide layer on the nanorod
surface [110]. Also, Keem et al. demonstrated omega-shaped-gate ZNW-FETs with
Al,O3-coated zinc oxide nanowires for high device performance [111]. However, no
direct investigation has been done for adsorption and desorption of these gaseous
molecules on zinc oxide nanostructures. The aim of this chapter to study the effect of
ultraviolet irradiation at elevated temperature and vacuum conditions on electronic
properties of ZNW-FETs. This nondestructive cleaning process removes the surface
states present on the ZNWin the form of absorbed oxygen species and enhances the

device performance of the FET.

5.2 Results and discussion
5.2.1 Fabrication of nanowire field effect transistor and characterization method

As detailed in chapter 3, ZNWs were grown by vapor—liquid—solid process in a
high-temperature and low-pressure horizontal chemical-vapor deposition (CVD) system.
In order to make ZNW-FET (schematic shown in Figure 22a), the ZNWs were stripped
from the substrate and dispersed in isopropanol solution by ultrasonication. ZNWs
dissolved in solution were randomly dispersed on a heavily doped p-Si/SiO, substrate
that had patterned metal electrodes and align marks fabricated by photolithography.
Source and drain electrode patterning at the edges of single nanowires was done by
electron beam lithography followed by Ti (80 nm)/Au (150 nm) metal deposition.

Thermally grown SiO; (100 nm) and heavily doped Si (p+) substrate under the nanowire
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were used as gate oxide and back gate electrode, respectively. An SEM image of single

ZNW FET has been shown in Figure 22b.

101106-3
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Figure 22. (a) 3D drawing view of single ZNW FET device. (b) SEM image of a single

ZNW FET device fabricated on Si/SiO; substrate.
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Figure 23 shows the scanning electron microscopy image of ZNWs grown on
quartz substrate. Typical length and diameter of the nanowires were 2-3 um and 20-50
nm, respectively. Side view shows that most of the nanowires were vertically aligned
with quartz substrate. Catalyst at the end of the nanowires depicts its tip growth
mechanism during VLS process. Figure 24 shows the high resolution transmission
electron microscopy images of nanowire. Figure 24a shows the image taken at the middle
of the nanowire. ZNW shows a very high crystalline structure at the middle of the
nanowire, with no visible line or planar defects. HRTEM taken at the tip of a nanowire
(Figure 24b) exhibits multigrain structures that are separated by low-angle grain
boundary and have a lattice parameter of ~0.510 nm [112]. As shown in inset of the
images, SAED pattern of a nanowire depicts its hexagonal crystalline structure and
growth direction of [0001]. The d-spacing along the growth direction are indicated by
parallel lines, which corresponds to the distance between the (0001) planes, and it is in
good agreement with the analytical results of selected area diffraction pattern (SAED),
shown in insets. Figure 25a shows the energy-dispersive X-ray spectroscopy (EDX) of
zinc oxide nanowires. Very strong peaks for Zn and O from zinc oxide nanowires, Au
peak from catalyst and Si peak from substrate are evident in the spectrum. Figure 25b,
HRXRD pattern of the zinc oxide nanowire shows that most of the nanowires were

oriented into (002) crystal direction.
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Figure 23. (a) SEM micrograph of ZnO nanowires on a quartz substrate. (b) Side view

shows that average length of nanowires were ~5pm.
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Figure 24. (a) HRTEM image taken from the middle part of nanowire showing single
crystal lattice structure and (b) HRTEM image taken at the tip of nanowire, near the Au
catalyst showing multigrain structure of an individual nanowire. Inset of each image
shows corresponding selected area diffraction pattern of the nanowire. The growth

direction of the nanowire is [0001].
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Figure 25. (a) EDX spectrum of zinc oxide nanowire recorded across Si substrate,
nanowire and Au catalyst. Spectrum reveals that the nanowires are composed of Zn and

O elements. (b) HRXRD shows that majority of nanowires were oriented into (002)

direction.
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5.2.2 Device characterization

Electrical characterization of the ZNW-FETs was done at room temperature and
in dark environment using a four-probe station equipped with a semiconductor parameter
analyzer (Agilent 4156 C). Figure 26a shows the four-probe chamber with device inside,
to test the effect of various ambient conditions. Figure 26b shows Si/SiO, chip base for
ZNW-FET device fabrication. Figure 26c shows SEM image of single ZNW-FET. ZNW
devices were treated in various ambient conditions of vacuum (air pressure ~4.0 x 10~*
torr), elevated temperature (400 K), and ultraviolet (UV) irradiation at 340-390 nm
wavelength range and 1.4 mWem  intensity.

Figure 27 shows the effect of various surface treatments like vacuum, annealing,
and UV irradiation on the electrical characteristics of the nanowire. Earlier reports [113,
114] on UV irradiation effect on ZNW focused on photo induced current measurements,
whereas in this work we investigate the effect of UV irradiation on adsorption and
desorption of oxygen species on ZNW surface, and therefore, the electrical
characterization of ZNW-FETs was done after some time of UV irradiation treatment.
Device characteristics were measured at room temperature and dark environment after
each surface treatment. As fabricated ZNW-FETs show a nonlinear /4—V4s characteristic
with a current range of 400-500 nA at zero gate voltage (V) and bias voltage (Vgs) of 3
V. Current values at room temperature increase by factor of ~8 after devices were kept in
high vacuum (air pressure ~4.0 x 10 torr) at an elevated temperature of 400 K for 1 h.
After that, annealing under vacuum and UV irradiation further increases the current
values by one order of magnitude which is ~6 yA. Second (II) and third (III) parts of the

figure demonstrate the decrease in current in two steps, after decreasing vacuum level
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down to 760 torr by air. Just after breaking the vacuum, a sharp decrease in current from
~6 to ~2.5 uA is observed while further decreases in current down to ~700 nA takes

several hours.

‘ﬁ inch

Figure 26. shows (a) Four-probe chamber with device inside, to test the effect of various
ambient conditions. (b) Si chip base for ZNW-FET device fabrication. (c) SEM image of

single ZNW-FET.
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Figure 27. I3 —Vys characteristics of ZNW-FET with various environmental conditions.
Dark current at room temperature was measured after following treatments: In ambient,
annealing at 400 K under vacuum (~4.0 x 10" torr), and UV irradiation at high
temperature (400 K) and vacuum (~4.0 x 107* torr). Inset shows the AFM image of

ZNW-FET; a nanowire is connected to Ti/Au electrodes at ends.

In general, ZNWs absorb oxygen molecules from atmosphere to form O~ and O >
at high temperature (>450 K) and O*~ at room temperature by capturing electrons from
the conduction band [94]. Due to the high surface-to-volume ratio, ZNWs contain large
number of surface oxygen sites, of the order of 10°° surface oxygen sites per cubic

centimeter of the material [115]. Absorption of these oxygen molecules on surface of
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ZNW depletes the surface electron states, and consequently, reduces the channel
conductivity [116]. High vacuum and temperature treatment can decrease the density of
parasitic gaseous molecules, mainly oxygen species (0", O, and O*") attached to the
dangling bond on the zinc oxide surface that causes decrease in depletion layer thickness

and increase in conductive channel diameter into the nanowire [117, 118].

7 {
Vacuum + 400K + UV
6 \
700 -

51 | . :
L 4z J
oy o 450—’
c 31 s0liam
o o 2000 4000 ¥ 1atm
5 2_ Time (sec)
O After 2 days

1 < 1atm Vacuum 1 atm

| g
o_ I 11 m

L T Li T U Fd /I! : /I T T T
0 2000 4000 6000 8000 10000
Time (s)
Figure 28. Effect of vacuum, annealing, and UV radiation on ZNW conductivity.
Conductivity increases with increase in vacuum. Further vacuum, annealing, and UV
radiation together increase the conductivity. The conductivity decreases drastically just

after breaking the vacuum. Current values decrease more when the device is kept in air

for long time.
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Among the oxygen species attached to the surface, O~ and O > are weakly bonded
with the zinc dangling bond and can be easily removed by annealing under high vacuum
condition [119]. A significant increase in current by UV irradiation added with annealing
and high vacuum treatment suggests that UV radiation helps in breaking the bonds of
tightly bonded oxygen species to the ZNW surface. A high-energy UV irradiation (>3.2
eV) can easily break the oxygen bond to the surface as the heat of chemisorption of
oxygen on the oxides is only of the order of magnitude of 1.0 eV [120]. Also, UV
radiation is known to generate electron—hole pairs in semiconducting nanowires. These
generated holes migrate toward the surface to react with negatively charged oxygen
molecules and escape them from the nanowire surface while the extra electron generated
helps in increasing the conductivity of the nanowire [121]. After detaching from the
ZNW surface, these gaseous molecules escape from the chamber due to high vacuum and
reduce the surface adsorption states and lower the surface band bending. Generally,
adsorbed oxygen species on the zinc oxide surface can be categorized into two forms;
first, is a rapid physisorbed oxygen species that can be easily desorbed by applying high
temperature and vacuum and second is a slow chemisorbed oxygen species that can only
be desorbed by added higher energy exposure of UV radiation. Therefore, the
conductance enhancement in ZNW by UV irradiation at high temperature and vacuum
can be attributed to the desorbing of chemisorbed oxygen species. An improved device
characteristic and significant gate control can be achieved after UV irradiation at high

vacuum and temperature (Figure 28).
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Figure 29. (a) Schematic of a single ZNW-FET. (b) An enhanced linear scale Igs —Vs
characteristics of ZnO nanowire FET after UV-assisted surface cleaning. Another log
scale plot (V) of Iys —V (at Vg = 1.8 V) shows a high Ion/Iorr ratio and threshold

voltage of 10° and ~ —17.5 V, respectively.

