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CHAPTER 1
INTRODUCTION

This dissertation addresses three topics: effects of residual gas exposure on the
field emission (FE) properties of ZnO nanorods, ZnS nanostructures and GaN
nanostructures; effects of cesium deposition on the field emission properties of GaN
nanorods; and tuning graphene resistivity by exposure to light.

Chapter 2 introduces the main experimental instruments in our lab for the above
studies, as well as gives an introduction of preparation of samples. Chapter 3 reviews the
growth of ZnO, ZnS and GaN nanostructures and presents the results and discussion of
the effects of residual gas exposure on the field emission (FE) properties of ZnO nanorods,
ZnS nanostructures, and GaN nanostructures; and the effects of cesium deposition on
the field emission properties of GaN nanorods. Chapter 4 investigates a phenomenon in
which resistance of graphene grown by Chemical Vapor Deposition (CVD) changes by
exposure to light. A model and computational simulation results are presented to match
and explain the observations of this phenomenon. The CVD growth of graphene and
fabrication of devices made of CVD-grown graphene and exfoliated graphene for I-V

(current-voltage) measurement are also presented.

1.1 ZnO and GaN Nanorods as an Electron Source Compared to Molybdenum Microtips
and Carbon Nanotubes

Electron sources are one of the most important building blocks of many vacuum
electronic devices and are in high demand for modern technologies [1-3]. Displays used
almost everywhere in everyday life are the largest application of electron sources [4-5].

There are two types of electron sources: hot electron sources and cold electron sources.



Hot electrons sources are based on thermionic emission in which the emitters are heated
to a high temperature (about 2000°C), and as a result, electrons obtain enough energy
from heating to go over the surface potential barrier and escape from the emitter surface
to form electron emission [6]. Examples of hot electron sources are cathode ray tubes
(CRT) and electron vacuum tubes; Cold electron sources are based on field emission in
which an external electrical field is applied to reduce and thin the emitter’s surface barrier
so that electrons can tunnel out from the surface and form electron emissions at room
temperature [7-8]. Due to the high temperature, the hot emitters usually have problems
of oxidation by residual gas, heat dissipation, heating damage to surrounding devices,
high energy consumption, shorter life time, etc.; cold emitters, by contrast, naturally
eliminate these problems of thermionic emitters caused by heating to high temperature
and have much less energy consumption and longer life time.

For the needs of electron sources and the advantages of field emission, looking
for and making good field emitters have attracted for decades many researchers working
on this area. A good field emission emitter should have low operation electrical voltage,
high emission current, long life time, and controllable, stable performance. Generally, low
operation voltage requires low work function of the emitter material, high emission current
requires large amounts of unbounded (non-localized) electrons available, and long
lifetime and stable performance require chemical and mechanical stability in the vacuum
environment of use.

For the low operation voltage (applied external voltage for field emission), in
addition to low work function, the high-aspect ratio of the emitter structure amplifies the
local electrical field by factor of the aspect ratio. This means emitters with the structure of

a high-aspect ratio can significantly lower the operating voltage. For this reason micro-



and nano-structure materials generate great interest for applications in field emission
electron sources.

Metals, like molybdenum and tungsten micro tips of Spintd-type arrays, have
been deeply studied and a huge amount of money has been invested for the commercial
application of field emission of display (FED) [4, 5, 9, 10]. Due to their low work function,
high mechanical stability, high aspect ratio and high conductivity, carbon nanotubes have
also drawn tremendous study in field emission applications for the decades since they
were discovered. Applications with materials mentioned above have reached many
achievements, e.g., scanning tunneling microscopy, field emission microscopy, etc.
However, for commercial application, the working environments are relatively tougher
than in the examples mentioned here. It has been well studied that, in the vacuum range
of 1077 to 10 Torr, Oz in residual gas oxidizes the metals and carbon nanotubes and
significantly degrades their field emission properties [11-17].

Zn0, ZnS, and GaN nanostructures have drawn a great interest in field emission
study due to their intrinsic properties: they are wide bandgap semiconductors with high
melting temperatures and very excellent chemical and mechanical stabilities [18-22];
band bending of wide bandgap semiconductors under external applied electrical fields
causes more electrons to go to the bottom of conduction band by lowering the surface
barrier. This allows more electrons to be available for emission. Moreover, they can also
exhibit negative electron affinity [23]. This means that it is easier for electrons to escape
from the surface of the material and that low operation voltage can be sustained.

ZnO, ZnS and GaN have large varieties of nanostructures [24-26] and offer
researchers great opportunities to increase their field emission properties by changing

their structures through various methods of synthesis and growth. Most studies focus on



improving field emission properties of ZnO,ZnS and GaN nanostructures, i.e., lower turn-
on voltage and increased emission current density, by growing their nanostructures with
different methods, different growth parameters, or different substrates to obtain various
shapes and densities with high aspect ratio. In this dissertation, our studies are focused
on the effects of residual gas on the field emission properties of ZnO nanorods and how

cesium deposition changes the field emission of GaN nanorods.

1.2 Effects of Residual Gas Exposure on the Field Emission Properties of ZnO Nanorods

ZnO nanostructures have great potential for application as field emission emitters
due to their intrinsic properties: crystal structure of hexagonal wurtzite, wide bandgap (3.3
eV), low electron affinity (0.3-3.3 eV, even negative electron affinity), high melting
temperature, and high chemical and mechanical stability. ZnO-coated field emission guns
have been used in scanning electronic microscope (SEM), due to the excellent field
emission properties of ZnO. In addition to the excellent field emission properties, low cost,
long life time and compatibility with operating environment have to be considered for large
scale commercial applications of everyday life, like FEDs. In a real FED’s operating
environment, even though vacuum is on the order of 107 Torr, the residual gas is
unavoidable. The degradation of metal and carbon nanotubes is thought to be due to
oxidation under high-electric-field conditions present during FE [11-17]. It is thought that
ZnO and other oxide-based nanorods may not be as susceptible to degradation by O2
and oxygen-containing gases since they are oxides [27]. To our knowledge, a detailed
study of the effects of residual gases in operating environments of 10”7 to 10 Torr on the
field emission of ZnO nanorods is lacking [28,29]. N-type ZnO nanorods 100-200 nm in

width and 300-600 nm in length were synthesized using the DC arc discharge method



with a Zn target, air pressure of 600 Torr and arc current of 30 A. See sample preparation
in section 2.4. Compared to the samples of ZnO nanorods grown by chemical vapor
deposition (CVD), this method has low cost. Under the working conditions (high electrical
field) and the vacuum environment, the residual gases react with emitter material for a
certain period of time; a significant change of field emission may be induced. In the real
environment of FEDs, in addition to residual gases left by evacuation to a vacuum of 10
"to 10°® Torr, degassing under working conditions from surrounding devices, components
and surfaces like phosphors, getter materials and from decomposition associated with
high electrical field contribute to residual gases. Our studies of ZnO nanorods in our
laboratory conditions are performed in a gas environment similar to that in a real field
emission device. We evacuated vacuum to 10° Torr as base vacuum. With a precise leak
valve, we allow gases to flow at the pressure of 3x107 Torr with only one gas at a time in
the sequence of COz2, Hz, Ar, O2 and N2 while measuring the field emission properties to
study how each gas reacts with ZnO nanorods and changes their field emission
properties. We compare the effects of Oz, CO2, N2, Hz, and Ar exposures on the FE
properties of ZnO nanorods. In contrast to carbon nanotubes and metal microtips, we find
that the FE properties of ZnO nanorods are not significantly degraded by Oz and CO:2
exposures. However, the FE properties of ZnO nanorods are significantly degraded by N2
exposure. We propose that this is due to the higher reactivity of nitrogen with ZnO. H2and

Ar exposures are not observed to significantly degrade the FE properties.



1.3 Effects of Residual Gas Exposure on the Field Emission Properties of ZnS
Nanostructures

Like ZnO and GaN, ZnS is a wide band gap semiconductor with good thermal
stability that has attracted considerable interest for its luminescent and electrical
properties with applications in light emitting diodes, flat panel displays, transparent
conductive coatings, and buffer layers in solar cells [30-35]. Growth of ZnS is reviewed
and the effects of residual gas exposure on the field emission properties of ZnS

nanostructure grown by the solution method have been investigated.

1.4 Effects of Residual Gas Exposure on the Field Emission Properties of GaN Nanorods

With similar properties to ZnO, GaN has a hexagonal wurtzite crystal structure,
wide bandgap (3.4 eV), low electron affinity (0.3-3.3 eV, even negative electron affinity),
high melting temperature, and high chemical and mechanical stability. Thus, it has also
attracted great interest as a promising candidate of field emission material. Moreover,
compared to ZnO nanorods, GaN nanorods naturally have more varieties of
nanostructures, which provide more possibilities for researchers to make a wide range of
FE devices [30, 36, 37]. GaN has also been deeply and largely investigated, and its carrier
type and concentration are much easier to control than those of ZnO. In FE studies of
GaN nanorods, many studies are also focusing on controlling the size, density and aspect
ratio of nanorods, or doping to improve FE properties of GaN nanorods. These studies
are measuring FE properties and their potential applications in a vacuum environment.
Because of its promise as a FE candidate for FEDs and other vacuum microelectronic
devices, a study on the effects of residual gas exposure on the FE properties of GaN is

needed. Similarly to our study of ZnO and with the same experimental set up, we



evacuated to a vacuum of 10° Torr as base vacuum. With a precise leak valve, we flowed
gases at pressure of 3x10” Torr and one gas at a time in the a sequence of CO2, Ha, Ar,
O2 and N2 while measuring the field emission properties to study how each gas reacts

with GaN nanorods and changes its field emission properties.

1.5 Effects of Cesium Deposition on the Field Emission of GaN nanorods

In addition to increasing nanostructure material’s aspect ratio and adjusting proper
density of nanostructures, one way to improve FE properties and lower the operating
voltage is to modify the surface work function of the material by coating it with a low work
function material [38-40]. Cesium is a metal of the lowest work function (1.9 eV). It is often
used to lower work function and increase conductivity of metals and semiconductors such
as Mo micro tips and carbon nanotubes, so that the operating voltage of FE can be
reduced and the current can be increased. GaN nanorods grown by molecular beam
epitaxy were used for studying the effects of cesium deposition on the FE properties of
GaN in a vacuum of 10-1° Torr. A layer of cesium atoms deposited on the GaN nanorods
combines with Oz adsorbed on the GaN nanorods to form a space-charge layer on the
very surface. The space-charge layer produces an electrical field inward to the GaN
nanorods. This electrical field helps pull electrons from inside of GaN to the surface layer
of cesium. Once the electrons reach cesium with the lowest work function, electrons can
escape easily from the GaN and form FE. The turn-on voltage of FE of GaN nanorods

has been reduced by 30%.



1.6 Tuning Graphene Conductivity by Exposure to Light

Graphene, a truly two dimensional material with a honeycomb planar structure of
a single layer of sp2-bonded carbon atoms, has caused an explosion of interest all over
the world since its first isolation in 2004 by Andre Geim and Konstantin Novoselov, who
were awarded the Nobel Prize in Physics in 2010 [41-42]. Monolayer graphene has many
miraculous properties such as the lightest weight, strongest mechanical strength, high
thermal conductivity [43], and imperviousness to gas; and potential applications such as
flexible transparent electronics and super powerful capacitors. Many of graphene’s
electrical properties are unique, for example, electrons can move 100 times faster in
graphene than they can in silicon [41], The above unique properties ensure graphene a
promising candidate to replace silicon for the next generation of faster and smaller
electronic devices. Many novel applications are also as-yet-to-be explored. However, to
be a semiconductor material, a proper bandgap, a controllable p-type and n-type carrier
concentration and high quality with large area of uniform graphene are required.
Graphene is intrinsically a semi-metal or zero-bandgap semiconductor and modification
of its properties is usually required. Since graphene is a monolayer material, all atoms of
graphene are surface atoms; therefore, its electrical properties are strongly affected by
the ambient environment, such as the substrate and atmosphere of operating
environment. Much research on changing the electrical properties of graphene address
creation of a bandgap in graphene by modifying it with exposure to different gases under
various conditions [44-51]. In this study, we report new observations in which the
resistance of a CVD-grown graphene film, which is grown on copper foil and then
transferred from etching solution and deionized (DI) water to a SiO2 surface, can be tuned

and controlled by exposure to light from the visible to ultraviolet (UV). Furthermore, we



performed first-principles calculations based on the density functional theory (DFT)
method with a plane wave basis set to illustrate the process. Our simulation and analysis
show that there is a series of possible sub-stable ionization states (ranging from 2.6 eV
to 4.85 eV) of a water molecule in- between a graphene plane and a silicon dioxide
surface. Input energy, such as light, can drive a sandwiched-like water molecule to
different ionization states depending on the wavelength of incident light. The ionized
hydrogen atom of a water molecule attaches to the graphene and functions as a scattering
center, which results in the increase of resistance of the sample. This work provides a
new and convenient method to tune the electronic properties of graphene, and a potential

application of using CVD-grown graphene as a UV-sensor.
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CHAPTER 2

