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Abstract

SYNTHESIS AND CHARACTERIZATION OF CARBON NANOFILMS FOR
CHEMICAL SENSING

by

Vivek Kumar

Adpyviser: Prof. Alexander M. Zaitsev

Carbon nanofilms obtained by high temperature graphitization of diamond surface in
inert atmospheres or vacuum are modified by treatment in plasma of different precursor
gases. At temperatures above 1000 °C, a stable conductive film of thickness between 10 —
100 nm and specific resistivity 10°-10" Q.m, depending upon the heating conditions and the
growth atmosphere, is formed on diamond surface. A gray, thin film of high surface
resistivity is obtained in high vacuum, while at low vacuum (below 10 mbar), a thick black
film of low surface resistivity forms. It is observed that the exposure to plasma reduces the
surface conductance of carbon nanofilms as result of a partial removal of carbon and the
plasma-stimulated amorphization. The rate of the reduction of conductance and hence the
etching ability of plasma depends on the type of precursor gas. Hydrogen reveals the
strongest etching ability, followed by oxygen and argon, whereas SF¢ is ineffective. The
carbon nanofilms show significant sensitivity of their electrical conductance to temperature
and exposure to the vapors of common organic compounds. The oxygen plasma treated films
exhibit selective response to acetone and water vapors. The fast response and recovery of the
conductance are the features of the carbon nanofilms. The plasma-treated carbon nanofilm on

graphitized diamond surface is discussed as a promising sensing material for development of
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all-carbon chemical sensors, which may be suitable for biological and medical applications.

An alternative approach of fabrication of temperature and chemical sensitive carbon
nanofilms on insulating substrates is proposed. The films are obtained by direct deposition of
sputtered carbon on highly polished quartz substrates followed by subsequent annealing at
temperatures above 400 °C. It is observed that the as-deposited films are essentially
amorphous, while the heating induces irreversible structural ordering and gradual conversion
of amorphous carbon in disordered graphite. This evolution is confirmed by Raman
spectroscopy and electrical measurements.

The carbon nanofilms grown on diamond and deposited on quartz both show similar
exponential dependence of their conductance on temperature, which is essentially different
from the usual behavior of the thermally activated conduction and the conduction due to
variable range hopping of charge carriers. The observed exponential dependence of
conductance is explained by a model based on the thermally vibrating energy barriers.

The as-grown nanofilms on diamond surface show a negative response (decrease in
conductance) to the vapors of acetone, toluene and hexane, and a positive response (increase
in conductance) to the water vapor. Sensitivity (relative change in conductance) to toluene is
greater than to water, acetone, and hexane, in that order. Plasma exposure alters the
sensitivity to positive for all the organic vapors. Overall, an increase in sensitivity is observed
with the plasma exposure time. For acetone and water, an increased exponential dependence
on vapor concentration is also observed. The exposure to oxygen plasma renders the carbon
films on diamond selectively sensitive to acetone and water vapors. The hydrogen plasma
exposure makes the films selectively sensitive to toluene vapor. It is found that the carbon
nanofilms on quartz have p-type conductivity, as indicated by the opposite response to NO,
and NHj analytes. NO,, a known electron acceptor, increases the conductance. NHs, a known

electron donor, decreases the conductance. The phenomenological description of the chemical
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sensitivity of the carbon nanofilms ¢ = f/z is proposed as a function of two main parameters:
the time constant 7 and the maximum relative change in conductance f. r and f are described

as the parameters related to the surface and bulk material properties of the films, respectively.
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Chapter I

Introduction

1.1 Motivation

Sensors have widespread applications in industry and scientific research, and may be
broadly categorized as physical or chemical, depending on the changes they sense [1-3].
Physical sensors sense changes in physical parameters, such as pressure or temperature [4],
whereas chemical sensors detect the presence of molecules (or ions) in gas or solution phase
[2, 3]. Though there are varieties of effective physical sensors available, realization of
selective and practical chemical sensors is still an area of hot pursuit. This encourages the
exploration of novel sensing materials and the design of sophisticated sensor structures for

chemical sensing.