Figure 29 shows I4—V,s characteristics of ZNW-FET. The /4—V,s curve shows

that the devices operate in an n-channel depletion mode of MOSFET. Transconductance

Im = % in the linear region (=17 V to —15 V) of the Iy—V,s curve is about 0.16 uS.

Vgs
The measured Ion/Iopr ratio and threshold voltage of the device are around 10° and ~
—17.5 V, respectively. We have selected a cylinder-onplate model [122] to calculate the

coupling capacitance between the ZNW and the gate electrode that can be given by
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2megeL . ) . .
Cox = Cis—gffox ,where ¢ is the dielectric constant of the thermally grown SiO; (~3.9), L
r

is the nanowire active channel length (~700 nm), 7 is the radius of the nanowire, and 7ox
is the thickness of SiO, (~100 nm). The estimated capacitance Cox in this case is ~0.11

fF (~0.15 fF per micrometer length of active channel length). The mobility was

2
calculated with a MOSFET model [123], which can be given by u = % X CL— X Vi
gs ox ds

Field effect mobility of the ZNW-FET, estimated by this method is~28 cm®/V-s, which is
comparable for zinc oxide thin film transistors [124, 125] and zinc oxide nanowire

transistors with similar carrier concentration [126, 127].

5.3 Conclusion

In conclusion, an enhanced electrical characteristic of ZNWFETs was achieved
by UV irradiation added with annealing and vacuum conditions. The conductance of
ZNW increases ~17 times by using this non-destructive surface cleaning process. An
improved representative FET device shows the highest mobility of ~28 cm*/V-s and
Ion/Iorr ratio of ~10°. An increased conductance can be attributed to desorption of
various oxygen species (O~ and O”") from the surface in addition to the photoelectron
generation. Further optimization of surface passivation by local doping and surface
modification can improve its electrical properties. The suggested nondestructive surface
cleaning process for ZNW-FET makes it promising for further application in transparent

nanoscale devices and high frequency integrated electronics.
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CHAPTER 6
HYSTERESIS PHENOMENON IN ZINC OXIDE NANOWIRE FIELD EFFECT

TRANSISTORS

6.1 Introduction

Semiconducting nanowires are promising building blocks for future nanoscale
devices. Zinc oxide nanowires, having direct band gap ~3.4 eV and exciton binding
energy ~ 60 meV are one of the most sought morphologies for future high temperature
and radiation electronics, transparent electronics and laser devices [128, 129]. It is well
known that ZnO contains a high density of surface defects and dangling bonds which act
as absorption sites for gaseous molecules, mainly oxygen species present in the ambient
[130, 131]. Due to high surface to volume ratio in nanoscale materials these surface
defects dominate which affect its electron transport properties. In case of ZnO nanowire
field effect transistors these surface defects defoliate the device performance by trapping
and de-trapping the mobile charge carriers and surface adsorbents [132, 133]. Successful
incorporation of ZnO nanowires in these devices need better understanding of charge
transport properties and role of the surface states present on the nanowire.

From a real device application point of view hysteresis phenomenon in ZNW-
FETs is not desirable and it should be controlled or removed completely. This report
investigates on origin of hysteresis phenomenon and charge transport characteristics in
bottom gated ZNW-FETs by studying the transfer characteristics of the devices. We have

analyzed the detailed mechanism of hysteresis phenomenon by performing the systematic
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measurement of transfer characteristics of the device in different ambient conditions. A
simple method of surface cleaning of ZNW by annealing under vacuum and UV
irradiation was adopted to reduce the hysteresis in FETs. Hysteresis effect due to
absorbed gaseous and water molecules entrapped between the NW and gate insulator was

discussed.

6.2 Results and discussion
6.2.1 Experiment

For studying the electrical hysteresis phenomenon in ZNW FETs device were
fabricated on 100 nm Si/SiO;, susbtrate as detailed in previous chapter. Electrical
measurement of the ZNW-FETs for studying their gate sweep transfer characteristics was
performed using a four-probe station equipped with semiconductor parameter analyzer
(Agilent 4156C). To understand the effect of various ambient on hysteresis properties,
devices were treated in various ambient conditions of vacuum (air pressure ~ 4.0x10™
Torr), elevated temperature (400 K) and ultraviolet irradiation of 340-390 nm wavelength

range and 1.4 mWem™ intensity.

6.2.2 Electrical hysteresis phenomenon in ZNW FET

Figure 30 shows the AFM image of a ZNW-FET, where a ZnO nanowire of ~60
nm diameter and ~2 pm length is contacted at the ends with Ti/Au electrodes. Figure 31
shows the double sweep transfer characteristics of as fabricated FETs at different Vpg.
For all Vpg values as fabricated device shows clear hysteresis phenomenon in their

transfer characteristics. A quantitative measure of hysteresis effect can be estimated by
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magnitude of difference between threshold voltage of forward and reverse sweep
(AVuay=|Vrur- Vrugr|) [134]. In case of as fabricated device the AVyy is ~ 8.0V for all
Vps values. This indicates that hysteresis phenomenon is independent of Vpg values or

amount of current across the nanowire.
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Figure 30. AFM image of single ZNW FET device showing single zinc oxide nanowire

trapped at ends by Ti/Au metal electrodes.

This hysteresis phenomenon can be attributed to charging and discharging of
states generated by SiO,/ZNW interface defects and absorbed chemical species on the
nanowires. A large number of trap sites are expected to be present at SiO ,/Si interface as
we place the nanowire physically on the SiO; gate insulator and therefore there is almost
no lattice matching is present between the active layer and gate oxide. But the role of

these trap sites are limited due to very low contact area between nanowire and SiO, gate
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insulator due to their different geometry (nanowire is cylinder and gate oxide is a plate) at
the interface [135]. With this cylinder-on-plate model [122] the calculated coupling
capacitance between ZNW and gate electrode can be given by Cox = [(2meoel)/cosh’
Y(r+tox)/r)], where ¢ is dielectric constant of the thermally grown SiO, (~3.9), L is
nanowire active channel length (~700 nm), r is radius of nanowire and zoy is thickness of
Si0; (~100 nm). The calculated capacitance Cpx (assuming no Schottky barrier between
ZNW and Ti/Au electrodes) in this case is ~0.11 fF (~0.15 fF per micron length of active
channel length), while the measured minimum capacitance in a C-Vg sweep was ~ 1 nF.
This can be justified by adding the other capacitance due to interface traps and absorbed

chemical species between ZNW and SiO, gate insulator.
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Figure 31. Double sweep Ids-Vgs curves for as fabricated zinc oxide nanowire FET at

different Vds.

69



Figure 32 represents a simple model of cross section of FET and absorbed
chemical species on the ZNW and between the ZNW/ SiO; interface. In general, ZNWs
absorb oxygen molecules from atmosphere to form O™ and O;" at high temperature (>450
K) and O at room temperature by capturing electrons from the conduction band [94].
Due to high surface-to-volume ratio, ZNWs contain large number of surface oxygen sites,
on the order of 10% surface oxygen sites per cm® of the material [115]. Absorption of
these oxygen molecules on surface of ZNW depletes the surface electron states forming
trap sites for charge carriers [31, 136]. Also absorption of water molecules (from
humidity and our wet processing of device fabrication) on SiO, forms a silanol group

(=SiOH) which may influence the magnitude of the hysteresis in nanotube FETs [137].