EXPERIMENTAL EQUIPMENT AND SAMPLES

2.1 The Ultra High Vacuum (UHV) Preparation Chamber for Field Emission Study

The field emission study in this work needs to be conducted in a base vacuum of
10° Torr or below. An ultra-high vacuum (UHV) system was used in these field emission
experiments. (See Figure 2.1). All devices and materials involved in the vacuum chamber,
including sealing and wiring, are high vacuum compatible and will not re-contaminate the
sample during out-gassing and heating processes. Thermal heating tapes are wrapped
outside to heat the chamber for out- gassing. A mechanical pump, a turbo-molecular
pump, and an ion pump are employed to obtain the desired vacuum. A thermo couple
gauge is used to monitor the pressure between mechanical pump and turbo-molecular
pump for a primary vacuum. An ion gauge is used to monitor the pressure of the chamber
for base vacuum and gas leaking measurements. Two gate valves are used, between the
chamber and the turbo-molecular pump and between the chamber and the ion pump, to
allow continuous operation. An 8-inch flange on the top of the chamber is used to seal
the chamber every time the sample is placed for a measurement. Once the sample is
placed and sealed in the chamber the mechanical pump starts to pump. The mechanical
pump can provide primary vacuum of up to 10-3 Torr. The turbo pump starts to pump the
chamber after the mechanical pump is turned on and it should reach its half speed, 750
Hz (rotation per second) before the thermal couple gauge indicates the pressure is below
1 Torr, such that the oil molecules from mechanical pump are prevented from going into
the chamber by the turbo. With the mechanical and the turbo pump, the pressure of the

chamber can be brought down to 107 Torr. The ion pump is turned on after the pressure
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reaches 107" Torr to lower pressure down to 10° Torr. The chamber and ion pump are
wrapped with thermal tapes and aluminum foil for heating and out-gassing. When the
chamber reaches the pressure of 107 Torr, a 72 hour proces of heating at 100°C process
is follows. After cooling down from heating, the vacuum of chamber can reach 10° Torr
or below. The studies of ZnO and GaN nanorod field emission properties were conducted
in this chamber. A Varian leak valve was used between the chamber and gas distribution

system for pressure control of various gases.

Figure 2.1. Field emission property measurement systems for ZnO, GaN and ZnS nano

structures.

Figure 2.2 shows the chamber, the turbo-molecular pump, the ion pump, and

connections to the mechanical pump as well as the gauges, and the feed-through for

16



measurement. |-V characteristics of the sample are measured using a Keithley 485 Auto
ranging Picoameter and Keithley 487 Picoameter/Voltage Source programmed with

Labview for data acquisition.

Impedance meter
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Ion Pump Probe Thermal couple W N
—r =1
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Figure 2.2. Schematic illustrations of the field emission measurement and data acquisition

system.

2.2. The UHV System for Cs Deposition of GaN Nanostructures

The effect of Cs deposition on the field emission properties of GaN nanorods was
studied in another UHV chamber. The Cs deposition experiment with GaN nanorods
required measuring the field emission properties of a sample before and after Cs
deposition for the comparison of field emission changes in a UHV environment without
exposure to air. The sample needed to be transferred between where the field emission
was measured and where the Cs deposition was conducted. The UHV STM Chamber

customized by MCD Vacuum Products Corporation [1] was employed in this study. The
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vacuum procedure is similar to that described in 2.1, but this chamber is equipped with a
larger turbo-molecular pump and a larger ion pump, in addition to a titanium sublimation
pump and a baking box for the whole system; with those, the vacuum of the chamber can
reach to the 10-1° Torr level and UHV (as low as 10" Torr). Two linear translators are used
to transport the sample from loading chamber to the position of measuring field emission
and to the position of Cs deposition. A special sophisticated scanning tunneling
microscope (STM) sample holder is used to place up to 3 samples at a time and
manipulate samples between two translators for sample transportation in-situ in the UHV
environment. A residual gas analyzer (SRS RGA 200) is attached to the chamber to
monitor the residual gases and for leak checking. Figure 2.3 shows the UHV system used
for GaN nano-structure Cs deposition field emission measurement equipped with residual

gas analysis.

Figure 2.3. UHV system for GaN nano-structure Cs deposition field emission

measurement.
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Figures 2.4 and 2.5 show the schematic top and side views of the UHV chamber

and STM system. Figure 2.6 shows the residual gas analysis at a vacuum of 5x10° Torr

by the RGA.
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Figure 2.4. Schematic top view of the UHV chamber and STM system.
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Figure 2.5. Schematic side view of the UHV chamber and STM system.
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Figure 2.6. Residual gas analysis read from RGA.
2.3. The UHV STM Positioning System

The field emission measurement, in general, is to measure the emission current
vs. the voltage applied between an anode and the cathode which is formed with nano-
material films. The emission current is strongly dependent on the distance between the
anode and the films on a micro-meter scale. Therefore, precise controlling and measuring
of the distance between the anode and cathode are crucial. The Aris 5000 UHV-
compatible Scanning Tunneling Microscope (STM) made by Burleigh instruments Inc. [2]
is used to achieve the controlling and distance measurement of the precise positioning of
the anode. This system consists of two piezo actuators, an inchworm motor and a
scanning tube. The inchworm motor can be driven by applied voltages, and so move the
attached anode tip forward and backward from as slow as 2 nanometers per second up

to one hundreds of micrometers per second. The piezo is activated by controlling voltages
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and is capable of moving in the x, y and z directions with ranges of 10 micrometers. The
positioning assembly and the sample housing set-up are seated on a vibration buffering
system for the case of gas effects on field emission; See Figure 2.7. or a stainless steel
base mounted on a vibration isolation system was used for the case of Cs deposition; see

Figure 2.8.

Figure 2.7. Sample holder and inch-worm of field emission position system for gas

exposure.

Figure 2.8. Sample holder and inch-worm of field emission position system for Cs

deposition.
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All the positioning movements are controlled by a computer through an
electronic controlling unit. The anode tip can be either manually-controlled or computer-
controlled to move in both fast speed mode and slow speed mode, so that the sample
can be easily loaded with the fast speed mode and the desired position can be precisely
achieved with slow speed mode. A CCD camera equipped with a telescope and a monitor
for positioning outside the chamber, is used to assist in carrying out this process. The
telescope focuses on the sample stage through a viewport and the camera captures the
image on the monitor for positioning tip and sample. For sample loading, the chamber is
opened by removing the 8-inch viewport flange. After loading the sample, the 8-inch
viewport flange is sealed with a new copper gasket. The anode tip retracts in fast speed
mode to leave enough space for the sample loading process. After the sample is properly
loaded with the tip far from the sample surface, the anode tip is then moved rapidly to
approach the sample film. When the tip is close to the sample surface--a few hundred
micrometers away from sample surface--the moving mode is switched to slow mode for
a more precise control and to avoid crashing into the sample. The distance between the
anode and tip is monitored by an enlarged image with the monitor through the camera
and telescope. While the tip is approaching the sample, a voltage of 10 volt is applied
between the tip and sample, and a picoammeter is used to monitor the current between
tip and sample, in case the tip and sample get too close and field emission occurs. In
such a way tip-sample contact can be avoided together with the cooperation of camera-
telescope monitoring and current monitoring. The slow mode speed is adjustable and can
be set by a numerical scale from 0 to 100. The actual speed can be calibrated with a timer
and the moved distance measured in the enlarged image of moving parts in the chamber

displayed on the monitor. When the tip approaches the sample surface and is so close to

22



the surface that the optical image cannot be used to monitor the gap between the tip and
sample, the very slow mode and set-up need to be used to further approach the sample
surface but avoid touching the sample. When a voltage of 10 v is applied to tip and
sample, a field emission with very small current (101> A) occurs when the tip is almost
touching the sample but not actually touching (if it touched the current would be over 10
9 A). This gives the signal to stop moving the tip, and this is also the position considered
as the surface of the sample, and the distance of the tip from the sample will be measured

and used from here by retracting the tip with the inchworm.

2.4 Cesium Metal Dispenser

The Cs metal dispenser attached with a vacuum sealing port angled into the
UHV chamber was purchased from SAES [3]. The dispenser is heated by running current
through wires passing through the port. The heating makes a reduction reaction and
subsequently evaporates the free alkali metal Cs onto the sample. The Cs evaporation
yield has been precisely calibrated by SAES and under the required operating conditions,

the amount of Cs can be controlled at a scale of a few pug/minute and pg/cm?, or 10% Cs

atoms per minute. Figure 2.9 shows the Cs metal dispenser.

—

Figure 2.9. Cs metal dispensers from SAES with 2.5 cm active emitting wire.
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2.4 Sample preparations

ZnO nanorod powders: ZnO nanorods 100-200nm in width and 300-600nm in
length were synthesized using the DC arc discharge method with a Zn target, air pressure
of 600 Torr and arc current of 30A. These were provided by Dr.Fujita’s group from Dr.
Yasuhisa Fujita at Shimane University in Japan.

Substrate: A piece of heavily doped P-type Si substrate 0.7 cm by 1.6 cm in size
with 1000 Angstroms of silver coated by vacuum evaporation on to surface for electrical
contact was used.

1 mg ZnO nanorod powder was dispersed into 20ml ethanol and sonicated for 1
hour to form a uniform suspension. The substrate was placed on a hot plate and heated
to a temperature of about 120 C°, then a few drops drops of the suspension were
deposited on the silver layer and allowed to dry. The ZnO layer was about 1 um thick. The
heating at 120 C” allowed the suspension to dry quickly and form a uniform layer. Several
drops of the mixture was sufficient to form an even layer for the experiment. Figure 2.10

shows optical and SEM images of ZnO nanorods on the substrate.

Figure 2.10. Optical image (left) and scanning electron microscopy (SEM) image (right)

of ZnO nanorods sample deposited on silver-coated heavily doped P type substrate.
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GaN samples: These samples were grown by molecular beam epitaxy (MBE) and
were obtained from Dr. Q.Y Chen at National Sun Yat-Sen University, Taiwan. See Figure

2.11.

Figure 2.11. Scanning electronic microscopy image of GaN nanostructures.

ZnS samples: There were grown from aqueous solution by Jeffrey Schwartz in our lab.

See Figure 2.12.

Figure 2.12. Scanning electronic microscopy image of ZnS.
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Exfoliated graphene samples: There were isolated from HOPG (highly ordered
pyrolytic graphite) onto a SiO2/Si substrate and made into a device with vacuum metal
deposition in our lab. Figure 2.13 shows the process.

15mm

9)4 gold electrodes on
(9)
graphene

Figure 2.13. Fabrication steps of exfoliated graphene and device.

CVD graphene samples: There were grown and made into a device with
vacuum metal deposition in our lab. See details in section 4.2.

Figure 2.14. CVD-grown graphene on water (left) and its TEM image (right).
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CHAPTER 3
FIELD EMISSION PROPERTIES OF ZnO, ZnS, and GaN NANOSTRUCTURES*

In this chapter, we review the growth and field emission (FE) properties of ZnO,
ZnS and GaN nanostructures. For ZnO nanostructures, we discuss in detail solution-
based growth techniques, and the effects of residual gas exposure on the FE properties.
We present new results showing that O2 and CO2 exposure do not have a significant
effect on the FE properties of ZnO nanorods, but N2 exposure significantly degrades
them. We also present new results showing that Cs deposition significantly improves the

FE properties of GaN nanorods.

3.1 Introduction

ZnO, ZnS and GaN nanostructures have been recently investigated as field
emission (FE) electron sources for potential applications in flat panel displays and other
vacuum microelectronic applications. In particular, ZnO nanostructures have received
considerable interest [1-15]. The motivation is to discover new FE materials with improved
properties over carbon nanotubes and Spindt-type metal microtips such as Mo microtips.
Carbon nanotubes and metal microtips have been extensively studied for FE applications
due to their low turn-on voltages of 1-10 V/um [16-26]. However, the FE properties of
carbon nanotubes and metal microtips degrade significantly with exposure to Oz and
oxygen-containing gases typically found in vacuum containers of flat panel displays [17,

18,23-26].This leads to operating lifetimes that are too short for commercial applications.

*The majority of this chapter is reproduced from Nanoscale Photonics and Optoelectronics, Chapter 7:
“Field emission properties of ZnO, ZnS and GaN Nanostructures” by Z.M. Wang & A. Neogi (eds.), with
kind permission of Springer Science and Business Media. Reference and figure numbers have been
changed to accommodate this dissertation. Material in this chapter reproduced from other sources are
identified in footnotes on the page where they appear.
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The degradation is thought to be due to oxidation of carbon and metals under the
high-electric-field conditions present during FE. It is thought that oxide-based materials
such as ZnO may be less susceptible to oxidation since it is difficult to further oxidize ZnO
[27]. In addition, wide-band gap semiconductors such as ZnO (3.4 eV), ZnS (3.6 eV) and
GaN (3.5 eV) may exhibit band bending at the surface such as negative electron affinity
(NEA) that may reduce the barrier for FE [28].