1.2 Objectives

The present work focuses on the utilization of carbon nanofilms as chemical sensing
materials in solid state chemical sensors. The specific objectives of the research are: synthesis
and characterization of carbon nanofilms on insulating substrates, study of thermally induced
structural ordering in carbon nanofilms and its role in sensing properties, physical methods of
modification of carbon films and control of their material structure for selective sensing,
understanding of charge transport in less-ordered carbons, and elucidation of observed

temperature and chemical sensitivity of conductance.



1.3 Scope and achievements of the research

Carbon is a potential electronic material for a number of applications. The principal
scientific merit of the doctoral research is the study of the sensing properties of carbon
nanofilms which also contributes to the understanding of their electronic properties. The
broader scope or significance of the doctoral research is the design of selective chemical
sensors with potential application in biomedical devices. In this regard, the graphite/diamond
hybrid system holds promise as an all-carbon technology. There have not been systematic
studies of such all-carbon devices, and the doctoral research attempts fabrication of
rudimentary all-carbon temperature and chemical sensors and discusses their properties.

The main achievements of the doctoral research are: demonstration of a rudimentary
all-carbon sensor for biomedical applications, ascertainment of the growth condition for high
temperature graphitization of diamond by in-situ measurements, and determination of the role
of plasma in selective chemical sensing. A model for charge transport in low-ordered carbon
films that successfully explains the mechanism for temperature and chemical sensing is also
proposed. The research resulted into two articles in a peer-reviewed journal [5, 6], and
presentations in several international conferences. A provisional patent [7] has also been filed
on carbon nanofilm sensors. A summary of the major results of the research is provided in a

separate section at the end of the last chapter.



1.5 Organization of the dissertation

The dissertation is organized into four chapters. The first chapter is on background of
the research, the second chapter describes the experimental design and methodologies
adopted, and the last two chapters discuss the experimental results. The results on carbon
nanofilms on diamond for all-carbon sensor applications are discussed in the third chapter,
and include in situ study of graphitization of diamond, surface characterization by atomic
force microscopy and Raman spectroscopy, and plasma modification of carbon films in
different precursor gases and its effect on temperature and chemical sensing. The fourth
chapter which presents the results on carbon nanofilms on quartz describes the thermally
induced structural ordering in an amorphous carbon film and effect on the temperature and
chemical sensing properties. Also proposed are the model for electrical conductance in low-
ordered carbon nanofilms, and the mechanism for chemical sensing. In a separate section at

the end of the fourth chapter, a summary of the important results of the research is provided.

1.6 Background of the research

The chemical sensor research is an interdisciplinary area, attracting scientists and
engineers alike [3, 8]. The realization of an effective chemical sensor involves many stages
from material design to device integration. The complexity of the issue becomes even bigger
with many chemical species of interest. This makes a complete review of the field difficult.
Nevertheless, the dissertation presents an overview of the state of the art that pertains to the
use of carbon materials for sensing and also sets the direction for the doctoral research. After
a description of the common sensor characteristics and type, an overview of the other sensing

materials followed by a more detailed review of the carbon materials is presented.



1.6.1 Sensor characteristics

The main characteristics of chemical sensors are: sensitivity, response time, recovery
time, selectivity, operating temperature, reproducibility, and stability [3, 8]. Additional
characteristics that need consideration include: size, practicality and cost.

Sensitivity: The usual definition of sensitivity is given in terms of the ratio of the
measured sensitive property on exposure (P,) and when in an inert gas (P;), given by the
expression: P./P;., or the relative % change: AP/P; x 100. At times, air is also used as a
reference if there is no significant sensitivity or interference by air. An alternate method to
describe sensitivity using two separate parameters is introduced in the chapter 4.

Response time: Response time is usually defined as the time required by sensor to
attain a certain % of the maximum observed sensitivity, usually 90%, or the saturation.

Recovery time: Sensor may take unreasonably long to recover to its original condition
and it’s important to define a limit which prepares the sensor to respond reproducibly in the
next exposure. Usually, this limit is set within few % of the initial value of the sensitive
property and the time to reach the limit is called as recovery time.

Selectivity: The selectivity is given in terms of the sensitivity coefficient: the ratio of
sensitivities for analyte and interfering compound. Often, cross-sensitivity curves are
obtained to determine selectivity.

Operating temperature: Operating temperature of a sensor is the temperature at which
the sensitivity of the sensor is maximum, and decides its suitability for a particular
application. Chemical sensors working at room temperature are more in demand, and high
operating temperature-sensors are needed for operations at elevated temperatures [9].
However, stability of sensor at high temperature is a critical consideration in sensor design.