Surface induced
hysteresis

Interface induced
hysteresis

Insulator (SiO,)

Figure 32. A schematic of cross section of ZNW-FET and hysteresis model represented

by adsorbed chemical species on the surface of nanowire and gate oxide.
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The transfer characteristics of FETs were also investigated under vacuum after
annealing and UV irradiation to understand the effect of absorbed chemical species on
the hysteresis phenomenon (Figure 33). As-fabricated devices show a large hysteresis of
voltage ~5.6 V. The magnitude of hysteresis decreased to ~2.0 V when the devices were
placed and measured in a vacuum of ~4.0 x 10 Torr. An interesting phenomenon of
change in cycle direction in hysteresis loop was observed before and under the vacuum
condition. A further decrease in hysteresis (~1.6 V) was achieved by annealing the
devices at 400 K under the vacuum. The lowest hysteresis (~1 V) was achieved after
irradiating the devices by UV light of 1.4 mW cm™ at 400 K and ~4.0 x 10™* Torr

pressure for 30 min.
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Figure 33. Double sweep I4-V,s curves for zinc oxide nanowire FET after different

surface treatments.
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It has to be noted that all the measurements were performed at room temperature
and dark environment after each surface treatments stated above. This practice was
adopted to avoid the effect of any thermally generated or photo-generated charge carriers
in the measurements. A large hysteresis in as-fabricated devices can be attributed to
combined effect of absorbed oxygen species (07, O,”and O7), interface defects between
the nanowire and gate oxide and silanol group (= SiOH) attached to the SiO, [138]. These
unwanted chemical molecules form a complex and unstable interface between the
nanowire and gate insulator resulting a hysteresis in double gate sweep transfer
characteristics of ZNW-FETs. With successive surface treatments the threshold voltages
(in forward and reverse bias) in transfer characteristics shifted towards more negative
bias. As fabricated device shows Vyr and Vrgr of 2 V and 3V. The threshold voltages
shifted to -2 V and -3 V after treating the devices in vacuum. A further decrease in
threshold voltage was observed when the devices were annealed at 400 K in vacuum
conditions. In as-fabricated devices during initial up-sweep mode drove the electrons to
the ZNW/Si0O; interface. A large number of electrons available at this interface facilitate
the bonding between gaseous molecules and zinc oxide surface. During down gate sweep
these immobile charges carriers result in low current compared to current value at same
gate voltage during up-gate sweep. Removal of physiosorbed gaseous molecules by
keeping the device in vacuum chamber makes the surface-depletion layer thinner in ZNW
and causes hysteresis to decrease. A high temperature treatment under vacuum condition
helps to remove adsorbed gaseous species from the ZNW surface as well as water
molecules from SiO, gate oxide. UV irradiation at high temperature and under vacuum

condition can easily break the bond between chemisorbed oxygen species and zinc oxide
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surface. These gaseous molecules escape from the vacuum chamber which helps in

decreasing the magnitude of hysteresis significantly in ZNW-FET.

6.3 Conclusion

In summary, ZNW-FETs were fabricated on Si/SiO, substrate in bottom gated
geometry. Effect of surface treatment on the hysteresis phenomenon and intrinsic charge
transport mechanism in the nanowire and in the ZNW-FETs were investigated. Hysteresis
in ZNW-FETs can be attributed to absorbed gaseous molecules on the zinc oxide surface
and water molecules at the SiO, substrate. Treating the devices under vacuum, high
temperature and UV radiation reduces the hysteresis behavior in ZNW-FETs. The nature
of opposite hysteresis cycle direction before and after vacuum treatment and effect of
passivation layer on NW to discourage any chemical reaction on the surface are all

questions that require further study.
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CHAPTER 7
NITRIC OXIDE GAS SENSING AT ROOM TEMPERATURE BY

FUNCTIONALIZED SINGLE ZINC OXIDE NANOWIRE

7.1 Introduction

Detection of NO gas at low concentration is of paramount importance for real
time monitoring of environment and lower airways inflammatory diseases [139, 140].
NO is an atmospheric pollutant, which plays an important role in formation of smog
[141]. Also, detection of NO concentration in exhaled gases has become standard medical
practice for monitoring chronic obstructive pulmonary disease (COPD) [142]. The most
common techniques available for monitoring exhaled NO are based on chemi-
luminescence and photochemical methods which involve huge system and expertise [143,
144]. Though one portable NO analyzer, based on electrochemical technique has already
been developed by Hemmingsson et. al. [145], the demand for a very inexpensive and
hand held analyzer is still to be realized.

Zinc oxide nanowire is one of the most promising materials systems for
semiconducting gas sensors, owing their easy functionality and specific combination of
physico-chemical properties [146]. Large surface to volume ratio and quasi-one
dimensional functionality of ZNW make their conductivity highly sensitive towards
surface chemical reactions [147]. Moreover, relatively large surface defects and favorable
gas adsorption/desorption parameters [148, 149], give ZNW edge over other nanowires
and nanotubes for NO gas detection. There have been many reports on ZNW based gas

sensors for the detection of ethanol, CO, NH3, H,, O,, NO, H,S and NO, [24, 31, 35, 147,

74



150-152]. However, these sensors need to be operated at high temperature to achieve
improved gas-semiconductor surface reaction and high signal to noise ratio [147, 150]. In
their study, Fan et. al. [153] have demonstrated a strategy for NO, gas sensing at room
temperature by gate refreshable ZNW field effect transistors. Kaur et. al. [154] and
Ramgir et. al. [155] have detected nitric oxide gas (concentration >40 ppm) at room
temperature by bare zinc oxide nanostructures and Ru doped ZNW, respectively. Despite
multiple reports on gas sensing by ZNW, detection of low concentration level of NO gas
at room temperature remains a challenge.

Metal particles are well-known as effective catalysts, due to their ability to control
the redox reactions of the gas molecule at the sensor surface [156]. At nanoscale, metal
particles show superior catalytic properties due to their high surface to volume ratio and
chemical potential [157]. Functionalization by catalyst nanoparticles is one of the most
important strategies for enhancing sensitivity and selectivity of metal oxide gas sensors.
However very few literatures are available which explore sensing application of catalyst
supported single metal oxide nanowire sensor [33].

Direct detection of NO gas at low-ppm level using metal nanoparticles decorated
single ZNW sensor, which can operate at room temperature and low power is discussed
in this chapter. Compared to bare ZNW, a Cr functionalized ZNW can detect lower
concentration NO gas at room temperature. More importantly, combination of ZNW and
the catalytic property of metal nanoparticles can exhibit selectivity at room temperature
for low concentrations of gases. This ZNW sensor with unique functionality can provide
efficient detection and real time monitoring of exhaled NO gases. Further-more, this

single ZNW based sensor can provide clear understanding of surface chemistry occurring
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at nanoscale devices which is almost averaged and unclear when using large number of

nanowires in single sensor device.

7.2 Results and discussions
7.2.1 Experimental details

For fabricating chemiresitive gas sensor ZNWs were synthesized via chemical
vapor deposition method [95] as described in chapter 3. Single ZNW sensor devices were
fabricated on Si/SiO; (500nm) substrate using standard photolithography, electron beam
lithography process, metal deposition and lift-off process. Once again electron beam
lithography process was use to open a window over ZNW for catalyst deposition. Cr
nanoparticles (2-5 nm) were deposited on ZNW by a 4 sec of metal deposition by RF
sputtering system, operating at 75 Watt power and 5 mTorr of Ar gas pressure.
Characterization of Cr nanoparticles on ZNW was done by high resolution transmission
electron microscopy (Hitachi H9000NAR) and atomic force microscopy (Vecco;
Nanoscope Illa ADC 5). AFM was operated in non-contact mode with super sharp
antimony doped silicon tip (Vecco; TESP-SS) having cantilever constant K = 20-80 N/m.
ZNW devices were mounted on a multi-pin metal sensor head and connected to two pins
of the sensor head by wire bonding (Figure 34 inset). An ultraviolet (UV) light source of
2 mW power and of 375 nm wavelength was installed over the sensor device.

Figure 34 shows gas sensing measurement set up developed in our lab. Sensor
device was loaded inside a small custom-built gas flow chamber with low dead volume.
Flow of gases into the chamber was controlled by gas mixing system (Environics 4000),

connected to NO (10 ppm), N> (100%), CO (500 ppm) and CO, (50%) gas cylinders.
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Electrical measurement was performed using semiconductor parameter analyzer (Agilent
4156C). During each test sensor was flushed with nitrogen gas for one hour before
injecting series of interest gases and UV irradiation. Current response of NW at constant
bias voltage (2 V) was measured for 200 sccm of different gas pulses. A 20 sec of UV
irradiation was applied between gas pulses to remove adsorbed gas molecules from the

ZNW surface.
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Figure 34. Gas sensor set-up developed in our lab. Inset shows the ZNW sensor device

with UV LED mounted on transistor head.
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Figure 35. TEM image of Cr nanoparticle decorated ZNWs. (a) Low magnification single
ZNW with Au catalyst at the tip. (b) Dense Cr nanoparticles were deposited on the side
of nanowire. Inset shows a SAD pattern of Cr-ZNW hybrid structure. (c) Lattice resolved

image shows that average size of catalyst nanoparticles is around 5 nm.
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7.2.2 ZNW gas sensor device and operation

Morphology of Cr nanoparticles decorated zinc oxide nanowire was investigated
by HRTEM operating at 300 kV under bright field condition (Figure 35). Figure 35a
shows a tip grown single ZNW decorated with Cr nanoparticles at the surface. A dense
structure of nanoparticles was observed at the surface of nanowire, facing the metal flux
during sputtering (Figure 35b). Inset shows corresponding selected area diffraction
pattern of Cr-ZNW hybrid structure. Particle structure of Cr metal on ZNW, during 4 sec
of metal deposition by RF-magnetron sputtering, was generated following the Volmer-
Weber growth mode [158]. Figure 35¢ shows the lattice resolved images of nanoparticles,
with some of them in faceted shape, on the ZNW. Figure 36a shows the FE-SEM image
of single ZNW sensor device fabricated on Si/SiO; substrate. A NW of length ~7.5 um
and diameter ~150 nm was connected by Ti (150 nm)/Au (300 nm) electrodes at both the
ends by e-beam lithography and metal deposition, as explained in the experimental
process. Figure 36b shows AFM image of Cr nanoparticles decorated on ZNW and
Si/Si0O;, substrate. Particle size measurement (inset of Figure 36b) shows that Cr
nanoparticles had an average size of ~5 nm.