In this chapter, we discuss the growth and FE properties of ZnO, ZnS and GaN
nanostructures, with an emphasis on ZnO nanorods. We discuss in detail solution-based
techniques for the growth of ZnO nanorods that are well suited for commercial
applications such as flat panel displays. The effects of residual gases such as Oz, COg,
N2, H2, Ar and other gases on the FE properties of ZnO and GaN nanostructures are
discussed in detail. We present new results showing that the FE properties of ZnO
nanorods grown using the DC arc discharge technique are not significantly degraded by
exposure to Oz and COz2, but are significantly degraded by exposure to N2. This is thought
to be due to the higher reactivity of nitrogen with ZnO. In addition, we present new results
on the effects of Cs deposition on the FE properties of GaN nanorods. Cs deposition is
observed to reduce significantly the turn-on voltage by approximately 50%. We propose
that this is due to a reduced barrier or NEA surface induced by the Cs. It would be
interesting to investigate if Cs deposition reduces the turn-on voltage of ZnO, ZnS and

other wide-band gap nanostructures.

3.2 ZnO Nanostructures
A wide range of techniques have been successfully employed in the production

of ZnO nanostructures. Such techniques can generally be categorized as vapor or
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solution-based techniques. The ZnO nanostructures produced using these methods may
exist as one of a variety of different possible morphologies such as ZnO nanorods,
nanoneedles, nanoribbons, nanodisks, and nanorings. Vapor-based techniques were the
first used to grow ZnO nanostructures and include vapor-liquid-solid (VLS) [29-32],
chemical vapor deposition (CVD) [33], plasma-enhanced CVD [34], metal-organic CVD
(MOCVD) [35-39], metal-organic vapor phase epitaxy (MOVPE) [40,41], molecular beam
epitaxy [42,43] and template-assisted growth processes [44]. Vapor-based techniques
can be used to grow a variety of ZnO nanorods including vertically-aligned arrays of ZnO
nanorods, nanorod heterostructures [45], and alloyed and doped nanorods [46-48]. The
FE properties of vapor-grown ZnO nanostructures have been extensively studied and
found to be comparable to those of carbon nanotubes [1-15]. Recently, solution-based or
hydrothermal techniques using zinc salts in an aqueous solution were developed in which
ZnO nanostructures could be grown at low temperatures of about 100 °C [49-59].
Nanorods could be grown as suspended particles in solution or attached to a substrate in
a random or vertically-aligned configuration. Solution-based growth techniques can be
more easily scaled to large deposition areas since they are less expensive and use
significantly lower temperatures than vapor-based techniques. The FE properties of vapor
and solution-grown ZnO nanostructures have been reported to be the same [28,60-62].
Thus, solution-based techniques are well suited for mass production of flat panel displays
and other large-area FE applications.

In VLS techniques, catalyst nanoparticles such as Au, Ni, Co, Cu or Sn are used
and remain embedded in the tips of the ZnO nanostructures as they grow [29-32]. The
growth mechanism involves the dissolution of Zn vapor into the catalyst nanopatrticles at

high temperatures of about 900 °C. The Zn precipitates out upon saturation and oxidizes
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to form ZnO. This technique can be used to grow nanorod heterostructures having
different compositions along the axial direction. However, the interfaces in the
heterostructures are usually not sufficiently abrupt to produce quantum confinement
effects due to alloying caused by the embedded nanoparticles [63]. The embedded
nanoparticles also produce defect sites that may lead to oxidation and degradation of FE
properties. Another disadvantage of VLS techniques is that they involve the use of

vacuum that makes the process costly.

Recently, MOCVD and MOVPE growth techniques have been developed that do
not require the use of catalyst nanoparticles [35-41]. These techniques can be used to
grow nanorods in a random, vertically-aligned or mosaic pattern depending on the
substrate, growth temperature and Zn/O precursor ratio [39]. Using MOVPE, it is possible
to grow high-quality nanorod heterostructures having abrupt interfaces exhibiting
guantum effects [45]. Other vapor-based techniques include physical vapor deposition
such as thermal evaporation of powders of Zn [64,65], ZnO [66,67], ZnO and SnO:2 or

In203 [68,69], or ZnO and graphite [70].

In addition, there are pulsed laser deposition (PLD) [71] and DC arc discharge
[72] techniques. PLD has, until recently, received only limited attention as a means to
prepare ZnO nanorods compared to the previous methods discussed, despite its
widespread use in the manufacture of thin films of ZnO and other materials. ZnO
nanorods only form within a certain range of temperatures and pressures by PLD, outside
of which a thin film is deposited instead. This restriction on growth conditions, as well as
the expense of the equipment necessary for the process, may contribute to PLD’s lower

popularity in ZnO nanostructure preparation compared to other methods. The PLD
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method does, however, possess the advantages of one’s ability to dynamically and easily
alter the partial pressures of the gases present during deposition, as well as the close
correspondence of the chemical makeup of the deposited ZnO to that of the source
material, allowing one to control easily the level of doping. The DC arc discharge
technique involves a DC arc discharge in air. Figure 3.1 shows a scanning electron
microscopy (SEM) image of ZnO nanorods grown using the DC arc discharge technique
with a Zn target, air at a pressure of 610 Torr and arc current of 30 A [72]. The nanorods
measure approximately 100-200 nm in width and 300-600 nm in length. They are n-type

due to donor formation by oxygen vacancies and impurities.

Figure 3.1. Scanning electron microscope image of ZnO nanorods grown using the arc
discharge technique. Scale denotes 600 nm.

Solution-based or hydrothermal techniques for the growth of ZnO nanostructures
use an aqueous solution of a zinc salt that is thermally decomposed at low temperatures
of about 100 °C to produce ZnO [49-59]. The growth solution is typically made of an

equimolar mixture of a zinc salt, such as Zn(NOs3)2:6H20, and hexamethylenetetramine,
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also known more simply as hexamine or methenamine, with concentrations on the order
of 10 mM [49]. Additionally, an amine complexing agent, such as ammonia, is regularly
added to the growth solution in order to promote heterogeneous epitaxial growth of the
ZnO during nanorod formation. A variety of substrates can be used such as glass, single
crystal sapphire, Si/SiO2 wafers, ZnO thin films, Zn foils and other metals. The solution is
heated to a temperature ranging between 70 to 100 °C for several hours producing
random or vertically aligned ZnO nanorods depending on the substrate material,

temperature, Zn?* concentration and pH of the solution [49].

Figures. 3.5-3.8 show SEM images of various ZnO nanostructures grown using
solution-based techniques. Uniformly distributed and well-aligned ZnO nanorods were
grown perpendicular to the substrate surface as single crystals with an easily

distinguishable hexagonal-rod structure.

The growth solution for the nanostructures in Figures. 3.5-3.8 was prepared
using equimolar mixtures of a zinc salt and hexamine. The pH was adjusted with a dilute
solution of ammonium hydroxide or an acid containing the corresponding anion of the
zinc salt used. The substrate was mounted vertically inside an autoclavable glass vial
containing the prepared growth solution. The sealed vial was immersed in a water bath
at the desired temperature maintained by a programmable hot plate. The zinc salts used
to prepare the growth solution include zinc nitrate (NO3’), sulfate (SO4%), chloride (CI),
and acetate (CH3COO"), and ranged in concentration from 0.1 M to 5.0 mM. The ZnO
nanostructures were allowed to grow for 2 to 5 hours at temperatures between 60 and 80

°C. A variety of substrates were used including silver, copper, nickel, silicon, and glass.
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TFigure 3.2 shows the setup of aqueous growth of ZnO nanorods and Figure 3.3

and 3.4 give Raman spectra and EDAX of ZnO nanorods made in our lab.

Figure 3.2. Aqueous growth of ZnO nanorods (A) Sealed growth vial with two Silicon
substrate holders; (B) Disassembled growth vial with glass substrate holder; (C) Several

growth vials in water bath placed on hot plate.

TFigures 3.2-3.4 and paragraphs in section 3.5 indicated with cross (T) are from work done with Jeffrey
Schwartz in our lab, with REU (Research Experiences for Undergraduates summer program).
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Figure 3.3. Raman Spectra of known zinc oxide sample and ZnO nanorods.
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Figure 3.4. Energy-dispersive X-ray spectroscopy ( EDAX) measurements of ZnO

nanorods on a silicon substrate.
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Figure 3.5. High-resolution scanning electron microscope images of ZnO nanorods

prepared on a silver-coated Si wafer.

Equimolar mixtures of 0.05 M Zn(NO3)2 and hexamine were used as the growth
solution. The nanorods were grown at 60 °C for 3 hours. (a) Tilted view (58°) of the
edge of the sample showing a highly aligned structure of nanorods with uniform height.
Also visible is a ZnO nanorod cluster that is embedded into the layer grown on the
surface. (b), (c), (d) increasingly magnified images of a disordered section on the

surface that allows an excellent assessment of the individual nanorod morphology and

36



size. Nanorods are shown to grow with uniform size distribution with clearly defined

crystal facets and hexagonal cross sections

Figure 3.6. Scanning electron microscope images of ZnO nanorods grown on (a), (b)
silver-coated Si wafer, and (c), (d) brass-coated Cu surface.

Equimolar solutions of (a), (b) 0.05 M, and (c), (d) 5.0 mM Zn(NOs)2 and
hexamine were used as the growth solution. Nanorods grown at (a), (b) 60 °C for 3
hours, and (c), (d) 70 °C for 2 hours. (a) Top view of sample surface showing large
clusters of ZnO nanorods on top of a well-aligned ZnO nanorod layer. (b) Tilted view of
the edge of the sample surface showing a densely packed layer made up of tall, thin,
highly-aligned ZnO nanorods. (c), (d) Randomly oriented ZnO nanorods grown on a
rough brass substrate. Two different sizes are seen: large ZnO nanorods appearing to

lie on top with shorter, thinner, nanorods that may have grown directly on the substrate.
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Figure 3.7. Scanning electron microscope images of ZnO nanorods grown on (a), (b) Si

wafer, and (c), (d) nickel-coated Si wafer.

Equimolar solutions of (a), (b) 0.5 mM, (c), (d) 0.05 M Zn(NOs3)2 and hexamine were
used as the growth solution with (a), (b) 80 mM NH40H, (c), (d) ammonia. Nanorods
grown at (a), (b) 75 °C for 5 hours, (c), (d) 60 °C for 3 hours. (a) Nanoneedles grown in
clusters on a Si wafer. (b) Magnified view of (a) showing a ‘nano-flower of ZnO
nanoneedles. (c), (d) ZnO nanorods on a (c) Ni, (d) Si substrate showing a lower-density

coverage than on other samples.
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Figure 3.8. Scanning electron microscope images of ZnO nanorods grown on a silver-

coated Si wafer.

Equimolar solutions of 0.05 M Zn?* and hexamine were used as the growth
solution. Nanorods were grown at 60 °C for 3 hours. (a) Thick (~1.7 ym), densely-packed
ZnO nanorods grown using Zn(CH3COO)z2. (b) Thin (~50 nm) ZnO nanowires grown using
ZnClz. (c) Thin nanosheets grown using ZnSOa. (d) Large uniform area of well-aligned

ZnO nanorods grown using Zn(NOs3)z.

3.3 Field Emission Properties
FE is the tunneling of electrons from the conduction band to the vacuum level

under a high electric field. Its explanation by Fowler and Nordheim in 1928 was one of
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the first successful applications of quantum mechanics [73]. In a typical experiment, the
sample is placed in a vacuum chamber and an anode is positioned a distance from the
sample. A voltage is applied between the anode and sample, and the resulting current
measured. The FE current, |, versus anode-sample voltage, V, is described by the

Fowler-Nordheim (FN) equation:
_ hend2
| = AV %exp —bo™
BV

where | is the current, A and b are positive constants, ¢ is the work function and 8 the
geometric field enhancement factor [73]. ZnO nanorods can have 8 as high as 2 x 108
[3] due to their nanometer-scale features, although values of 8 for ZnO nanorods and
carbon nanotubes are typically on the order of 1000. The large value of B results in
significant FE at low applied fields on the order of volts per micron. The turn-on voltage
and turn-on field for FE are defined as those values that produce a certain threshold
current or current density. In addition to ¢ and 3, the turn-on voltage and turn-on field
depend on anode geometry, anode-sample distance, and location on the sample [74]. |
versus V (I-V) data are typically plotted In (I/V 2) versus 1/V to allow comparison with the
straight-line behavior predicted for FE by the FN equation. We refer to such plots as FN
curves. The slope of a FN curve is proportional to ¢¥2/8. Thus, changes in slope of a FN
curve after prolonged operation or exposure to gases are due to changes in ¢, B or
both.