Reproducibility and stability: Both concern the reliability of the sensor. In the absence



of a definite method of quantification, usually a comparison of sensor performance over a
certain interval of time and/or number of exposure is conducted.

An ideal sensor should excel in all the above parameters with the existing gap setting
the directions for the future research, and have been discussed in more detail within the scope

of the present work.

1.6.2 Sensor types and designs

Sensing property, sensing material, sensor architecture, and working principle - all
may be used to classify sensor type. As mentioned in the opening paragraph, based on
sensing property sensors may be broadly classified as: physical and chemical. Further, a
physical sensor could be a pressure sensor, temperature sensor, strain sensor, and so on;
whereas, a chemical sensor could be an ion sensor, gas/vapor sensor, and biosensor. In this
regard, branching out of biosensors as a separate field is noteworthy [10-17]. For gas/vapor
sensing (henceforth, referred as chemical sensing, unless otherwise specified), which is the
focus of the present study, the main sensing materials are: metal-oxide [18-20], polymers [21-
29], carbon nanotubes (CNTs) [30-34], and their hybrids [26, 35-39]. With regard to sensor
architecture and working principle, there are numerous different approaches and hence sensor
types. For our interest in carbon based solid state chemical sensors we have briefly reviewed
some of the sensor architectures and underlying working principles that have already shown

potential.



Receptor Platform

J\

A 4

L] Signal Processing Unit
Transducer

Fig. 1.1. Basic architecture of a chemical sensor.

Basic architecture of a sensor consists of a receptor integrated with a transducer (Fig.
1). The sensing device is connected to a signal processing unit, usually a computer with an
appropriate data collection interface. The receptor which interacts physically and/or
chemically with chemical analytes causes a modulation in the properties of the transducer,
usually electronic. At times, receptor and transducer are indistinguishable and refereed
together as sensing material. For example, in a resistor sensor, interaction at the surface
causes change in the resistance of the same material and is recorded as response [5, 40]. In
comparison, in a surface acoustic wave (SAW) sensor [41, 42], the molecular adsorption on
the sensitive coating (receptor) on a piezoelectric surface (transducer) causes modulation in
the piezoelectric current generated by the surface acoustic waves, and recorded as sensor
response.

Fig. 2 and Fig. 3 illustrate the schematic designs of common sensor types. The resistor
sensor (A), the simplest of all sensor types, is based on the modulation of
resistance/conductance. Usually, a semiconducting material is employed as the sensing

material, and the significant resistance changes occur on charge transfers with a reducing or

6



oxidizing gas. The field effect transistor (FET) sensors (B) [43, 44]are the most effective
sensors which utilize change in electronic properties of the sensing material in the gate, and
the response is observed in the drain current, Ip. Electrochemical sensor (C) [15, 45] consists
of a sensing electrode, and a counter electrode separated by an electrolyte medium. Working
in amperometric mode, current proportional to the gas concentration is produced across the
electrodes, and recorded as the sensor response. Most of the commercially employed gas
sensors, for example, carbon monoxide sensors, are electrochemical. Ionization senor (D)
[46-52] relies on the dissociation of gas molecules at the high electric field generated at the
sharp tips of its electrodes. In this regard, CNTs having nanometer sized tips and high tensile
strength, showed great potential. SAW sensor (E) [41, 42] utilizes the mass changes due to
the adsorbed molecules on the sensing layer to modulate the piezoelectric current in the

substrate below. SAWs are generated by the two interdigitated wave transducer electrodes.
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Fig. 1.2. Common sensor types: Resistor (A), FET (B) and Electrochemical (C).
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Fig. 1.3. Common sensor types, contd.: Ionization (D), Surface Acoustic Wave (E).