Figure 37 shows a comparative sensing behavior between bare ZNW and Cr
functionalized ZNW, towards NO gas. It is clearly shown that, decoration Cr catalyst
nanoparticles over ZNW enhanced its sensitivity for NO gas. Since under dark condition
NO gas gets permanently absorbed at ZNW surface (Figure 38a), whereas under
continuous UV illumination condition it does not show any interaction with nanowire
(Figure 37b), we have used an UV pulse technique [159] for surface cleaning and NO gas

sensing by ZNW device. In this sensing technique, before introduction of N, gas, a UV
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radiation pulse for 20s was applied for regenerating the sensor by desorption of oxygen
species and NO; gas molecules from the ZNW surface. Figure 39a shows the repeatable
sensing performance of a functionalized ZNW at room temperature towards the
successive pulses of pure nitrogen gas and 10 ppm of nitric oxide gas. At normal
conditions under exposure to air, these surface defects are passivated by various oxygen
species (07, OF, Oy) formed by dissociation of oxygen molecules over the surface
defects [94]. Due to high surface-to-volume ratio, ZNWs contain large number of surface
oxygen sites, on the order of 10*’ sites per cm’ of the material [115]. The surface cleaning
by UV radiation maximizes reaction area between interest gas and active sites present at
NW surface. A high current peak is observed during UV irradiation. UV irradiation has
dual effects; first, it decreases the depletion layer by removing parasitic gaseous
molecules and secondly, it generates electron hole pairs in the NW. A high energy UV
radiation (>3.2 eV) can easily break the O, and NO, bonds on the ZNW surface as the
dissociation of physisorbed O, is barrier-less and chemisorbed NO, over the ZnO surface
has very low activation barrier of 0.49 eV [160]. Just after the UV irradiation, a 5 min of
N, flow was maintained over the sensor. During this 5 min of N, flow, electrons and
holes which were photo- generated by UV radiation get recombined [114, 161]. Five
minutes of N, flow time was carefully optimized as longer time of N, flow only leads to

saturation of current.
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Figure 36. (a). SEM micrograph of a zinc oxide nanowire sensor device fabricated on
Si/Si0; substrate. A Cr nanoparticle thin film was deposited over ZNW. (b) AFM image
of Cr nanoparticles deposited on single zinc oxide nanowire. Inset shows that the average

size of Cr nanoparticles was ~5 nm.
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After N, flow, at base point a 5 min pulse of 200 sccm of NO gas was introduced
over the clean NW surface. We believe that this NO gas was oxidized to NO, gas in
presence of Cr catalyst nanoparticles decorated at NW surface. A similar mechanism for
catalytic oxidation of NO to NO, over Cr/TiO, particle has been demonstrated by Shiba
et. al. [162]. The results from their study indicate that Cr component in Cr/TiO; particle
act as active site for the oxidation of NO. In our case, conversion of NO into NO, at room
temperature can be attributed to lowering of activation energy and improved dynamics by
nanoscale catalyst [163]. Also, we suspect that presence of very small of O, in diluting
gas (N») and leaked-air into the test chamber can generate a favorable oxidative
atmosphere over the NW. Catalyst nanoparticles deposited over large surface area of
SiO, substrate along with nanowire may help an efficient conversion of NO into NO,
over the ZNW surface. NO, molecules, possessing strong electron withdrawal nature,
easily react with active sites present on the ZNW surface and form depletion layer. This
results in decrease in current through NW at a constant bias voltage of 2V. After NO gas
exposure, a 20 sec of UV irradiation was applied to refresh the NW for next gas pulse
detection. Average percentage sensitivity was calculated from equation S=100x[|Iy-Ino|/
In], where Iy and Iyo is current values before and after NO gas pulse and was found to be

~46 % for 10 ppm of NO gas.
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Figure 37. Sensing behavior of zinc oxide nanowire devices with Cr ( -O-) and without Cr

(-A-) nanoparticles decorated on it.

Figure 39b shows the ZNW sensor response for NO gas ranging concentration
from 10 ppm to 1.5 ppm in N, environment. Inconsistence current values in consecutive
cycles of sensing can be related to sensor drift which is the major unsolved problem of
the metal oxide chemical sensors [164]. Both reversible and irreversible processes
occurring at the metal oxide surface can cause the sensor drift. One of the examples is
change in stoichiometry of surface by oxidation-reduction [165]. Also a vigorous

dynamic condition of absorption and desorption of NO on ZNW surface and
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recombination of electron-hole pairs in zinc oxide during recovery can cause difference
in signals [166, 167]. A calibration curve with error bars in Figure 39b shows that the
current drop during NO flow decreases with decrease in concentration of the gas. A
lowest detection limit of sensor was ~1.5 ppm for NO gas which is lowest in value
compared to other reported metal oxide chemi-resistive NO sensors [168, 169].

Figure 40a shows the response of ZNW sensor in 10 ppm of NO and other
common interfering gases (N, CO and CO,). It may be pointed that even when the
interest gases were passed over the sensor after 20 sec of UV irradiation and 5 min of N,
flow, noticeable change in current was obtained only during NO gas flow. This
demonstrates that Cr nanoparticle decorated ZNW sensor had distinct selectivity towards
NO gas. The selectivity of sensor towards NO gas can be attributed to selective oxidation
of NO by Cr nanoparticles, and strong interaction between ZnO surface and NO;
compared to other gases used in this experiment. Figure 40b shows the suggestive
schematic of single ZNW sensor device and NO gas sensing mechanism. A single ZNW
decorated with Cr nanoparticles was used as semiconducting resistor for gas sensing. The
first step for the sensing is the successful conversion of NO into NO, in presence of Cr
catalyst nanoparticles acting as converter [162] Detection of NO, over NO was selected
due to strong withdrawing capability of NO, compared to weak electron donating nature

of NO [170].
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Figure 38. (a) Sensing behavior of ZNW sensor devices for NO and N, gas flow, under
dark environment. (b) Sensing behavior of devices under continuous UV illumination of

2mW power and 375 nm wavelength.
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Figure 39. (a). Current versus time dependence of ZNW sensor exposed to two pulses of
10 ppm of NO gas. The base point shows the time at which NO gas was introduce into
the chamber. (b) Current versus time dependence of ZNW sensor exposed to NO gas with
concentration range of 10 ppm to 1.5 ppm. Inset shows calibration curve for ZNW sensor

with error bars.
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NO; molecules shows a high partial charge transfer of -0.28¢ when molecularly absorbed
on zinc oxide surface [171]. Interaction of NO, with zinc oxide surface follow the Fermi
energy control mechanism in which electron transfer takes place from a higher chemical
potential of ZNW to a lower chemical potential of NO,, until the Fermi level equilibrium
is reached. This phenomenon causes formation of depletion region and decrease in
conductivity of ZNW. We have built and tested eight sensor devices. Percent sensitivity
of these eight ZNW sensor devices for 10 ppm of NO gas varies from ~11% to 62%
which is acceptable for their successful technological applications. Difference in the
sensitivity of the eight devices can be attributed to different physical size of nanowires as
reported by Fan et. al. [147]. When stored for long time the current value through ZNW
at constant voltage decreases significantly because of adsorption of oxygen species and
humidity at the surface [136]. In this study the surface refreshing strategy by UV
irradiation works well, and was able to restore electronic and sensing properties of

devices even after 10 days.