FE from ZnO nanostructures was first reported by Lee et al [1], who used vertically
well-aligned ZnO nanorods grown using the VLS technique with Co nanoparticles at 550

°C. The FE measurements were carried out in a vacuum chamber at 2 x 10”7 Torr using
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a flat anode having an area of approximately 30 mm? and placed approximately 250 pm
from the sample. A stable FE current with a turn-on field of about 6 V/um at a current
density of 0.1 pA/cm? was measured. Increasing the field to 11 V/um increased the
current density to 1 mA/cm?. These values were not as good as those of carbon
nanotubes that had turn-on fields of around 1 V/um at a current density of 90 pA/cm?.
However, subsequent investigations on ZnO nanorods reported that by reducing the rod
diameter and tip radius, improving the vertical alignment and selecting the optimum areal
density, the FE properties of ZnO nanorods could be improved to equal those of carbon
nanotubes [2-11]. These reports investigated ZnO nanowires several tens of micrometers
in length grown on W tips [2], ZnO nanoneedles having diameters of only several
nanometers [3-5], ZnO nanopins [6], ZnO nanowires having different areal densities on
planar substrates [7,8], tetrapod-like ZnO nanostructures [9], and ZnO nanorod arrays
with different morphologies [10,11].

The effects of residual gases on the FE properties of ZnO nanostructures have not
been extensively studied. Kim et al [13] reported the effects of Oz, N2, Ar, air and Hz
exposure on the FE properties of ZnO nanorods grown using thermal evaporation of ZnO
and graphite powders, and Co nanoparticles on a Si substrate.The vacuum chamber was
at a base pressure of 2 x 10 Torr and gases were introduced to a pressure of 2 x 10
Torr. The anode-sample distance was 200 ym, and the anode consisted of a W plate
having an unspecified area. They reported that Oz, N2, Ar and air exposure degraded the
FE properties, but there was full recovery of the FE properties after about 20 min of having
evacuated the chamber to base pressure. They also found that H2 exposure improved

the FE properties and the improvement continued after evacuating to base pressure. In
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Ref. [13], the data included the FE current as a function of time for the period covering
the gas exposure and evacuation. However, FN curves before and after each exposure
were not presented. Jang et al [14] also reported enhanced FE from ZnO nanowires by
hydrogen gas exposure. Yeong et al [15] reported the effects of O2 and H2 exposure and
UV illumination on the FE properties of individual ZnO nanowires grown on
electrochemically sharpened Pt tips using evaporation and oxidation of Zn. The
nanowires had lengths of a few microns. The chamber was at a base pressure of ~ 10°°
Torr and gases were introduced to a pressure of 7.5 x 10”7 Torr for 5 min. They found that
initially O2 exposure caused an increase in turn-on voltage of about 20%; however, the
turn-on voltage returned to its original value after continued operation at base pressure.
Upon additional exposure to Oz the turn-on voltage permanently increased by 10% and
did not return to its original value after operation at base pressure. They found that H2
exposure caused a permanent reduction in the turn-on voltage of about 15%. They
attributed their observations to the ionosorption of oxygen and hydrogen that created a
doubly-charged layer on the surface whose field extended throughout the nanowire. This
changed the carrier concentration and induced band bending. They also found that UV

illumination increased the FE current by up to 2 orders of magnitude.

3.4 Effects of Residual Gas Exposure on the Field Emission Properties of ZnO Nanorods'

The field emission (FE) properties of ZnO nanorods have recently attracted

TThis section is duplicated with permission of the publisher from published paper “Effects of Residual Gas
Exposure on the Field Emission Properties of ZnO Nanorods”, Journal of Nanoscience and
Nonotechnology, Vol.11,1-5,2011, Copyright © 2011 American Scientific Publishers. Note: Reference and
figure numbers are changed to accommodate this dissertation.
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considerable interest due to potential applications in FE displays and other cold cathode
applications [11,62,120]. Carbon nanotubes and Mo metal microtips have been
extensively studied for FE applications due to their excellent FE properties [25,121-124].
However, the FE properties of carbon nanotubes and metal microtips significantly
degrade as a result of exposure to residual Oz and oxygen-containing gases found in
vacuum containers of displays [25,121-124]. The degradation is thought to be due to
oxidation under high-electric-field conditions present during FE [124-126]. It is thought
that ZnO and other oxide-based nanorods may not be as susceptible to degradation by
02 and oxygen-containing gases since they are oxides [127]. To our knowledge, a detailed
study of the effects of residual gases on the FE properties of ZnO nanorods is lacking
[13,15]. Although many papers have focused on improving the field emission properties
of ZnO nanorods [11,62,120], in this paper, we focus on the effects of residual gases on
the field emission properties of ZnO nanorods. Our studies are performed in a gas
environment similar to that in a real field emission device. Specifically, we compare the
effects of Oz, CO2, N2, H2, and Ar exposures on the FE properties of ZnO nanorods. In
contrast to carbon nanotubes and metal microtips, we find that the FE properties of ZnO
nanorods are not significantly degraded by O2 and CO:2 exposures. However, the FE
properties of ZnO nanorods are significantly degraded by N2 exposure. We propose that
this is due to the higher reactivity of nitrogen with ZnO. Hz and Ar exposures are not
observed to significantly degrade the FE properties.

The ZnO nanorods were synthesized using the DC arc discharge method with a
Zn target, air at a pressure of 610 Torr and arc current of 30 A [72]. A scanning electron

microscopy image (SEM) of the nanorods on a silver (Ag) coated Si surface is shown in
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Figure 3.9 (a). An SEM image of the nanorods after FE under N2 exposure is shown in
Figure 3.9 (b). In Figure 3.9 (a), we observe nanorods of high aspect ratios measuring
approximately 50 nm in width and 400 nm in length. There are many other larger ZnO

particles with edges and rounded morphologies. The different morphologies are due to

Figure 3.9. (a) Scanning electron microscopy image of the ZnO nanorods on the Ag
coated Si surface. (b) Scanning electron microscopy image of the ZnO nanorods on the

Ag coated Si surface after field emission under N2 exposure. Scale denotes 500 nm.
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the difference in supersaturation at the vapor-solid interface at high temperatures under
air atmosphere [72]. All the particles were found to be highly crystalline using x-ray
diffraction [72]. Approximately 20% of the particles displayed high aspect ratios. We
expect FE to occur mainly at the apex of the high aspect ratio particles and the sharp

crystallographic edges of larger particles.

The nanorods are n-type due to donor formation by oxygen vacancies and contain

80 ppm nitrogen impurities [72]. A mixture consisting of 1 mg of ZnO nanorods in 20 ml

of ethanol was dispersed using ultrasonication for 1 hour. The mixture was deposited onto

a silver coated Si substrate and allowed to dry. The thickness of the ZnO nanorod layer
was approximately 1 um.

The FE current, I, versus anode-sample voltage, V, is described by the Fowler-

Nordheim (FN) equation:

32
I:AVZexp( by ] ,
1’14

where A and b are positive constants, ¢ is the work function, and 8 the geometric field
enhancement factor [73]. The enhancement factor 8 is defined as Eiocai = BE, where Eiocal
is the local electric field near the nanostructure and E is the macroscopic electric field
between the anode and cathode [127]. We measured | versus V with the sample in a
vacuum chamber at a base pressure < 10 Torr. The chamber was baked at 100 °C for
72 hours while being pumped using an ion pump. Residual gas analysis indicates that the
main residual gases were H2 at a partial pressure < 8 x 101° Torr and H20 at a partial

pressure of < 2 x 101 Torr. A schematic of the system used to measure the |-V curves is
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shown in Figure 3.10. The tip was brought to the sample surface by a piezoelectric
inchworm motor made by Burleigh Inc. [76] that was controlled by computer. The
inchworm motor can move in steps as small as 2 nm/s. After the sample was loaded with
the tip far from the sample surface, the inchworm motor was switched to a high speed. A
camera and microscope were employed to observe the distance between the sample and
the tip. To avoid touching the sample surface with the tip, the speed was slowed to about
120 nm/s when the tip-sample distance was about 100-200 ym. While at low speed, we
applied a voltage of about 10 volts between the tip and the sample. We simultaneously
monitored the current between the sample and tip with a picoammeter. The tip was
controlled to stop at approximately 0.5 um from the surface by optical inspection using
the microscope. The picoammeter was monitored to make sure there was no tip-sample

contact during the approach.

Platinum sphere anode Sample

L

Inchworm motor Sample holder

Figure 3.10. Schematic of the system used to measure the field emission current versus
voltage curves consisting of a spherical platinum anode approximately 1 mm in diameter

positioned 25 pm from the sample using an inchworm motor.
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We considered this as the point of origin when measuring the tip-sample distance.
The tip was then retracted from the origin with the inchworm motor to a specified distance

from the sample at a rate of 0.12 ym/s.

The FE current was collected from a localized region of the sample using a
spherical platinum anode having a diameter of approximately 1.0 mm (see in Figure 3.10).
We used a spherical anode instead of a planar anode to avoid problems that are known
to occur with planar anodes: non-uniform anode-sample distance due to non-parallel
alignment of the anode and sample, and anode edge effects [74]. Ref. [74] gives a method
for calculating the effective FE area in our experiment. Using this method, we calculate
an emission area of approximately 5x10-° mm?. Using the inchworm motor as described
above, the anode was positioned 25.0 + 0.5 ym from the sample surface to simulate
typical distances between emitter and anode in device structures [77]. Low FE currents
of approximately 20-2000 pA were used to avoid heating of the ZnO nanorods. These
correspond to current densities within the range 0.4-40 pA/cm? that are at most about an
order of magnitude less than the current densities of 300 pA/cm? that have been reported
to produce heat-induced damage in ZnO nanorods [129]. In order to obtain a stable field
emission current, we initially cleaned and conditioned the ZnO nanorods by applying a tip
voltage of 650 V in a vacuum of 10° Torr and at a tip-sample distance of 25 um for 30

minutes. This resulted in a FE current of about 10-100 pA.

In Figure 3.11-3.15, we show the collected data plotted as In (I/V 2) versus 1/V.
This is done to allow comparison with the straight-line behavior for FE predicted by the
FN equation. The positive slope of the FN curves at low voltages is due to a small leakage

current across the connectors on the order of 0.1 pA. At high voltages, the curves show
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a negative slope, in agreement with the FN equation. We define the turn-on voltage for
FE as the smallest voltage at which the FE current is observed above the leakage current.
The insets in Figure 3.11-3.15 are the corresponding I-V curves plotted using a log-linear
scale after subtraction of the leakage current. Immediately after the initial cleaning
process and right before exposure to the gases, the |-V curves are measured as shown
by the solid squares in Figure 3.11-3.15. To achieve 65 L of exposure (1 L = 10 Torr-s),
gas is introduced at a pressure of 3 x 10”7 Torr for 216 s while the sample is biased to

produce approximately 20 pA of FE current. The vacuum chamber is then evacuated to
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Figure 3.11. Field emission versus voltage data for the ZnO nanorods after O L, 65 L, 650

L and 6,500 L of Oz exposure at 3 x 107 Torr.
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< 10° Torr and the FE I-V curves are measured, as shown by the open circles. In this
manner, the nanorods are not exposed to gases during the I-V curve measurement. To

achieve 650 L and 6,500 L of exposure, the procedure described above is repeated for
2,160 s and 21,600 s, respectively. For each set of gas exposures, the anode is positioned
over a different area of the sample. The difference in the turn-on voltages for different

gases is attributed to variations in nanorod morphology with different sample area.
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Figure 3.12. Field emission versus voltage data for the ZnO nanorods after O L, 65 L, 650

L and 6,500 L of CO2 exposure at 3 x 107 Torr.

As shown in Figure 3.11, O2 exposure does not have a significant effect on the

FE properties of ZnO nanorods. After 65 L and 650 L of O2 exposure, the turn-on voltage
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decreases slightly from approximately 640 V to 610 V, while the FE current at higher
voltages remains approximately the same. After 6,500 L of Oz exposure, the turn-on
voltage returns to its initial value of 640 V prior to exposure, and the FE current decreases

slightly from 60 to 20 pA at 760 V.

As shown in Figure 3.12, CO2exposure also does not have a significant effect on
the FE properties. After 65 L and 650 L of CO2 exposure, the turn-on voltage remains
approximately the same, and the FE current decreases slightly from about 70 to 50 pA at

690 V. After 6,500 L of exposure, the turn-on voltage increases slightly from approximately
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Figure 3.13. Field emission versus voltage data for the ZnO nanorods after O L, 65 L, 650

L and 6,500 L of N2 exposure at 3 x 107 Torr.
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500to 530V, and the FE current decreases from around 70 to 10 pA at 690 V. By contrast,
the FE properties of carbon nanotubes and Mo microtips are significantly degraded by

exposure to O2 and oxygen containing gases such as CO2[120].
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Figure 3.14. Field emission versus voltage data for the ZnO nanorods after O L, 65 L, 650

L and 6,500 L of H2 exposure at 3 x 107 Torr.