1.6.3 Overview of present technology

Recent developments in nanotechnology have helped considerably in fabricating
effective chemical sensors. Mainly, metal-oxides[18], conducting polymers [21-25, 27-29],
carbon nanotubes (CNTs) [15, 30, 34] and their composites [26, 36, 37, 39] have been tried
for chemical sensing applications. Metal-oxide based sensors have been known for a long
time. They are particularly successful in detecting different gases/vapors at a sub-ppm
concentration with reasonable stability. However, their high operating temperature (over
300°C) poses a serious restriction on their employability. In contrast, the sensors, which are
based on conducting polymers and carbon nanotubes, work at room temperature. They also
provide additional benefit of modification of the active material to help to achieve chemical
selectivity. The main drawback with the use of conducting polymers is their low response and
low stability. Concerning carbon nanotubes, their ability to detect sub-ppm concentrations of
gases is remarkable. However, the recovery time of the carbon nanotube based sensors has
been found to be very long (~10 hours) and, in order to reduce this time, special procedures
(e.g. ultraviolet light illumination) are required [32]. CNTs and other carbon materials are

discussed further.

1.6.4 Carbon sensors

The renewed interest in carbon as an electronic material was triggered by the
discovery of its atomically highly ordered forms like fullerenes [53], carbon nanotubes
(CNTs) [54], and graphenes and their interesting electronic properties [55, 56]. The growing

environmental concern has also served as a motivation, as carbon is considered to be bio-
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compatible. Newer applications are being explored with these nanostructured carbons along
with traditionally known bulk forms of carbon, diamond and graphite. Less ordered forms
like amorphous carbons have not received similar attention due to their inferior electronic
properties. However, more useful applications may be expected through control of their
material order giving insulating to conductive carbons [57-59]. An important advantage is
their relatively easy preparation by a number of different methods.

Chemical sensing is one such area—important for both industry and research— where
carbon materials are studied. Graphenes [60, 61] and CNTs [15, 30, 31, 33, 34, 40] have
already shown potential as sensing material with remarkable sensitivities in their conductance
to ppm level concentrations of vapors of some common analytes. Also, unlike commercially
employed metal-oxide-based sensors they do not need high operating temperatures and can
work at room temperature as well. These results encourage study of carbon films especially

those with significant graphitic content.

1.6.4 Chemical sensors based on carbon nanotubes

In two decades since their discovery[54], carbon nanotubes (CNTs) along with
graphenes have established themselves among the most promising electronic materials for a
variety of applications[10, 30, 34, 62-68]. The focus of the active research is into the areas
concerned with, synthesis, characterization, properties, modification, device fabrication and
application. The report briefly reviews the progress made which also concerns sensor based
applications.

a. Properties

The quasi one dimensional structure of CNTs and SP* bonding network give CNTs

interesting electronic[56] and mechanical properties[69], which further depend on their
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geometry (diameter, chirality), number of layers and structure of the aggregates they are
present in. The metallic to semiconducting characteristics of SWNTs depending on geometry,
and the ballistic transport in CNTs are their most useful electronic properties. The superior
mechanical properties include high tensile strength and elasticity. These properties when
combined with their small dimensions and large surface area make CNTs promising for
developing miniature electronic devices, including those for chemical sensing. Further, the
increased adsorption of gas molecules in the gaps between nanotubes walls gives them an

edge over graphene based gas sensors.

b. Synthesis

The current methods of synthesis of CNTs are based on one of the three
techniques[70-72]: carbon arc-discharge[73-75], laser ablation[76, 77], and chemical vapor
deposition (CVD)[78]. In carbon arc-discharge method, the CNTs are formed by arc
discharge between two carbon electrodes. While MWNTs do not need any catalysts, SWNTs
form in the presence of catalysts like Co and Ni. The laser-ablation technique involves use of
laser pulses to ablate a carbon target in the presence of an inert gas. The ablated carbons form
CNTs and suitable catalysts are required to selectively obtain SWNTs. In CVD technique,
sufficient energy is supplied to a hydrocarbon gas usually methane or acetylene to cleave its
molecules into radicals, in the presence of a catalyst supported over a substrate. The energy
may be supplied either by direct heating or microwave application. In a modification of the
process, known as radio frequency plasma-enhanced CVD (RF PECVD), plasma of the
precursor gas is generated using radio frequency prior to the CVD process.