7.3 Conclusions

In summary, Cr nanoparticle deposited ZNW is demonstrated as an efficient
material for detecting low-ppm level NO gas at room temperature. The sensor showed a
selective behavior towards NO gas, in presence of other common interfering gases, with
average sensitivity of ~46% towards 10 ppm NO mixed with N,. The lowest detection
limit of sensor is ~1.5 ppm for NO gas. Desorption of NO, gas molecule from the ZNW

surface was achieved by UV irradiation. This study opens a starting point for the
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application of single nanostructure devices for detection of chemical species at low
concentration level. Furthermore, the development of single ZNW sensor is an

economical solution for portable or energy efficient high sensitive NO detection.
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CHAPTER 8
LARGE-AREA GRAPHENE ON POLYMER FILM FOR FLEXIBLE AND

TRANSPARENT ANODE IN FIELD EMISSION DEVICE

8.1 Introduction

Graphene is a two-dimensional carbon material having unique band structure and
outstanding thermal, mechanical and electrical properties [172-174]. Some of the
potential applications of graphene are for sensors, transistors, super-capacitors, solar cells
and flexible displays [175-179]. It is well known that graphene has high mechanical
strength with flexibility, high transmittance and high electron mobility [179, 180]. These
properties make graphene an emerging alternate for transparent conductive metal oxides
electrodes, in particular indium tin oxide which contains indium as a costly and scarce
element.

In order to make a transparent conductive graphene film, most of the researchers
have used liquid solution of graphene flakes (obtained by reducing graphene oxide
flakes) for deposition of transparent conductive film [181, 182]. Recently, Yamaguchi et.
al. [183] has deposited chemically derived graphene solution on flexible substrate for
large area transparent flexible electrode which contains 2 to 30 layers of graphene.
Successful incorporation of graphene in flexible electronics will need synthesis of
continuous graphene film on substrates and transfer it to polymeric substrate in large
scale. Li et. al. [184] has first demonstrated high quality, predominately monolayer

graphene films grown on copper foils by CVD method. Kim et. al. [185] have
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demonstrated two different techniques (stamping and scooping) for transferring graphene
from nickel substrate to other arbitrary substrates. These techniques are not effective for
industrial application which will require low cost, high quality and large area production
of graphene flexible electrodes.

This study present a direct and effective method for synthesis of large graphene
film on copper foils and transferring it to polyethylene terephthalate (PET) flexible
substrate by hot press lamination process. This method provides an effective way to
handle large area of graphene film with minimal physical damage to it. The resulting
graphene polymer film is flexible and remains conductive under high tensile strains. The
application of this graphene film as flexible transparent conductive anode has been

demonstrated in carbon nanotube (CNT) field emission devices (FED).

8.2 Results and discussions
8.2.1 Experimental details

Graphene film was synthesized by chemical vapor deposition (CVD) of
hydrocarbon on copper foil. Commercially available, cold rolled Cu foil of 50 um to 200
pum thickness and large area (6 cm width and 15 cm length) was first annealed at 1000 °C
for 1 hr under Ar atmosphere. After annealing, Cu foil was acid-treated for 10 min using
1 M acetic acid at 60 °C. This acid treatment helps in removing oxide layer generated at
the Cu foil surface during annealing process. Copper foils were thoroughly washed with
de-ionized water and dried at the ambient conditions. Graphene films were grown on
copper foils in a similar way to the previously reported CVD process [184]. In short,

graphene on the Cu foil was synthesized at 1000 °C and 1 atm pressure, using a 5 min
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flow of CH4 and H, gases in 1:4 ratios. After graphene growth, the foil was cooled down

to room temperature before being taken out from the furnace.

Cu foil

Graphene
Cu foil
PET film
Process
flow

{

Hot Lamination ~130°C

Cu etching

Graphene transferred over
PET film

Figure 41. Process flow for graphene transfer from Cu foil to PET substrate. Hot press

lamination and chemical etching processes were used in this method.
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Figure 42. (a) Large area graphene film transferred over PET substrate. (¢) Flexibility of

graphene/PET film.
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We have used hot press lamination and chemical etching process for transferring
graphene grown over the Cu foils to the transparent flexible substrates. Figure 41 shows
flow diagram of graphene transfer technique. Cu foils with graphene were hot press
rolled with a transparent flexible PET film having thickness ~50 um. For complete
removal of Cu from the graphene and laminated film, we have used concentrated FeCls
solution. Laminated polymer film with graphene and Cu foil underneath was floated over
the FeCl; acid bath at room temperature. After 40 min of etching process Cu was
completely dissolved into the solution leaving graphene film with the PET substrate. This
transparent flexible film was then thoroughly washed with de-ionized water and dried in
air at room temperature. Figure 42a demonstrates a flexible, transparent graphene film
with diagonal length of ~ 16 cm. This hot press lamination process provides a very
adherent graphene film on the flexible substrate which can be deformed easily into

various geometries (Figure 42b) without damaging the film.

8.2.2 Characterization of flexible graphene/PET Film

Characterization of graphene over Cu and flexible substrate were done by Raman
spectroscopy. The Raman spectrum of graphene film on Cu foil and PET film are shown
in Figure 43a. A symmetric and sharp 2D-band indicates monolayer of graphene film
over Cu foil. The Ig/Iop ratio for graphene on Cu foil was 0.4, conforming monolayer
graphene film [184]. A high quality of graphene film over Cu foil was in compliance with
a small D peak [186]. Successful transfer of graphene film on PET substrate was evident

from Raman spectrum, showing characteristic G and 2D bands.
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Figure 43. (a) Raman spectra from graphene on copper foil and PET substrates. (b)
Transmittance of graphene film over PET substrate. Inset shows large area transparent

graphene/PET film.
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Optical transmission spectroscopy measurement was performed using Scinco,
SD-1000 UV-Visible spectrophotometer. Figure 43b shows the transmittance of the
graphene film with optical range of wavelengths. Percent transmission of graphene film
on PET substrate is 88.80 at 550 nm wavelength. The graphene film shows higher
transmittance compared to carbon nanotube[187] and ITO films [188]. Sheet resistance of
the graphene film measured by four-point probe method was ~1.1742 kK/sq which is
comparable to other reported graphene films [179, 189]. Graphene has an advantage over
ITO, as it shows superior electrical-mechanical properties. To investigate the electro-
mechanical properties of graphene/PET film, bending and stretching tests was performed.
Graphene/PET film (dimension 1cmx1cm) was mounted on the lower jaws of a Vernier
caliper which helps in bending and stretching the film in desired amount. The linear
resistance of the film was measured at two edges across the film. Figure 44a shows the
resistance of graphene/PET film with tensile strain ranging from 0 to 60%. Surprisingly,
graphene/PET film remains conductive and shows only one order of magnitude change
by ~60% stretching. Foldability of graphene/PET film was evaluated by measuring

resistance with respect to bending radii (Figure 44b).
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Figure 44. (a) Variation in resistance of graphene/PET film uniaxial stretched by 60%.
(b) Resistance of graphene/PET film with different bending radii. Insets show schematic

of stress modes applied to graphene/PET film.
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The synthesized graphene is only few nanometers thick and PET thickness (~50
um) alone is used in tensile strain calculation. Bending the film upto a radius of curvature
of 1.52 mm (approximate tensile strain of 6.5%) changes the resistance of graphene from
2.09 kQ to 2.68 kQ, which was recovered completely after un-bending the graphene/PET
film. These stretching and bending tests shows that graphene film has superior
mechanical and electrical properties compared to brittle ITO electrode, which generate
micro-cracks inside the film under mechanical stress[190]. The excellent mechanical
properties of graphene film can be attributed to atomically perfect lattice of hexagonally

arranged strong carbon-carbon bonds[191].

R Green Cmmm———
Phosphor /TA&\
e
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{ _, Cathode (CNT/Cu) 4~

Figure 45. Schematic of CNT field emission device consisting flexible graphene anode.
Multiwall CNT grown on Cu substrate was used as cathode and graphene/PET film was
used as anode. Green phosphor deposited over graphene was used to show the

illumination from flexible anode.
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8.2.3 Graphene/PET Film for flexible anode