As shown in Figure 3.13, N2 exposure results in significant degradation of the
FE properties. Initially, after 65 L of N2 exposure, the FE properties improve slightly. The
turn-on voltage decreases from approximately 580 to 520 V, and the FE current increases
slightly from approximately 7 to 15 pA at 680 V. Adsorbates have been reported to
degrade the FE properties of nanostructures such as carbon nanotubes and Mo microtips
by increasing the work function. Initial exposure to gases has been shown to improve the

FE properties by cleaning [25,121-125]. However, after 650 L of N2 exposure, the turn-on
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voltage increases to 590 V, and the FE current decreases from 20 to 4 pA at 700 V. After

6,500 L of N2 exposure, the turn-on voltage increases significantly to 740 V, and the FE

current at 700 V decreases from 20 pA to below the level of the leakage current. In
contrast, the FE properties of carbon nanotubes and Mo microtips are not significantly

degraded by exposure to No.
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Figure 3.15. Field emission versus voltage data for the ZnO nanorods after O L, 65 L, 650

L and 6,500 L of Ar exposure at 3 x 10”7 Torr.

As shown in Figure 3.14, 65 L and 650 L of H2 exposure does not have a
significant effect on the turn-on voltage or FE current of ZnO nanorods. After 6,500 L of

H2 exposure, the FE current at higher voltages increases from approximately 20 to 200
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pA at 830 V. Prolonged H2 exposure has been reported to significantly improve the FE
properties of Mo microtips [121,125] and diamond-coated microtips [78,79] due to surface
cleaning. We propose that surface cleaning is responsible for the increase in the FE
current we observe after H2 exposure. As shown in Figure 3.15, Ar exposure does not
have a significant effect on the FE properties. After 650 L of Ar exposure, the turn-on
voltage decreases slightly from approximately 750 V to 705 V, and the FE current
increases from 44 to 80 pA at 885 V. After 6,500 L of Ar exposure, the turn-on voltage and

FE current are approximately the same as before exposure.

We propose that Oz and CO2 exposures do not have a significant effect on the
FE properties of ZnO nanorods because Oz and other oxygen-containing species present
under high-field conditions do not significantly react with ZnO due to the difficulty of further
oxidation. It has been reported that the morphology of ZnO films is improved when the
films are exposed to oxygen plasma due to a decrease in the number of oxygen vacancies
[74]. This results in an increase in conductivity. With regard to our observations under
nitrogen gas exposure, we have concluded on the basis of Ref. [130] that the high-field
conditions present under FE provide a sufficient electric field to allow the formation of
atomic nitrogen. In Ref. [130], the field between the electrodes was about 5 x 10% V-m™,
These conditions allowed for the production of atomic and ionic nitrogen species. Table 1
shows the ionization energies of all the gases used. This serves as an indicator of the
ease/difficulty of ionization of the gases. Atomic nitrogen has been reported to modify
structurally and morphologically the crystalline lattice of ZnO by substitution of oxygen by
nitrogen [81,82]. The FE properties of nanostructures such as ZnO are significantly

improved as a result of an increase in the aspect ratio of the nanostructures that increases
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the geometric enhancement factor 8 to values as high as 8 = 1173 [131] and 8 = 5583
[128,132] for ZnO. In a typical FE experiment, the geometric enhancement factor B
magnifies the electric field to values in the range 108-10%° VV/m, orders of magnitude higher
than the ionization threshold field for nitrogen dissociation reported in Ref. [128]. We
propose that the atomic nitrogen reacts with ZnO and structurally damages the nanorods.
Figure 3.9 (b) shows damage to the nanorods after FE under 6500 L of N2 exposure. This
damage may decrease the geometric field enhancement factor, 8, and increase the turn-
on voltage. In addition, because O has one more electron than N, the substitution of O by

N would lead to a locally hole-rich region, which could increase the work function.

Table 1. lonization energy of gases used

Gas @) CO2 N H Ar
lonization Energy | 13.61 13.77 14.53 13.59 15.75
(ev)

Source: Handbook of Chemistry and Physics, Edited D.R Lide, 74" Edition, National
Institute of Standards and Technology, (CRC Press, Ann Arbor 1994), p 205. [133].

In conclusion, we have measured the effects of O2, COz2, N2, Hz, and Ar gases on
the FE properties of ZnO nanorods. In contrast to carbon nanotubes and Mo microtips,
Oz2, and CO:2 gases do not have a significant effect on the FE properties of ZnO nanorods.
However, Nz is observed to significantly degrade the FE properties and we propose that
this is due to the dissociation of Nz into atomic nitrogen species which react with ZnO. Hz

and Ar exposure are not observed to significantly degrade the FE properties.
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3.5 ZnS Nanostructures

Like ZnO, ZnS is a wide band gap semiconductor that has attracted considerable
interest for its luminescent and electrical properties with applications in light emitting
diodes [83], flat panel displays [84,85], transparent conductive coatings [86], and buffer
layers in solar cells [87]. Numerous methods have been used in the preparation of ZnS
thin films [87,88] and nanostructures [89-93], including thermal evaporation [89,90], RF
sputtering [87], and solution-based growth processes [88,91,92]. ZnS nanostructures
such as nanorods, nanowires, and nanobelts can be grown as single crystals with high
aspect ratios and in good electrical contact with conducting metallic substrates making
them ideal candidates for FE experiments [89,91].

Vapor phase deposition processes, such as thermal evaporation, rely on heating
ZnS at high temperatures inside a deposition chamber under an inert atmosphere (Ar or
N2) containing small amounts of reducing gasses (Hz or CO) [89,90]. The ZnS
nanostructures form from the vaporized precursor material through the VLS and VS
growth modes with a uniform distribution across the substrate surface. Electron
microscopy, however, reveals a randomly oriented arrangement, unlike the well-aligned
structure of ZnO nanorods produced through a similar growth process, which is less
desirable for FE due to lower geometric field enhancement factors [84,89]. Although vapor
deposition techniques are commonly used to produce high quality ZnS nanostructures,
these methods possess several distinct disadvantages making them undesirable for large
scale adoption. Such deposition methods can involve corrosive and highly toxic hydrogen
sulfide gas [84,87] as well as require vacuum systems and often employ high growth

temperatures in excess of 1000 °C [89,90], which limit the choice of substrates suitable
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for deposition. Additionally, high temperature deposition of ZnS requires a thorough
exclusion of O2 gas from the growth environment due to the ease at which ZnS is
converted to ZnO with even minor traces of Oz present [90].

As an alternative to vapor deposition, high quality ZnS thin films and
nanostructures may instead be grown through aqueous solution-based processes [88,91-
93]. Aqueous solution growth of ZnS nanostructures is a straightforward, low temperature
process that uses relatively safe and inexpensive precursor materials and does not
require specialized equipment, unlike thermal vapor deposition. Using a water-soluble
zinc salt, such as ZnCl2, ZnSQOa4, or Zn(CH3COO)2, and a sulfide ion source, such as
thiourea (CS(NH2)2) or NazS, ZnS nanostructures may be grown in a variety of forms.
Under alkaline conditions, thiourea decomposes in solution to give off bisulfide ions, SH-
, Which in turn react to form sulfide ions via the following reactions [88],

CS(NH,),+ OH" —SH + CH,N,+ H,0
SH +OH < S +H,0

The Zn?* and S? ions present in the solution precipitate out as ZnS. Complexing
agents may also be used, particularly in thin film deposition, in order to increase the
amount of ZnS formed and promote a more heterogeneous deposition on the substrate
surface, which results in the formation of smoother and more optically transparent film
[88]. Ammonia is a common complexing agent for Zn?* that can be used in combination
with sodium citrate, which has been shown to increase the amount of ZnS deposited [88].
These complexing agents also have the added benefit of acting to raise the pH of the

growth solution, which is necessary for sulfide ion formation.
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Lu et al. report the large scale growth from aqueous solution of well-aligned ZnS
nanobelts and their field emitting properties [91,94]. The nanobelts were synthesized from
an aqueous growth solution prepared using a mixture of Zn(CH3sCOO)2, thiourea, and
ethylenediamine (EDA), using NaOH to adjust the pH. A zinc foil substrate was immersed
in the growth solution and sealed inside an autoclavable vial which was heated to 160 °C
for 10 hours. During this initial growth phase a layer of ZnS(EDA)o.s is reported to be
deposited on the zinc foil substrate. Following the growth of the ZnS(EDA)o.s layer, the
substrate was washed in DI water and ethanol then dried under vacuum at 70 °C for 5
hours. The substrate was then heat-treated at 250 °C under vacuum for 30 minutes in
order to decompose the ZnS(EDA)o.s into ZnS. Scanning electron microscopy reveals that
ZnS prepared in this manner forms well-aligned, vertically oriented, nanobelts which can
attain dimensions of approximately 30 nm thick, 300-500 nm wide, and several
micrometers in length. The ZnS nanobelts exhibit a highly crystalline structure and grow
uniformly over large areas. The zinc metal substrate was found to play a crucial role in
the formation of nanobelts, acting as a secondary source of Zn?* ions and providing a
structurally compatible surface for ZnS growth. When using a silicon substrate instead of
zinc, ZnS nanobelts have been shown to form as smaller and more disorganized
nanoparticles which are formed in solution and deposited on the substrate surface.
Additional factors which play an important role in growing ZnS nanobelts include the
concentration of the zinc salt as well as the pH of the solution, with high aspect ratio,
vertically aligned, nanobelts formed using a Zn?* concentration of about 12.5 mM and a
pH of 10. The ZnS nanobelts were found to have a low turn-on field of around 3.8 V/um

which is thought to be due to their geometric characteristics, such as their high aspect

57



ratio and sharp corners, resulting in calculated field enhancement factors of over 1800.
The relative ease in which highly aligned ZnS nanobelts may be grown along with their
excellent field emitting properties makes them a promising candidate for use in field

emitting device applications.’

T An aqueous mixture of thiourea (CH4N2S), sodium citrate (NasCeHsO7), and zinc
salt (zinc sulfate primarily) were used to grow zinc sulfide. The pH was adjusted using a
dilute ammonium hydroxide solution until the desired pH level was reached. Like the zinc
oxide, growing temperatures for the zinc sulfide ranged from about 70 to 80 °C, but the
growth time was shorter, usually only 1 or 2 hours. The concentrations of the zinc salt,

thiourea, and sodium citrate in the growth solution were from 0.05 M to 0.5 mM.

Figure 3.16. SEM images of ZnS shaped spheres (a) ZnS spheres on substrate and (b)

A close view of ZnS sphere.

T Figures 3.16-3.22 and paragraphs in this section indicated with cross (1) are from work done with
Jeffrey Schwartz in our lab, with REU (Research Experiences for Undergraduates summer program).
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T Figure 3.16 is a scanning electron microscope image of zinc sulfide. Irregularly
shaped spheres or bumps appear to cover much of the substrate surface. These
spheres grew considerably larger than the ZnO nanorods, having a diameter of several
micrometers as opposed to the diameters of some of the nanorods which were only a few
hundred nanometers.

T We have investigated the effects of Ar, N2, H2, 02, CO2 and H20 on the FE

properties of ZnS with the same method as for ZnO. The results show in Figure 3.17-21.
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Figure 3.17. Fowler-Nordheim curves for the ZnS nanorods after exposures of O L, 65 L,

650 L and 6,500 L at 3 x 107 Torr of Ar.
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Figure 3.18. Fowler-Nordheim curves for the ZnS nanorods after exposures of O L, 65 L,

650 L and 6,500 L at 3 x 107 Torr of Na.
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Figure 3.19. Fowler-Nordheim curves for the ZnS nanorods after exposures of O L, 65

650L and 6,500 L at 3 x 10”7 Torr of Ha.
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Figure 3.20. Fowler-Nordheim curves for the ZnS nanorods after exposures of O L, 65

650L and 6,500 L at 3 x 10-7 Torr of Oa.
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Figure 3.21. Fowler-Nordheim curves for the ZnS nanorods after exposures of O L, 65 L,

650 L and 6,500 L at 3 x 10-7 Torr of CO2.
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Figure 3.22. Fowler-Nordheim curves for the ZnS nanorods after exposures of O L, 65 L,

650 L and 6,500 L at 3 x 107 Torr of H20.

It was found that Ar, CO2, Oz, and water vapor degraded the field emission of the
ZnS sample while N2 showed a slight improvement. H: initially improved the field

emission of the sample but then caused degradation upon longer exposure.