The final product which is generally a mixture of different types of CNTs is also
accompanied by other carbonaceous materials as impurity. The post production purification

involves oxidation of the impurities by common oxidizing agents such as sulfuric acid, nitric
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acid, or KMnQ,. However, the accompanied damage to the CNTs is unavoidable. The main
research efforts are directed toward economical method for large-scale production of high

purity CNTs of a specific type.

c. Application as sensing material

Different kinds of CNT chemical sensors with ppm level sensitivity, fast response,
reversibility, and reasonable stability have been demonstrated [14-17, 30, 31, 33, 34, 40-42,
79-94]. Though, semiconducting SWNTs are more useful for the large sensitivity of their
electronic properties, MWNTs are also being studied for their easier preparation. As
mentioned before, the increased adsorption of gas molecules in the gaps between nanotubes
walls gives them an edge over graphene based gas sensors. Further, the advancement in
functionalization methods for CNTs makes them immensely promising as chemical sensing
materials[95-97]. Like any other technology, limitations exist, and are discussed in the last
part of this section.

Conduction: First reported by Kong et al [40], modulation of conductance of CNTs on
exposure to oxidizing and reducing gases has been widely investigated. The gases so studied
include: H,, NHis, NO,, CH30H and O,. The behavior is attributed to p-type character of
semiconducting CNTs, wherein the charge density is affected on interaction with analyte
molecules. The sensors hence made, outsmart those based on semiconductor oxides, for their
significantly higher sensitivity and faster response even at room temperature. For example,
the sensor made by Kong et al, showed an increase in resistance of the order of about 3 orders
of magnitude on exposure to ppm level concentration of NO, and NHj3 in just about 2-3
seconds.

The functionalization of MWNTs with Pd and Pt was used to obtained hydrogen

sensitive thin films [98], whose resistance increased upon exposure to hydrogen. Though, the
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similar response was observed for other reducing gases like NH; and CHy4, the sensitivity to
hydrogen was much higher. The high and selective sensitivity for H, along with reversibility
and stability even after multiple exposure cycles showed a potential for making practical
hydrogen sensors. In another report by Valentini et al, thin films of CNT grown on Si3Ny4 was
shown to have ppb level sensitivity to the common reducing and oxidizing gases [90, 99]. An
increased sensitivity to NO,, and a maximum response at 165 °C was observed on annealing
the as grown films at temperatures higher than 330 oC.

Field-effect transistor: CNTs have also been utilized as active sensing material in a
FET based sensor [100]. The performance of pristine CNTs in FET sensors has opened a wide
scope for further functionalization to incorporate specific chemical recognition sites to
enhance selectivity. In this regard, functionalization of CNTs with DNA or other biochemical
molecules looks very attractive for making biosensors. In a pioneering study by Staii et al,
single-stranded DNAs were immobilized on SWNTs to sense specific gases [101].

Electrochemical: CNTs functionalized with chemical recognition sites when grafted
on the sensing electrodes, facilitate the electron transfer process between the electrodes and
binding molecules. This has enabled development of electrochemical sensors with CNTs as
integral part especially for the detection of biomolecules, which have low electrochemical
reactivity. Such a biosensor was developed by Sotiropoulou and Chantiotakis for detection of
glucose molecules [102]. The molecules of enzyme glucose oxidase, immobilized on the
CNT arrays, oxidize the incoming glucose molecules, and the electrons are transferred to the
electrode through CNT.

Capacitor: Capacitor sensors based on modulation of capacitance due to the dielectric
changes in the CNT sensing material have also been reported. Suehiro et al constructed a
sensor for ammonia showing positive sensitivity of capacitance. Later, in a pioneering work,

SWNTs showed a high sensitivity of their capacitance to a broad class of chemical vapors.
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The proposed mechanism was based on the polarization of molecular adsorbates by the
fringing electric field at the surface. The main advantages of capacitor sensors are their lower
power consumption and very fast recovery (few seconds).

Gas-lonization: Gas ionization sensors utilizing CNTs as electrode have also been
developed [46-52]. The high electric field at the sharp tips of CNTs caused dissociation of the
gas molecules. Unlike conductance based CNTs, they were not limited by low adsorption.

Thermoelectric: The sensitivity of thermoelectric power across a CNT structure has
been utilized for chemical sensing [103]. Interestingly, metallic CN'Ts show higher sensitivity.