This transparent and conductive graphene film was characterized for its possible
application in field emission devices, where graphene/PET film was used as a flexible
anode. Green phosphor (Phosphor Tech; DPGOl) material was deposited on the
graphene/PET flexible substrate by dip coating process. This graphene/PET anode was
assembled over bent (radius of curvature ~13.65 mm) CNT field emitters grown on
copper foil (Figure 45). Details of synthesis and field emission properties of CNT field
emitters are discussed in our past publication [192]. The inter-electrode distance was kept
constant at 600 pm and the device was tested for its performance and stability under DC
bias and high vacuum (~1x107 torr) condition. Figure 46 shows the field emission
response of the device in bent configuration. The emission current behavior of the device
was analyzed using Fowler-Nordheim (F-N) equation I = (aAB2E2/®)exp(-b®3/2/BE),
where a = 1.54x10°A eV V?Z and b = 6.83x10” eV*? V cm', respectively, 4 is the
emission area, p is the field enhancement factor, E is the applied electric field in V ecm ™,
and @ is the work function in eV [193]. Inset in Figure 46a shows the corresponding F-N
plot. Straight line nature of the F-N plot indicates that the emission current was due to
field emission. Turn-on field for the device was found to be 1.75 V/um and field
enhancement factor (), as calculated from the slope of F-N plot, was approximately
1000. Figure 46b presents the stability of the field emitter device for more than 3 hours,
at an average current level of 7.5 pA. It can be clearly observed from the figure that the
device could produce a stable emission for the stipulated time period, indicating the

stability of the graphene anode for long period of operation.
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Figure 46. (a) Emission current-voltage characteristics of field emission device. Inset
shows corresponding FN plot. (b) Emission current stability for >3 hrs. Inset shows bent

field emission device and green illumination from graphene flexible electrode.
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Inset of Figure 46b shows the bent field emission device and corresponding
emission image, captured by using a thin layer of green phosphor on the graphene anode.
The image clearly shows presence of emission from multiple sites of the field emitter
device. The performance of the transparent, flexible graphene shows its potential in low-
current, flexible field emission applications. Although, there have been published reports
about flexible (and non-transparent) field emission devices (FED) [194, 195], our
demonstration of graphene as the transparent, flexible anode of FEDs opens up a new
factor of transparency to the FEDs and shows possibility for future transparent, flexible
FEDs. Graphene anodes could act as a possible replacement for toxic and expensive ITO

coatings.

8.3 Conclusions

In conclusion, we have synthesized large area graphene film and transferred it to
PET flexible substrate by using hot press lamination technique. Graphene film on PET
substrate shows high transmittance (>88%) and conductivity with mechanical stability.
Also we have demonstrated application of this graphene/PET film as a flexible
transparent anode in FED. The flexible FED with CNT emitter and graphene anode
shows turn-on field of 1.75 V/um and [ values of ~1000 with good field emission
stability. The proposed techniques can be tailored for any flexible substrate and large
scale production at low-cost, which could open up exciting applications in foldable

electronics and electro-mechanical devices.
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CHAPTER 9

SUMMARY AND FUTURE WORK

9.1 Summary

Zinc oxide nano structures (thin film and nanowire) were synthesized by rf-
magnetron sputtering and chemical vapor deposition techniques. Application of the ZnO
nanostructures has been shown into electronic and sensing devices. This dissertation also
include synthesize and study of large area graphene films.

ZnO and Ga doped ZnO thin film transistors were fabricated on Si/SiO, and
flexible substrates. Structural characteristics of thin film were investigated by various
techniques such as x-ray diffraction, AFM and optical spectroscopy. Gallium is proved to
be better n-type doping element for ZnO as GZO TFTs shows and an enhanced device
performance compared to ZnO TFTs. Reliability and stability of device were studied at
elevated temperature and under high vacuum conditions.

ZNW were grown by chemical vapor deposition method at low pressure. NW
FETs were fabricated by standard photolithography and electron beam lithography
techniques. An enhanced conductance in ZNW FETs was achieved by non-destructive
surface cleaning process which includes high vacuum annealing and UV irradiation.
Further electrical hysteresis phenomenon in ZNW FETs was investigated. It was
demonstrated that nondestructive surface cleaning process developed in our lab can help
to remove unwanted hysteresis from the FET device. Furthermore, the novel application

of ZNW was demonstrated by designing single nanowire gas sensors. Functinalization of
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nanowire by Cr nanoparticles were done for achieving sensitivity and selectivity in the
sensor device. In this study, successful detection of low ppm level of nitric oxide gas in
presence of other common interfering gases was also conducted. A strategy was
developed for refreshing the sensor device by UV radiation.

Large area of graphene film was synthesized by CVD method on Cu foils. A
unique hot-press-lamination process to transfer the graphene film from metal substrate to
PET material was also developed in this research. Graphene on PET substrate shows high
flexibility and transparency, making it ideal candidate for electrode material in foldable
electronics and devices. Application of this graphene/PET flexible film as anode in

carbon nanotube field emission devices has been demonstrated.

9.2 Future scope of this work

Zinc oxide nanostructures have potential in future electronics, opto-electronics,
sensor, solar cells and supercapacitors. Clear understanding of their physical and
chemical properties at nanoscale is yet to be established for their successful integration in
real devices. It was found that the electronic and chemical properties of ZnO thin films
and nanowires are very unstable which challenges stability and reliability of the devices
made from them. The surface properties of ZnO nanostructures are highly volatile due
large number of defects (dangling bonds and oxygen species) present at the surface. For
the successful adoption of ZnO nanostructures in the electronics devices, it is very
important to eliminate or control these surface defects without losing the intrinsic
properties of material. Implementing various passivation techniques and doping of

suitable elements in ZnO thin films and nanowires without losing their transparency and
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conductivity can be one area to investigate. An economical and efficient way to synthesis
high quality ZnO thin films at large scale is paramount important for its successful
commercialization. A control growth of high quality of zinc oxide nanowire and its
integration in flexible electronics is very much sought for future optoelectronic devices.

Because of their high surface to volume ratio and specific physio-chemical
properties ZNW have huge potential in chemical and biological sensors.
Functionalization of nanowire with various catalyst nanoparticles and their integration in
single devices can lead to development of smart artificial olfaction system-electronic
nose.

Graphene is relatively new material which has created great interest because of its
distinctive band structure, physical properties and potential in future devices. In this
dissertation research CVD technique was used to synthesize large area graphene on Cu
foil and to show its application in transparent flexible electrode. CVD method provides
easy growth conditions for large area graphene on metal foils, but for electronic devices
(transistors, inverter etc.), graphene has to be transfer to the Si wafer, which is still a
challenging task. An efficient way for this will be direct growth of graphene over
dielectric substrates. Also synthesizing graphene film with controlled number of layers
and high crystalline is very much required for successful commercialization of its
devices. Although graphene shows very remarkable properties intrinsically, such as high
mobility and zero band gap, its properties get affected by strong interaction with substrate
material. Also it is hard to imagine graphene without substrate in device design or
architecture. A detailed study is needed for understanding the charge transport behavior

in graphene on various substrate and environmental conditions.
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Fabrication and Characteristics of Low Doped Gallium-Zinc Oxide Thin Film Transistor

Ved Prakash Verma', Dohyun Kim', Minhyon Jeon?, and Wonbong Choi'

'Mechanical Engineering, Florida International University, 10555, West Flagler Street. miami,
FL, 33174

*School of Nanoengineering. Inje University, Gimhae, 621-749, Korea. Republic of

ABSTRACT

We report on fabrication and electrical characteristics of transparent thin film transistor
(TFT) based on low Ga-doped zinc oxide (GZO). Low Ga (1 wt%) doped ZnO thin film is
deposited as an active chgulnel by rf-magnetron sputtering at room temperature. The devices
show a mobility of 5.7 cm™/Vs at low operation voltage of <5V and a low turn-on voltage of 0.5
V with a sub-threshold swing of 85 mV/decade. The TFT device performance is significantly
affected by vacuum-level and annealing treatment, which is attributed to the chemisorption/
desoption of oxygen from the surface of active channel. Low doped GZO is a new class of TFT
channel material that has the potential of high performance, multi-functionality and easy-process.

INTRODUCTION

Zinc oxide (ZnO) is a transparent and wide band gap (3.36 V) semiconducting material
that has been extensively studied due to its multi-functionality such as optoelectronic,
piezoelectric and pyroelectric with high exciton binding energy of ~60 meV [1.2.3]. The
potential applications include ultraviolet lasers, light emitting devices, transparent conductors
and thin film transistors. The intrinsic oxygen defects and Zn interstitials enable good electrical
conductivity of ZnO thin films. However. the conductivity of ZnO can be further improved by
doping with several elements such as As, In, Ga, Fe, Sb, Al and Li. The minimal resistivity of
ZnO achieved by doping was about 10 Qcm [4.5.21.22]. Of all the elements considered Ga is
the best n-type doping element because of its good lattice match with ZnO lattice: the bond
lengths of Ga-O and Zn-O are 2.92 A and 2.97 A respectively [6]. Also the Ga atom replaces the
zinc ions and acts as substitutional impurity, releasing a free electron in the conduction band at
room temperature. High doped GZO material has been used for contact electrodes in transparent
oxide TFTs due to its high conductivity and transparency [7]. Recently, ZnO films with low
resistance and high transparency have been obtained with Ga doping concentration range of 2.0-
4.0 at% [18,19]. ZnO with different concentration of gallium has been studied for high mobility
and crystalline thin films. Carrier concentration of Ga doped ZnO increases linearly with
increase in Ga concentration [16]. An improved high carrier concentration of ~10* /em® can be
achieved by Ga doping compared to un-doped zinc oxide thin film which has typical carrier
concentration of ~101f!c1113 [16,17.20]. Recent reports have demonstrated that low Ga-doped
Zn0O down to ~1wt% can be grown in single crystal by rf-magnetron sputtering [8]. This material
has potential in optoelectronic devices because it can be grown as a transparent single crystal
thin film at room temperature and has a wide band gap of ~3.76 eV [23.32].