3.6 GaN Nanorods

Various nanostructures based on GaN can be produced using a number of
methods depending on the form of the structure intended to be produced [95]. Such
structures can take the form of nanorods, nonowires, nanofilms, hexagonal pyramids, and
possibly other forms. Production could involve the use of PLD, CVD, epitaxial growth, and
dc sputtering. Characterization of a given structure can involve methods such as X-ray

diffraction, electron microscopy and other methods. GaN, having an electron affinity of
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2.7-3.3 eV [96] and an electron effective mass of 0.2 times the mass of a free electron
[97], is considered useful in the potential development of FE based devices. It also has
very high physical and chemical stability, which, while making it a very durable medium,
also makes the manipulation of the substance all the more difficult [96]. GaN is of
technological interest due to its role in the operation of UV, blue, and green light emitting
diodes, and blue lasers [98] as well as the potential development of thin screen monitors
with brightness and efficiency attributes that are superior to liquid crystal display
technology [99].

Of particular interest are GaN nanorods which have interesting crystal structures
and FE properties. PLD has proven to be an effective method of producing GaN nanorods
[100]. GaN nanorods produced using this method have a single crystalline hexagonal
Waurzite structure, and have a diameter of 5-20 nm, and a length on the order of microns.
Experiments have shown such GaN to have a turn-on voltage of 8.4 V/um and a current
density of 0.96 mA/cm? under an applied voltage of 10.8 V/um measured under a
pressure of 2 x 10 Torr.

Doped nanorods can also be produced using a simple VLS thermal evaporation
process involving the use of GaN based powders (Ga203:GaN,Ga203:GaN) [101]. The
powders are mixed in with a doping element such as phosphor, and applied to a Si (111)
substrate with a 5 nm thick gold film. The combination is then placed in a quartz oven and
heated to temperatures over 1000 °K. The resulting p-doped GaN nanorods, which can
be characterized using x-ray diffraction and scanning electron microscopy, have a single
crystal Wurzite structure with a diameter of 10-40 nm and a length on the order of tens of

microns. Unlike non-doped GaN nanorods, they tend to have a rough, curved surface
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structure that is responsible for the enhanced FE properties (reduced turn-on voltage) of
the nanorods. The turn-on voltage for such nanorods depends on the amount of doping
applied to the rods. Undoped nanorods have a turn-on voltage, under a pressure of 2 x
10 Torr, of 6.1-12.0 V/um giving a current density of 0.01 mA/cm?, while doped nanorods
have a turn-on voltage of 5.1 V/um with the same current density. In comparison, an
alternative GaN structural format, namely thin film amorphous GaN, has been shown to
have a turn-on voltage of 5 V/um and a maximum current density of 500 mA/cm? [103].

Another nanorod format developed by a Japanese research group includes
needle-like bicrystalline GaN which can serve as low cost, large area emitters [102].
These structures are manufactured on a 20 nm gold substrate, and have a sharp tip and
bicrystalline structural defects, which is hypothesized to be the cause of its FE properties.
The diameter of the nanorods is 200 nm up to a certain length at which point the diameter
gradually decreases until it cuts off with a diameter of 10 nm giving the rods a pencil-like
structure. The FE of the rods is performed using a rod-like tip with a 1 mm? cross section
as an anode. The tip is separated from the sample at a distance of 125 ym, and the
applied voltage has a range of 0 to 1000 V set at increments of 20 V at a pressure of 6 X
10 Torr. The turn-on voltage for the sample is 7.5 V/um at a current density of 0.01
mA/cm?.

In the previously described methods for the growth of GaN nanostructures, the
mechanism of nanostructure formation is VLS [104]. For nanostructures to form, very thin
metallic layers, which usually exist as tiny grains, were used as a catalyst to promote
nucleation and growth of the nanostructure. Metal catalysts reduce melting-point due to

alloying effect and seed nucleation and as the nanostructure growth commences, the
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nano-droplets continue to stay atop, acting as the source for the continuing growth of the
nanostructures.

Despite its effectiveness in fostering nanostructure formation, in VLS growth,
traces of catalysts inevitably contaminate the growing material, hence altering its
electronic band structure. Therefore, if one can replace such extrinsic seeding procedures
with an intrinsic means, say by use of the same atomic constituents as a seed or through
substrate surface morphology engineering, the impurity problems may be solved. Seo et
al [105,106] introduced a concept of nano-capillary condensation suggesting that
nanorods would nucleate on specific sites, and as islands on the substrate begin to
impinge one another, Ga atoms would condense in the nano-valleys [105,106]. Such
nano-capillaries thus exclude extrinsic catalysis in the traditional VLS mechanism based
on foreign metallic elements. The nano-capillaries enable the nanorods to form in single
directions, resulting in more manageable nanostructures for device applications.

Figure 3.23 illustrates the procedure of the nano-capillary condensation and the
ensuing nanorod growth. The nucleation and growth process starts with three randomly
chosen precursor nuclei on the vertices of an irregular triangle, as shown in Fig.10 (a).
Consequently, a voided region of equilateral triangle would develop as illustrated in Fig.
10(b) when the islands encounter each other. The voided triangular areas are
thermodynamically unstable so that a transformation would take place to reduce the
urface energy by corner filling via some self-regulated surface diffusion along the edges.

This eventually results in a hexagonal nanotrench, as sketched in Fig. 10(c).
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Figure 3.23. Evolution of nanorod: (a) Initial stage of GaN island growth. (b) Impinging
hexagonal islands and the formation of a triangular void region. (c) Corner filling of the
triangular void and its evolution into hexagonal shape, precursor to the nanoflower. (d)
Evolution of the nanoflower and start of the nanotrench formation and capillary
condensation of Ga atoms in the trench. (e) VLS growth mechanism prevails and the
nanorod grows faster, leading to protrusion above the nanoflower. As the protrusion
occurs, the condition for capillary condensation diminishes and VS growth mechanism
takes over. (f) The ultimate structure.

With the hexagonal empty region in place, the islands would continue to grow in

the vertical dimension and the six facets surrounding the region would then be elevated,
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eventually becoming what one observes as a six-leaf nanoflower. The nanotrenches
underneath the nanoflower are essentially like an attached capillary tube, as shown in
Figure 23 (d). When the capillary tube is long enough, capillary condensation of Ga
atoms occurs as a consequence of the decreases in the equilibrium vapor pressure due
to the reduced radius of curvature, r, of a concave surface, as seen from the Thomson
(Lord Kelvin) equation: keTlog[Paa(r)/Pca(«0)]=2y-VVaalr. ks is Boltzmann constant, Paa(r)
the actual vapor pressure, Pca(0) the saturated vapor pressure, y-V surface tension,
VGathe molar volume, r the radius of liquid droplets.

GaN nanorods grow faster along <0001> via the canonical VLS mechanism [104]
by reaction of the nitrogen plasma with Ga liquid clusters while its surrounding GaN
islands also grow alongside to form the base material, though at a slower rate. Figs. 10(c)-
(f) illustrate this sequence of evolution. Here, as a nanorod outgrows the nanotrench and
starts to stick out of the base film surface, the equilibrium vapor pressure would gradually
increase, which favors the evaporation of the droplets on top of the nanorods, as shown
in Fig. 10(e). The process eventually reaches a steady state after which the rods grow at
the same rate as the surrounding film via the VS growth mechanism.

In addition to the above naturally-occurring process, Seo et al [107] and Chu et
al [108] have also envisaged a method to foster the capillary effects by surface
engineering via ion-beam surface modifications. With self-implantation of Si into Si
substrates, they were able to control the growth of nanorod arrays. Periodic patterns were
realized first by traditional UV lithography followed by Si ion self-implantations. The
defects generated as a result, especially the vacancies, coupled with the heating process

provide the necessary driving force for nucleation and growth in the implanted area. The
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density of nanorods in the patterned arrays can be controlled by the energy and dosage
of the self-implantation that determines the vacancy concentration near the free surface.
Linear arrays of 10 um in width were patterned on Si (111) substrates by conventional
UV-lithography such that masked and unmasked regions alternated themselves. The
samples were then implanted with 40 kV Si ions to various dosages at room temperature
with the Si beam current kept below 100 nA to avoid excessive target heating. Due to the
nature of forward momentum transfer by ion implantation, an interstitial rich region takes
shape in the region close to the end of projectile range deep in the substrate, leaving
behind a vacancy-rich region close to the free surface. Upon heating prior to the GaN
growth, the vacancies would coalesce to give a corrugated surface that forms the basis
of nano-capillaries. While this method may produce the nanorods more easily, growth
conditions can be set, especially the flow rate ratio of Ga:N to achieve the nanorod
structure.

In any case, the nanorods grow faster than the surrounding matrix area via
VLS growth mechanism at the early stage, while intrinsic polarity might have also
contributed to the protrusion of the nanorods [109]. The sample preparation followed
typical cleaning by HF etching as a precaution for further ultrahigh vacuum (UHV)
processing, in which the Si substrates were transferred into an MBE growth chamber
with a base pressure of ~ 1010 Torr. The samples went through an 810 °C pre-heating
for 50 minutes before deposition in order to get rid of any HF residue. A buffer layer of
GaN (0001) was first grown under an equivalent N/Ga pressure ratio ~ 100 at 550 °C.
The ensuing growth of nanorods and the accompanying matrix thin film on the GaN

buffer was carried out at an N/Ga equivalent pressure ratio ~ 30. The N2 plasma power
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was ~ 500 W and the substrate temperature was ~ 720 °C during the film deposition
[110].
TFigure 3.24 shows the SEM and AFM (atomic force microscope) images of the

obtained nanostructure sample.

Figure 3.24. Scanning electronic microcope image (left) and atomic force microscope

image (right) of GaN nanorods.

Figure 3.25. Atomic force microscope images of GaN (left) before Cs deposition and

(right) after Cs deposition.

TFigures 3.24-3.25 and paragraphs in section 3.6 indicated with cross (T) are from work done with Morgan
Lynch in our lab, with REU (Research Experiences for Undergraduates summer program).
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The FE properties of the obtained nanostructured samples were studied as a
function of various exposures of Oz, CO2, H20 and N2 gases from 65 L to 6500 L. The
experimental set-up and procedure were as described in the previous section in this paper
on the effects of gases on ZnO nanorods grown using the arc discharge method, except
that the anode-sample distance was approximately 3.7 um. As shown in Figure 3.27 (a),
after 6,500 L of Oz exposure, the turn-on voltage increased significantly by approximately
100% from 170 to 340 V. The slope of the FN curve also increased indicating an increase
in work function of 60%, assuming 8 remained the same. As shown in Figures 3.27 (b)
and 3.28 (a), after 6,500 L of CO2 and H20 exposure, the turn-on voltage increased by
approximately 35% and 38%, respectively; from 200 to 270 V and 240 to 330 V,
respectively. The work function increased significantly by 50% after CO2 exposure, but
remained approximately the same after H20 exposure. After 6,500 L of N2 exposure, the
turn-on voltage increased by approximately 35%, from 340 to 460 V, and the work function

remained approximately the same, as shown in Figure 3.28 (b).
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Figure 3.26. Fowler-Nordheim curves for the GaN nanorods after exposures of O L, 65 L,

650 L and 6,500 L at 3 x 107 Torr of (a) Oz and (b) CO..
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Figure 3.27. Fowler-Nordheim curves for the GaN nanorods after exposures of O L, 65 L,

650 L and 6,500 L at 3 x 107 Torr of (a) H20 and (b) Na.
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We also investigated the effects of Cs deposition on the FE properties of the GaN
nanorods. The sample was placed in a UHV chamber at a base pressure < 101° Torr. A
Cs-metal dispenser from SAES Getters [111] was used to deposit approximately 1
monolayer of Cs on the sample. As shown in Figure 3.28, Cs deposition resulted in a
decrease in turn-on voltage of approximately 30%, from 370 to 260 V. The work function
decreased by approximately 60%, assuming B remained the same. We propose that the
improvement in FE properties is due to a Cs-induced space-charge layer at the surface
that reduces the barrier for FE such as by  producing an NEA surface [112-115]. It has
been reported that Cs deposition on GaN films produces an NEA surface [116-118]. It
would be interesting to investigate if Cs deposition improves the FE properties of ZnO,

ZnS and other wide-band-gap nanostructures.
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Figure 3.28. Fowler-Nordheim curves for the GaN nanorods before and after 1 monolayer

of Cs exposure.
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Figure 3.29. Schematic illustration of Cs deposition forming a space-charge layer.

The mechanism that Cesium deposition reduces the turn-on voltage can be
considered as follows: A layer of cesium atoms deposited on the GaN nanorods combines
with Oz adsorbed on the GaN nanorods to form a space-charge layer on the very surface.
The space-charge layer produces an electrical field inward to the GaN nanorods. This
electrical field helps pull electrons from inside of GaN to the surface layer of cesium. Once
the electrons reach cesium with the lowest work function, electrons can escape easily

from the GaN and form FE, as shown in Figure 3.29.

We note that in the same family of the IlI-Nitrides, InN has recently been reported
to show record-low turn-on voltages; however, its long-term performance stability as

compared to GaN, which may last as long as 8 hours at 1mA FE current, is still unclear

74



[119]. It remains for future studies to understand what dictates the turn-on characteristics

and to what extent one can work to reduce it for practical device applications when the

fundamental surface physics or chemistry is better known.
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CHAPTER 4
TUNING GRAPHENE RESISTIVITY BY LIGHT?

Resistance of a chemical vapor deposition (CVD) grown graphene film—transferred
from water to a SiO2/Si substrate—increases to a higher saturation value upon exposure
to light of various wavelengths. We systematically investigated the phenomenon through
both experimental and theoretical simulation methods. Experiments were performed with
light from the visible to ultraviolet (UV) spectrum. With the same light intensity, we found
that the shorter the wavelength of the light is, the higher the saturation resistance. Light
in visible range causes a slight increase (up to 10%) in the resistance of the sample. A
big jump in saturation resistance was found, starting from 400 nm UV irradiation. Under
laboratory conditions, the tunable range approached up to 3 times of the original
resistance with 254 nm UV in about 5 minutes. As soon as the light was removed, the
resistance of the sample falls to its original value exponentially and slowly, with a time
constant of several days. The changes are reversible and repeatable. First-principle
calculations and analysis based on density functional theory show that light induced
splitting of interfacial residual water molecules between a defected graphene and a SiO2
surface may play a key role in the observed phenomenon. Our theoretical analysis also
shows that 1). A water molecule nearby a graphene defect is easier to be split than the

case of no defect existing; 2).There is a series of meta-stable partially disassociated

TThis chapter is part of our current research work collaborating with Dr. Guanglin Zhao, Dr. Zhou Ye in the
Department of Physics and Dr. Shizhong Yang and Mr. Lei Zhao in the Department of Computer Science
at Southern University and A&M College, Baton Rouge, LA. The work is in part funded by Dr. Guanglin
Zhao's group and computing simulation is conducted by Dr. Shizhong Yang's group.
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states for an interfacial water molecule. Disassociation energies are calculated to be from
2.5 eV to 4.6 eV, that match the experimental observation range from visible to 254 nm
UV light. Our results provide a way to tune the resistivity of CVD-grown graphene by light,
and our analysis suggests that defected graphene may be a good candidate as a photo-

catalyst for water splitting.

4.1 Introduction

Graphene, a truly two dimensional material with a carbon honey comb plane
structure has attracted tremendous attention since its first realization in 2004, largely due
to its unique electronic properties that makes it a promising candidate to replace silicon
in the next generation of semiconductor devices and sensing applications [1-7]. In
graphene, all carbon atoms are surface atoms, which is different from bulk materials
where the number of surface atoms is only a small fraction of the total. As a result, all
carbon atoms in graphene are exposed to the surroundings, which can make the
electronic properties of graphene very sensitive to the environment. Many studies have
been conducted, focusing on the effect of different adsorbates on the electronic transport
properties of graphene [8-15]. Hydrogenation and oxidation of graphene, where carbon
atoms on graphene chemically bind with hydrogen or oxygen atoms, accompanied with
a sp? to sp? transition of the carbon bond, can convert graphene from a conductor to an
insulator [16-20]. Chemical doping using different molecules, such as NO2 on graphene,
can cause slight but detectable changes to electronic properties of graphene [11].
Physisorption of Hz, O2, N2, CO, CO2, and NHs does not lead to a significant effect on
electronic properties of graphene, as reported by several groups through both

experimental and theoretical studies [12,13]. One of the main purposes of those studies
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was to find a reliable way to tune graphene from a conductor to a semiconductor, to meet
the requirements of new and fast electronic applications. The effects of water molecules,
one of the main components in the environment, on the electronic properties of graphene
have also been reported [1, 4]. Yavari et al. reported an observation concerning the
reduction of the conductivity of a CVD grown graphene film in different humidity
environments and proposed that a band gap up to 0.2 eV was opened [14]. Theoretical
studies found that water molecules play the role of the electron acceptor when adsorbed
on graphene, and this effect is enhanced when considering the existence of the silicon
dioxide substrate [15]. Recently there have been reports [21-25] suggesting that adatoms
on graphene can be ionized by applying a gate voltage, and the ionization of adatoms
causes a sharp change in the electrostatic potential. In this paper, we report new
observations in which the resistance of a CVD grown graphene film, which is transferred
from deionized (DI) water to a SiO2 surface, can be tuned and controlled by exposure
to light from the visible to ultraviolet (UV). Furthermore, we performed first-principle
calculations based on the density functional theory (DFT) with a plane wave basis set to
illustrate the process. Our simulation and analysis show that there is a series of possible
meta-stable disassociation states (ranging from 2.6 eV to 4.85 eV) of a water molecule in
between a defected graphene plane and a silicon dioxide surface. Input energy, such as
light, can drive an interfacial H2O molecule to different partially disassociation states,
depending on the wavelength of incident light. The hydrogen ion from a split water
molecule attaches to the graphene as a scattering center, and results in an increase of

resistance of the sample. This work provides a new and convenient way to tune the
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electronic properties of graphene, and a potential application to use CVD-grown graphene

as a catalyst for solar splitting of water molecules.

4.2 Experimental Observations
Graphene is grown on a copper foil by the CVD method in a quartz tube furnace
(See Figure 4.1) with a 2-inch inner diameter under the following conditions:

temperature of 950 °C, flow rates of 50 sccm for H2 and 100 sccm for CHa, and total

pressure of 30 Torr for 10 minutes.

i

Figure 4.1. CVD system for growth and annealing of graphene.

After the copper foil is etched off in a Fe (NOs)s solution of 1 M concentration, the
floating graphene sheet is floated on the surface of 500ml of DI water; this operation is
repeated 5 times for cleaning. Finally, the graphene film is transferred from the DI water
onto a SiO2 substrate, which consists of a highly p-doped Si wafer covered with a
thermally grown 300nm SiOz2 layer. Four electrodes are made by thermally evaporating

10nm of Ti, 200nm of Ag, and 30nm of Au, consecutively on the sample in vacuum at a
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pressure of 5x10%Torr. A sample holder of four gold-coated copper probes is used to
contact the electrodes and a box with BNC out-lead connection is used for |-V

measurements. The above process is shown in Fig.4.2.

Figure 4.2. Fabrication of CVD graphene and its device. (a) A piece of 20mmx20mm with
thickness of 25 um copper foil before graphene CVD growth; (b) A copper foil after
graphene growth floating on 1M Fe(NO3)s solution for etching Cu from its bottom; (c) CVD
graphene floating on solution after Cu etched; (d) CVD graphene transferred to SiO2/Si
substrate; (e) A device with four gold electrodes; (f) A device set on a sample holder ready

for 1-V measurement.

A comparing device with four electrodes is made of exfoliated monolayer
graphene for light exposure I-V measurements (See Figure 4.3). The size of exfoliated
graphene is often at a scale of micrometers. Therefore, making electrodes on exfoliated
graphene for I-V measurement becomes more difficult than that on CVD grown graphene
with size at scale of millimeters or centimeters. 200 mesh and 50 mesh TEM sample grids

are used as a mask to make gold electrodes by vacuum metal evaporation. The width of
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the bar in 200 mesh TEM grid is about 10 micrometers and this is the size of the device
of exfoliated graphene. 50 mesh grids is for extending the electrodes to bigger size so

that they can be more easily extended to a size of millimeter scale for measurement.

Figure 4.3. Fabrication of exfoliated grphene and its device. (a) Exfoliated monolayer
graphene on SiO2/Si substrate; (b) A 200 mesh grid placed as a mask; (c) 4 gold
electrodes formed on monolayer graphene with vacuum metal evaporation; (d) Extended
electrodes formed with 50 mesh TEM grid as a mask; (e) Larger extended electrodes
formed, (f) Exfoliated mono graphene device with 4 gold electrodes with size of diameter

of 8 mm.

The quality of the CVD-grown graphene is compared to exfoliated graphene with
optical microscope image and Micro-Raman spectroscopy, as shown in Figure 4.4.

Raman spectrum of CVD-grown graphene shows that it is a monolayer of graphene,
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since, the full width at half maximum (FWHM) of Raman 2D peak is of 30 cm, which is
the fingerprint of monolayer graphene. However, there is a D peak in the CVD-grown
graphene while no D-peak appears in Raman spectrum of exfoliated graphene. Optical
microscope images shows good uniformity of the CVD-grown graphene on SiO2/Si but
with some wrinkles, while the exfoliated monolayer graphene SiO2/Si shows perfect
uniform image with no single distinguishable wrinkle or spot under the same
magnification. Although the quality of exfoliated graphene is better than CVD-grown
graphene, the exfoliated graphene usually is micrometer scale while the CVD-grown

graphene is on the order of centimeters.
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Figure 4.4. Raman spectra of CVD-grown and exfoliated MLG samples. All curves
arenormalized to have the same G peak intensity. Insets show optical images of

monolayer graphene of CVD grown and exfoliated, respectively.

I-V (current-voltage) characteristics and I-t (current-time) with fixed voltage of the

sample without and with light exposure are measured using a Keithley 485 Auto ranging
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Picoameter and Keithley 487 Picoameter/\Voltage Source programmed with Labview for

data acquisition. See the system in Figure 4.5.

Figure 4.5. Computer-lab view controlled System of I-V measurement with light exposure

setup and UDT S37 optometer for light calibration.

Transmission electron microscopy (TEM) images of CVD grown graphene are also
taken for detailed structures. (See Figure 4.6 (a) and (b)). A close view of a sample holder
with four gold-coated copper probes for contacting the electrodes is shown in Figure 4.6
(c). Micro-Raman spectroscopy at different steps of the process is carried out to examine
the quality of the graphene from which the sample device is made and used for this study.
The 17 cm? full-width-at-half-maximum (FWHM) of the 2D Raman peak at about 2700
cm™ (see Figure 4.6 (d)) demonstrates that the grown sample is monolayer graphene

[26,27]. Figure 4.6 (e) shows the |-V characteristics of the graphene sample and
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demonstrates that the device has a good Ohmic contact. The sample size is 3 mm x 4

mm.
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Figure 4.6. (a) and (b) TEM images of a typical CVD graphene sample at magnifications
of 3,000 and 28,000 with scale bars of 1um and 100 nm, respectively; (c) Photograph of
our device; (d) micro Raman spectra of the graphene sample. Black: before 254 nm UV
light exposure, Red: after 10 minutes of exposure to 254 nm UV light, Blue: after
subsequent heating at 600°C for 10 minutes, respectively. (e) I-V characteristics of the

graphene sample measured in air at room temperature.
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We used the above device to investigate the resistance of the graphene sample
as a function of time under exposure to light of different wavelengths. In the
measurements, the output voltage between the two electrodes is fixed at 1V, while the
current is recorded every 2 seconds when the sample is exposed to light at a particular
wavelength. The light sources are LEDs of different peak wavelengths (630-380 nm) or a
Xenon gas lamp (365 and 254 nm with filters) at a distance of 2 cm from the sample. The
exposures are made in the following order: red (630 nm), orange (605 nm), yellow (595
nm), green (525 nm), aqua (507 nm), blue (472 nm), pink (440 nm), violet (420 nm) and
UV (400 nm, 380 nm, 365 nm, and 254 nm). The intensity of the light at each wavelength
is carefully calibrated and monitored by an optometer to ensure that light at each
wavelength has the same incident intensity of 2 mW/cm?2. We observe that smaller
wavelength light produces an increase in the saturation value of the sample’s resistance,
as shown in Figure 4.7 and Figure 4.8.

Experiments were carried out in which the wavelength of the incident light was
changed from longer to shorter. The total exposure time at each wavelength was 10
minutes. Figure 4.7 shows a basic characteristic of the phenomenon. In the visible light
range, incident light only slightly increased the resistance of the sample. When the
incident light was in the UV range (starting from about 400 nm), the saturation resistance
of the sample jumped to a higher value. The shorter the wavelength of the incident light,
the higher the saturation resistance. The largest saturation resistance observed is about
2.5 times the value before light exposure. The small drop of resistance at the time of each
light source (LED) switching (switched every 10 minutes) is due to the fact that the I-V

measurement is continuous, during the time period of replacing the LED light source
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(usually 20-30 seconds), and the resistance of the sample decays slightly although the
drop does not significantly affect the saturation value of resistance resulting from the

subsequent exposure.
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Figure 4.7. Resistance vs. expose light wavelength. Exposure time for each wavelength
is 10 minutes. (a) Resistance vs. expose light wavelength in range of 630nm to UV light
of 254 nm ; (b) a scale enlargement graph for the range of visible light in (a); (c)

saturation values of resistance vs. light wavelength.
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The time-resistance curve of the sample shown in Figure 4.8 (a) shows a typical
exponential increase with a time constant of several minutes (for instance, 1.6 minutes
for UV 254 nm). When the incident light is turned off, the resistance of the sample decays
exponentially with a much larger time constant of tens of hours (for example, 21 hours
after 254 nm UV irradiation), as shown in Figure 4.8 (b). Fluctuations in Figure 4.8 (b) are
attributed to uncontrollable humidity changes in the environment during the long time

decay [15]. The above observations are repeatable.
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Figure 4.8. (a) Resistance vs. time measured under exposure to 254 nm UV; (b) time-

decay process of resistance after turning off the light (254 nm UV).