Since the electrical properties of ZnO swiface are affected by gaseous molecules present in
the ambient, many researches have studied the effect of annealing treatment on ZnO film at
different ambient conditions [8,10]. However, the choice of annealing atmosphere, temperature
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frequency magnetron sputtering at room temperature exhibit a high transmittance (>80%). The devices show
a mobility of ~5.7 cm?Vs at low operation voltage of <5 V and a low turn-on voltage of ~0.5 V with a
subthreshold swing of ~85 mV/decade. The TFT device performance is significantly affected by vacuum-level
and annealing treatment, which is attributed to the chemisorption/desorption of oxygen from the surface of
active channel. Low doped GZO is a type of TFT channel material that has potential for high performance,
multi-functionality and easy-process.

© 2008 Elsevier BV. All rights reserved.

1. Introduction

Zinc oxide (Zn0D) is a transparent and wide band gap (-3.36 eV)
semiconducting material that has been extensively studied due to its
multi-functionality such as optoelectronic, piezoelectric and pyroelectric
with high exciton binding energy of ~-60 meV [1-3]. The potential
applications include ultraviolet lasers, light emitting devices, transparent
conductors and thin film transistors. The intrinsic oxygen defects and Zn
interstitials enable good electrical conductivity of ZnO thin films.
However, the conductivity of ZnD can be further improved by doping
with several elements such as As, In, Ga, Fe, Sb, Al and Li. The minimal
resistivity of Zn0 achieved by doping was about 107 f2em [4-7). Ofall the
elements considered Ga is the best n-type doping element because ofits
good lattice match with ZnD lattice; the bond lengths of Ga-0 and Zn-0
are 192 A and 1.97 A respectively [8]. Also the Ga atom replaces the zinc
ions and acts as substitutional impurity, releasing a free electron in the
conduction band at room temperature. High gallium doped zinc oxide
(GZ0) material has been used for contact electrodes in transparent oxide
thin film transistors (TFTs) due to its high conductivity and transparency
[9]. Recently, ZnO films with low resistance and high transparency have
been obtained with Ga doping concentration range of 2.0-40 at%[10,11].
Zn0 with different concentration of gallium has been studied for high
mobility and crystalline thin films. Carrier concentration of Ga-doped
Zn0 increases linearly with increase in Ga concentration [12]. An
improved high carrier concentration of ~10% fen?® can be achieved by

* Corresponding author. Tel: +1 305 348 1973; fax: +1 305 348 1932.
E-mail address: choiw@fiwedu (W. Choi).
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Ga doping compared to un-doped zinc oxide thin film which has typical
carrier concentration of ~10'"7 jem?® [12-14]. Recent reports demonstrated
that low Ga-doped ZnOdown to ~1 wt.% can be grown in single crystal by
radio frequency (rf) magnetron sputtering [15]. This material has
potential in optoelectronic devices because it can be grown as a
transparent single crystal thin film at room temperature and has a wide
band gap of ~3.76 eV [16,17].

Since the electrical properties of ZnO surface are affected by
gaseous molecules present in the ambient, many researchers have
studied the effect of annealing on ZnO film at different ambient
conditions [15,18]. However, the choice of annealing atmosphere,
temperature and pressure still remains controversial. There is also lack
of information about the environmental effects on ZnO thin film
grown by rf-magnetron sputtering.

Here we present electrical characteristics of low Ga-doped (1 wt.%)
ZnO thin film transistor fabricated at room temperature. Device
characteristics with different ambient conditions are studied and the
corresponding mechanism is discussed. This letter demonstrates our
effort to develop a thin film transistor fabricated at room temperature
with low Ga-doped (1 wt.%) Zn0O, and its environmental effect.

2. Experimental details

GZO-TFTs were fabricated with the use of a thermally grown Si0;
thin film on Si substrate. The alignment marks and patterns were
generated by standard electron beam lithography process. A 35 nm of
GZO thin film was deposited with a growth rate of 3.5 nm/min at room
temperature by rf-magnetron sputtering system using (1 wt%)
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Enhanced Electrical Conductance of ZnO Nanowire
FET by Nondestructive Surface Cleaning

Ved P. Verma, Hoonha Jeon, Sookhyun Hwang, Minhyon Jeon, and Wonbong Choi

Abstract—Electrical characteristics of zinc oxide nanowire
(ZNW) FETs are investigated by nondestructive surface cleaning,
ultraviolet irradiation treatment at high temperature and vacuum.
UV-light-stimulated oxygen desorption from the active channel im-
proves the device performance of ZNW-FETs. Results show that
charge transport in single ZNW strongly depends on its surface
environmental conditions and can be explained by formation of
depletion layer at the surface by various surface states present on
it. The nondestructive surface cleaning removes these absorbed
surface states from the nanowire and the current values increase
upto ~7 pA from ~0.4 pA at a bias voltage of 3 V. ZNW-FETs
fabricated in this study exhibit mobility of ~28 em?/V.s and a high
Tox # ITopy ratio of ~10°,

Index Terms—Nanotechnology, surface treatment, ultraviolet
(UV) radiation effect.

I. INTRODUCTION

EMICONDUCTING zinc oxide nanowires (ZNWs) are
S very promising materials for high-power/high-temperature
electronics due to their remarkable physical properties like
wide band gap of ~3.4 eV and high exciton binding energy of
~60 meV [1]-[4]. FETs with ZNW as an active channel may
enable promising applications for flexible and transparent elec-
tronics and chemical sensors [5]-[7]. It is well known that zinc
oxide contains a high density of surface defects and dangling
bonds that act as absorption sites for gaseous molecules, mainly
oxygen species present in the ambient [8], [9]. The surface state
model presented by Morrison [10] treats the oxygen interac-
tion with semiconductor surface as a two-step process. Initially,
rapid physisorption of oxygen takes place on the surface lead-
ing to weakly bonded molecules, which then capture the elec-
trons from material and form into strongly bonded chemisorbed
species. Due to high surface to volume ratio in nanoscale ma-
terials, these surface states dominate which affects their elec-
tron transport properties and catalytic reactions occurring at the
surface [11]. In case of metal oxide nanostructures, these sur-
face states defoliate the electronic properties of the materials
by scattering and trapping of charge carriers that significantly
hinders their application to the high-density and high-speed na-
noelectronic circuits [12]-[14]. Several efforts have been made
to passivate these surface states and improve the electrical per-
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formance of ZNWs and thin films [15]. Park er al. reported
the fabrication of high-mobility (~1000 em’/V -s) zinc oxide
FETs by coating of polyimide layer on the nanorod surface [16].
Also, Keem et al. demonstrated omega-shaped-gate ZNW-FETs
with AlyO4-coated zinc oxide nanowires for high device per-
formance [17]. However, no direct investigation has been done
for adsorption and desorption of these gaseous molecules on
zinc oxide nanostructures. The aim of the present paper is to
study the effect of ultraviolet irradiation at elevated temperature
and vacuum conditions on electronic properties of ZNW-FETs.
This nondestructive cleaning process removes the surface states
present on the ZNW in the form of absorbed oxygen species and
enhances the device performance of the FET.

II. EXPERIMENTAL

ZNWs were grown by vapor—liquid-solid process in a
high-temperature and low-pressure horizontal chemical-vapor
deposition (CVD) system. Catalysts of gold nanoparticles
(Sigma Aldrich) (10 nm) suspended in deionized (DI) water
were dispersed on quartz substrate. A mixture of pure zinc oxide
and graphite powders (Sigma Aldrich) (1:1 wt ratio) was used as
the source material. Typical temperature and pressure for ZNW
synthesis process were 900 °C and 130 torr, respectively. After
30 min of growth process, a thin layer of ZnWs was deposited
on the quartz substrate. In order to make ZNW-FET. the ZNWs
were stripped from the substrate and dispersed in 1sopropanol
solution by ultrasonication. ZNWs dissolved in solution were
randomly dispersed on a heavily doped p-Si/Si0, substrate that
had patterned metal electrodes and align marks fabricated by
photolithography. Source and drain electrode patterning at the
edges of single nanowires was done by electron beam lithogra-
phy followed by Ti1 (80 nm)/Au (150 nm) metal deposition. Ther-
mally grown SiO; (100 nm) and heavily doped Si (p* ) substrate
under the nanowire were used as gate oxide and back gate elec-
trode, respectively. Electrical characterization of the ZNW-FETs
was done at room temperature and in dark environment using
a four-probe station equipped with a semiconductor parameter
analyzer (Agilent 4156 C). Devices were treated in various
ambient conditions of vacuum (air pressure ~4.0 x 10 torr),
elevated temperature (400 K), and ultraviolet (UV) irradiation
at 340-390-nm wavelength range and 1.4 mWem 2 intensity.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows the scanning electron microscopy (SEM) im-
age of ZNWs grown on quartz substrate. Typical length and
diameter of the nanowires were 2-3 pm and 20-50 nm, re-
spectively. High-resolution transmission electron microscopy
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We report on room temperature detection of nitric oxide (NO) gas at low-ppm level by Cr nanoparticle
decorated single zinc oxide nanowire (ZNW) sensor. In this sensor device Cr nanoparticles, act as catalyst
to transform NO into NO; and results in change in current value through ZNW, corresponding to NO
gas concentration. The sensor exhibits average sensitivity of ~46% for 10 ppm of NO gas. The lowest
detection limit of the sensor is ~1.5 ppm for NO gas. Sensor shows selectivity towards NO gas during a
cross-sensitivity test with Nz, CO and CO; gases. Recovery of the sensor is achieved by ultraviolet light
induced desorption of gases from ZNW surface.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Detection of NO gas at low concentration is of paramount impor-
tance for real time monitoring of environment and lower airways
inflammatory diseases [1,2]. NO is an atmospheric pollutant, which
plays an important role in formation of smog [3]. Also, detection
of NO concentration in exhaled gases has become standard medi-
cal practice for monitoring chronic obstructive pulmonary disease
(COPD) [4]. The most common techniques available for monitoring
exhaled NO are based on chemi-luminescence and photochemical
methods which involve huge system and expertise [5,6]. Though
one portable NO analyzer, based on electrochemical technique has
already been developed by Hemmingsson et al. [7], the demand for
a very inexpensive and hand held analyzer is still to be realized.

Zinc oxide nanowire (ZNW) is one of the most promising mate-
rials systems for semiconducting gas sensors, owing their easy
functionality and specific combination of physico-chemical prop-
erties [8]. Large surface to volume ratio and quasi-one-dimensional
functionality of ZNW make their conductivity highly sensitive
towards surface chemical reactions [9]. Moreover, relatively large
surface defects and favorable gas adsorption/desorption parame-
ters [10,11], give ZNW edge over other nanowires and nanotubes

* Corresponding author at: Mechanical and Materials Engineering Department,
Florida International University, 10555 West Flagler Street, EC 3465, Miami, FL
33174, USA. Tel.: +1 3053481973; fax: +1 3053481932.
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for NO gas detection. There have been many reports on ZNW based
gas sensors for the detection of ethanol, CO, NHs, Hy, O, NO, H,S
and NO; [9,12-17]. However, these sensors need to be operated
at high temperature to achieve improved gas-semiconductor sur-
face reaction and high signal to noise ratio [9,13]. In their study,
Fan and Lu [18] have demonstrated a strategy for NO, gas sensing
at room temperature by gate refreshable ZNW field effect transis-
tors. Kaur et al. [19] and Ramgir et al. [20] have detected nitric
oxide gas (concentration>40ppm) at room temperature by bare
zinc oxide nanostructures and Rudoped ZNW, respectively. Despite
multiple reports on gas sensing by ZNW, detection of low concen-
tration level of nitric oxide (NO) gas at room temperature remains
a challenge.

Metal particles are well-known as effective catalysts, due to
their ability to control the redox reactions of the gas molecule at
the sensor surface [21]. At nanoscale, metal particles show superior
catalytic properties due to their high surface to volume ratio and
chemical potential [22]. Functionalization by catalyst nanoparticles
is one of the most important strategies for enhancing sensitivity
and selectivity of metal oxide gas sensors. However very few liter-
atures are available which explore sensing application of catalyst
supported single metal oxide nanowire sensor [23].

In this paper, we report direct detection of NO gas at low-
ppm level using metal nanoparticles decorated single ZNW sensor,
which can operate at room temperature and low power. Com-
pared to bare ZNW, a Cr functionalized ZNW can detect lower
concentration NO gas at room temperature (see Electronic Annex
1 in the online version of this article). More importantly, combi-
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Large-area graphene on polymer film for flexible and transparent anode

in field emission device
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We present the fabrication and electrical characterization of large graphene structure on
polyethylene terephthalate (PET) flexible substrate. Graphene film was grown on Cu foil by thermal
chemical vapor deposition and transferred to PET by using hot press lamination. The graphene/PET
film shows high quality, flexible transparent conductive structure with unique electrical-mechanical
properties; ~88.80% light transmittance and ~1.1742 k{)/sq sheet resistance. We demonstrate
application of graphene/PET film as flexible and transparent electrode for field emission displays.
Our proposed techniques can be tailored for any flexible substrate and large scale production, which
could open up exciting device applications in foldable electronics. © 2010 American Institute of

Physics. [doi:10.1063/1.3431630]

Graphene is a two-dimensional (2D) carbon material
having unique band structure and outstanding thermal, me-
chanical, and electrical properties.]'3 Some of the potential
applications of graphene are for sensors, transistors, superca-
pacitors, solar cells, and flexible displays.4‘8 It is well known
that graphene has high mechanical strength with flexibility,
high transmittance, and high electron mobility.g‘9 These prop-
erties make graphene an emerging alternate for transparent
conductive metal oxides electrodes, in particular, indium tin
oxide (ITO) which contains indium as a costly and scarce
element.

In order to make a transparent conductive graphene film,
most of the researchers have used liquid solution of graphene
flakes (obtained by reducing graphene oxide flakes) for
deposition of transparent conductive film.”' Recently,
Yamaguchi et al."" has deposited chemically derived
graphene solution on flexible substrate for large area trans-
parent flexible electrode which contains 2 to 30 layers of
graphene. Application of graphene in flexible electronics will
need synthesis of continuous graphene film on substrates and
transfer it to polymeric substrate in large scale. Li et al. 2 has
grown high quality, predominately monolayer graphene films
on copper foils by chemical vapor deposition (CVD) method.
Kim er al® have demonstrated two different techniques
(stamping and scooping) for transferring graphene from
nickel substrate to other arbitrary substrates. These tech-
niques are not effective for industrial application which will
require low cost, high quality, and large area production of
graphene flexible electrodes.

Here we present a direct and effective method for syn-
thesis of large graphene film on copper foils and transferring
it to polyethylene terephthalate (PET) flexible substrate by
hot press lamination process. This method provides an effec-
tive way to handle large area of graphene film with minimal
physical damage to it. The resulting graphene polymer film is
flexible and remains conductive under high tensile strains.
The application of this graphene film as flexible transparent
conductive anode has been demonstrated in carbon nanotube
(CNT) field emission devices (FEDs).

“Electronic mail: choiw @fiu.edu.
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Graphene film was synthesized by CVD of hydrocarbon
on copper foil. Commercially available, cold rolled Cu foil
of 50 to 200 wm thickness and large area (6 cm width and
15 cm length) was first annealed at 1000 °C for 1 h under Ar
atmosphere. After annealing, Cu foil was acid-treated for 10
min using 1 M acetic acid at 60 °C. This acid treatment
helps in removing oxide layer generated at the Cu foil sur-
face during annealing process. Copper foils were thoroughly
washed with de-ionized water and dried at the ambient con-
ditions. Graphene films were grown on copper foils in a
similar way to the previously reported CVD proces,s.12 In
short, graphene on the Cu foil was synthesized at 1000 °C
and 1 atm pressure, using a 5 min flow of CH, and H, gases
in 1:4 ratios. After graphene growth, the foil was cooled
down to room temperature before being taken out from the
furnace. Graphene growth on Cu foil has been reported as a
surface-catalyzed process which indicates that Cu act as cata-
lyst for CVD of graphene. A detailed discussion about
growth mechanism of graphene formation on copper foil has
been presented elsewhere.'?

We have used hot press lamination and chemical etching
process for transferring graphene grown over the Cu foils to
the transparent flexible substrates. Figure 1(a) shows flow
diagram of graphene transfer technique. Cu foils with
graphene were hot press rolled with a transparent flexible
PET film having thickness ~50 wm. For complete removal
of Cu from the graphene and laminated film, we have used
concentrated FeCl; solution. Laminated polymer film with
graphene and Cu foil underneath was floated over the FeCly
acid bath at room temperature. After 40 min of etching pro-
cess Cu was completely dissolved into the solution leaving
graphene film with the PET substrate. This transparent flex-
ible film was then thoroughly washed with de-ionized water
and dried in air at room temperature. Figure 1(b) demon-
strates a flexible, transparent graphene film with diagonal
length of ~16 cm. This hot press lamination process pro-
vides a very adherent graphene film on the flexible substrate
which can be deformed easily into various geometries [Fig.
1(c)] without damaging the film.

Characterization of graphene over Cu and flexible sub-
strate were done by Raman spectroscopy. The Raman spec-

© 2010 American Institute of Physics
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