Fitting with 1-term and 2-term exponential functions were carried out for curves
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shown in Figure 4.8. As shown in Figures 4.9-4.12, and in order to compare the time

constants for the change in resistance induced by light, we fitted the curves in Figure 4.7

(@), (b) with 1-term and 2-term exponential functions. The results are shown in Table 2.

Table 2 Time constants for resistance change under different wavelengths of light in

Figure 4.7.
Light Time Time | Adj. R-| Time | Adj. R- | Resistance R e/Ri
Wavelengt | constan | constan | square | constan | square | after light (Ri=25068
h (nm) t © to (2- t * exposure Q,
(minute | (minute | term) T (1- Re (Q) Rioriginal
) ) (minute | term) resistance)
)
630 49.97 49.95 | 0.8868 | 49.95 | 0.8877 25068 1.000
595 14.19 14.19 | 0.9765 | 14.19 | 0.9767 25182 1.005
525 12.44 12.44 | 0.9988 | 12.43 | 0.9988 25432 1.015
507 298.24 | 298.24 | 0.9965 | 286.42 | 0.9966 25549 1.019
472 24.62 24.62 | 0.9990 | 286.24 | 0.9990 25906 1.033
440 54.64 54.64 | 0.9979 | 51.85 | 0.9980 26102 1.041
420 61.51 0.69 |0.9991 | 40.20 | 0.9990 26392 1.053
400 12.29 12.29 | 0.9999 | 12.29 | 0.9999 32372 1.291
380 5.17 5.17 ]10.9993| 5.17 | 0.9993 40371 1.610
365 4.19 419 [0.9978 | 4.19 | 0.9979 46728 1.864
254 0.55 594 10.9998 | 2.06 | 0.9704 61614 2.458

11 and 1, are the time constants when fitting with R = Ae

—t/z

+Ae"'” +R,,and Tis

the time constants when fitting with R = Ae™'" + R, . It is found, from 254 nm to 472 nm,

that the shorter the wavelength, the shorter the time constant. R-square is equal to 1 for

perfect fitting. Light wavelength, photon energy and photon flux are also given in Table 3

for reference.
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Table 3. Light wavelength, photon energy and photon flux.

Wavelength | 630 | 605 | 595 | 525 | 507 | 472 | 440 | 420 | 400 | 380 | 365 | 254
(nm)

Photon 1.972.06|2.08|236|245|2.63|2.82|295|3.10|3.26|3.40 | 4.88
energy (eV)

Photon flux | 6.34 | 6.07 | 5.99 | 5.29 | 5.10 |4.74 | 4.43|14.23 |4.03 | 3.83 | 3.68 | 2.56
at 2 mW/cm?
(x10%%/cm?2-s)

70k
60k -
iy |
= 50Kk
= ] Equation y = Al*exp(-x/t
o 1) +y0
© 40k- Adj. R-Square 0.90937
Value Standard Error
R y0 66278.06446 31.32015
| R Al -35690.19047 369.31838
30k + R t1 1.60691 0.02396
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Figure 4.9. Fitting for Figure 4.8 (a) with 1-term exponential function.
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E 50K - q §) Ak p(-x/t1) p(
=
(@) ) Adj. R-Square 0.99422
E Value Standard Error
40k R y0 6761413612 22.99634
R A1 -6665.89834 46.32949
R t1 16.12156 0.2554
R A2 -37147.44529 13011771
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Figure 4.10. Fitting for Figure 4.8 (a) with 2-term exponential
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Figure 4.11. Fitting for Figure 4.8 (b) with 1-term exponential function.
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Figure 4.12. Fitting for Figure 4.8 (b) with 2-term exponential function.

The goodness of fit is usually measured by R-Square and Adjusted R-Square
(Adj.R-Square). R-square shows the linear relationship between the independent
variables and the dependent variable, which is, by definition, the sum of squared errors
divided by the total sum of squares. R-Square can be any value from 0 to 1, and R-Square
of 1 means perfect fitting. R-Square will continually rise irrespective of how valuable the
variables are added. This means to increase number of variables (more terms in
functions) will increase R-Square although the fit may not improve in a practical sense.
To avoid this situation, the Adj.R-Square is used to indicate a better fit. The Adj.R-Square
is defined based on the residual degree of freedom, and can take any value less than or

equal to 1, with a value closer to 1 (when using only one variable in model) indicating a
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better fit. R-Square is generally the best indicator of the fit quality when compare two
models. It is said that R square increases with the addition of a new term in a model but
adjusted R square increases, when the added terms improve the model. As shown in
Table 2 and Figures 4.9-4.12, the fitting for the R-t curve under 254 nm exposures makes
the biggest difference in Adj.R-Square with 1-term and 2-term exponential functions, the
R-t curve after 254 nm exposure makes the second biggest difference in Adj.R-Square,
all others make very small difference in Adj.R-Square. The 2-term exponential function
required for better fitting may imply that there are two different processes occurring in the
change to the resistivity of CVD-grown graphene. The two processes have different time
constant.

The increase of resistance vs. time is also observed when the sample is placed in
vacuum (1x10° Torr) and exposed to 254 nm UV light. This implies that the density of
water molecules in air is not a significant parameter in the observed phenomenon. Micro-
Raman spectroscopy was carried out after the sample was irradiated by 254 nm UV light.
No significant enhancement of the D peak in the Raman spectrum was observed. This
excludes the possibility of hydrogenation of the graphene sample induced by light
exposure (appearance of the D peak is an indicator of hydrogenation of graphene [18]).
Furthermore, we did not observe G peak shift as mentioned in the case of graphene
defect oxidation

We heated the sample at 600 °C in vacuum (1x107 Torr) and kept it at that
temperature for 10 minutes to remove residual water molecules from the sample. After
cooling the sample down to room temperature, Micro-Raman spectra was also examined

(Figure 4.6 (e) blue) and showed that heating did not alter the structure of the sample.
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We then repeated the electrical measurement under irradiation of 254 nm UV. No
increase of resistance vs. time was observed.

As a reference, the same procedures are carried out on graphene/SiO:z that is
acquired by mechanical exfoliation of HOPG graphite. We did not observe the resistance

change with light exposure.

4.3 Theoretical Simulation and Analysis

We notice the following from above experimental observations: First,
environmental gases do not influence the light induced resistance jump. Thus, we can
neglect the adsorbed molecules on graphene top surface. Second, this effect does not
happen to the exfoliated graphene samples on SiO2 surface. This tells us that the effect
is correlated to defects in graphene. Third, heating in high vacuum can effectively
eliminate the effect. This implies that there must be an impurity between graphene and

substrate, and that impurity dominates the process and can be removed by heating.
There are two significant differences between a CVD-grown graphene transferred
from pure water to a SiO2 surface and an exfoliated graphene transferred to a SiO2
surface: The CVD- grown graphene sample is full of defects compared to exfoliated
graphene sample, and there are interfacial residual H2O molecules for a CVD-grown
sample that are introduced into the graphene/SiO: interface during the transfer process.
According to the above analysis, a super-cell model approach was constructed to
simulate the CVD-grown graphene sample on SiO2 surface. We use silicon dioxide (-
cristobalite) as the substrate which contains 16 silicon atoms and 32 oxygen atoms. The

top layer of the substrate consists of O atoms; the Si atoms on the bottom layer are
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saturated by H atoms to ensure the atomic configuration of the substrate in a chemical
stable ground state. As shown in Figure 4.6 (a) and (b), the graphene sample used in the
experiment has a relatively large size (in mm scale). This CVD-grown sample consists of
various homogeneous graphene grains at several tens of nanometer scale that are
usually overlapped to form a large sample with numerous grain boundaries and different
kinds of defects. Considering our CVD-grown graphene sample is grown in a hydrogen
environment, we assume that all carbon dangling bonds on defect sites are saturated by
hydrogen atoms to reduce the associated total energy of the whole system. We model
the defected graphene sample as a perfect graphene overlapped on top of a graphene
strip. A water molecule near by the graphene strip is interfacially placed between the
perfect graphene plane and the SiO2 substrate, and naturally relaxed to the lowest energy
state from a random initial position and orientation. We utilize the Vienna A b-initio
Simulation Package (VASP) with the projector augmented wave (PAW) method to perform
our first-principle calculations that is based on density functional theory. The relativistic
effect is included in calculations, and the exchange-correlation interaction potentials of a
multi-electron system in a local density approximation (LDA) [28, 29, 30] is employed.
Recent analysis shows that LDA with PAW potentials provide quite reliable predictions for

adsorption energy calculations [31-37].
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Figure 4.13. Periodic stable atomic configurations in the DFT calculations. (a) 16 silicon
atoms (yellow), 32 oxygen atoms (red), 48 carbon atoms (black), 16 hydrogen atoms
(white) bonding with Si and C atoms, 4 H20 on top, and one H20 between graphene and
SiO2 substrate in a ground state; (b) The system with the H20 between graphene at
another close ground state when the H20 was moved slightly from the position in (a); (c)
The system with the H20 between graphene at another close ground state when the H20
was moved slightly from the position in (b); (d) The system with the H20 between
graphene at another close ground state when the H20 was moved slightly from the

position in (c).

The result of relaxation shows that there are four ground states for the model with
respect to four orientations of the H20O molecule. The graphene defect structure ensures
that the H20 molecule and its split products, H*® and OH?, are all enclosed to mimic the
experimental conditions. Two kinds of environments are considered: (1) the top surface

of the graphene is clean, and (2) there are polar molecules, such as H20 molecules,

109



physi-adsorbed on top of the graphene, to examine the effect of circumference molecules
on the photo-electrical property of the graphene. The results show that molecules physi-
adsorbed on top of the graphene do not significantly affect the behavior of the interfacial
H20 molecule. The atomic configurations of the samples in the first-principles calculation

are shown in Figure 4.13 and Figure 4.14.

Figure 4.14. (a) The atomic configurations of the excited state; (b) Intermediate meta-

stable states; and (c) Stable states.

The super cell is periodically extended along the surface of the substrate. Figures
4.13 (a) ~ 4(d) demonstrate four cases of the model at ground state. The differences
among the four cases are orientations of the H20 molecule relative to the graphene and
SiO2 substrate with negligible total energy fluctuation. In all cases, all the dangling bonds

of the C atoms at the defect are completely saturated by H atoms. In Figure 4.14 (a), the
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interfacialH-O molecule is partially disassociated with the OH group spontaneously
adsorbed on the substrate surface and the H* adsorbed onto the graphene. The
calculated disassociation energy from the ground state Figure in Figure 4.14 (c) to the
state in Figure 4.14 (a) is 4.6eV. In Figure 4.14 (b) and (c), we find other two meta-stable
disassociation states at 2.5 eV and 3.3 eV relative to the ground state, respectively. With
respect to different meta-stable disassociation states, both & value and length of C-H*®
bond are different, showing that there are different electric effects of H*® on the graphene.
In addition to the mentioned three meta-stable states, we also find that there are many
small sub-stable states between the highest 4.6 eV and the ground state that are not

displayed in Figure 4.14.

4.4 Discussion

Based on the above calculations, because of the existence of the defect field of
the graphene, incident light can disassociate a H20 molecule to a partially disassociated
state. The higher the energy of the incident photon, the higher the disassociation state
can be reached associating with strong electric effects on graphene: (1) producing a
strong scattering center to carriers; and (2) resulting in local distortion of the graphene
lattice. Both can result in an increase of scattering cross-section of carriers in graphene.
While the light is off, due to the existence of a series of meta-stable disassociation states,
the H* will undergo many steps associating with a long decay time to recombine OH? to
a neutral H20 molecule, which results in the graphene sample slowly return to its original
value of conductivity. Once the light starts again, the same process is repeated. It is the
interaction of graphene defects and the water molecules between graphene and

substrate, which dominates the light induced change of graphene resistivity. For the case

111



without defects in graphene, such as an exfoliated sample, or the case without interfacial
H20 impurities, such as a heated CVD grown sample, there is no photo-electronic
phenomenon. In our work, we also calculate a configuration in which the carbon atoms at
the edge of the defect are not thoroughly saturated by H atoms. In this configuration, a
H-O molecule will be spontaneously partially disassociated into an H*® and an OH?®
because of the very strong local defect field, which implies that the defect field of a carbon
dangling bond could be utilized to split H2O molecules. The work of our study opens a

way to tune graphene resistivity by light.
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