Acoustic: SAW sensors utilize piezoelectric detection of the adsorbed molecules on
CNTs [41]. CNTs are coated on a piezoelectric substrate in which acoustic waves are
generated, and a modulation in its resonant frequency is recorded as the sensor response.
Sensitivity of resonance frequency of CNTs coated on quartz was studied for many volatile
organic compounds. The selectivity to different analytes was found to be dependent on the
type of solvent used to disperse the CNTs during the coating process, thereby, suggesting a

method for making selective chemical sensors.

d. Outlook

Ability to CNT sensors to detect sub-ppm concentrations of gases is remarkable.
However, the recovery time of the carbon nanotube based sensors has been found to be very
long (~10 hours) and, in order to reduce this time, special procedures (e.g. ultraviolet light
illumination) are required [32]. It may also be noted that only single wall carbon nanotubes
(SWNTSs): individual [40] and thin films made of SWNTs [31, 80, 83]; perform reasonably
well. Additionally, performance will depend upon type of SWNT, which may be metallic, or
semiconducting depending on their geometry [55], with semiconducting SWNT showing

greater response. Response from a SWNT film is averaged over different types of tubes
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present and is hence lower. MWNTs show much lower response and have been tried as
composites with metal oxides [104] and polymers [26, 35, 36, 38, 39]. Thus, technological
hurdle imposed by the difficulty in obtaining pure SWNTs of desired geometry and the long
recovery time are the challenges still to be met on the way of development of effective gas
sensors based on carbon nanotubes. Another, major hurdle in the use of CNTs is the concern

with their biocompatibility which needs to be thoroughly examined [13, 105-115].

1.6.6 Chemical sensors based on diamond

Diamond has been extensively utilized as a material of choice for biosensor
application[12] for its chemical inertness and biocompatibility, along with its superior
electronic[116] and mechanical properties that make it an ideal substrate for other electronic
applications as well. Mostly employed as electrodes in biosensors, the other benefits come
from low background current, large electrochemical window and the presence of a quasi-two-
dimensional conductive layer[117] at the surface of hydrogen terminated diamond. In
addition, once thought to be chemically inert, advancement in many modification techniques
for diamond which include — chemical functionalization, plasma modification and bulk

doping has opened up a plethora of opportunities in its utilization.

Though, major interest in diamond for sensing application is as electrodes in
biochemical sensors and piezoresistive sensors, there have been some efforts to use them for
gas sensing [9, 118-123]. In one of the earliest efforts, a microelectronic hydrogen gas sensor
based on metal-insulator-semiconductor Schottky-diode configuration with palladium as
metal, intrinsic polycrystalline diamond film (I-diamond) as insulator, and a boron doped p-

type polycrystalline diamond film (p-diamond) as semiconductor was constructed by Kang et
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al. [123] In another study, it was proposed that adsorbed hydrogen molecules on dissociation
at the palladium surface diffused to the metal-insulator interface creating a dipole layer,
thereby, changing the work function difference at the interface, and hence response of the
device [9]. The same device was later reported to be sensitive to organic vapors: benzene and
toluene [124], and when using tin oxide in place of oxygen made them sensitive to oxygen
[121]. The sensitivity of these sensors was found to increase with temperature. The high
thermal stability of diamond makes them particularly useful for high-temperature

applications.

1.6.7 Chemical sensors based on diamond-like carbon (DLC)

DLCs are amorphous carbons with high fraction of sp3 bonding [125, 126]. Like
diamond, they are hard, insulator, optically transparent, and chemically inert, and are used in
a wide range of applications, including low cost substitute for diamond [127-130].

There are variety of methods used to obtain DLC, such as CVD, pulsed laser
deposition, sputtering, and ion beam deposition. The properties depend strongly on the
growth conditions.

Like diamond, they have been extensively used as electrode material in biosensors
[131-134]. However, there have not been efforts to utilize them for gas sensing as diamond

films discussed above, and there exists a good scope to take advantage of their lower cost.
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1.6.8 Chemical sensors based on conductive carbon films

An alternative to carbon nanotubes and nanowires is carbon nanofilms for developing
miniature sensing devices. In this respect, amorphous conductive carbon nanofilms which
lack order in their material structure can be useful for sensor application for their easy
preparation [5, 57-59, 135-140]. This is especially true, if exact reproducibility of the sensor
devices is not sought. Amorphous carbon film based ammonia sensors [139] and moisture
sensitive sodium or potassium doped carbon films were previously reported [138, 140].
However, not much attention has been paid to carbon films as sensor material for other
vapors or gases. More recently, graphene has been shown to perform well for sub-ppm level
detection of different gases [60, 61]. However, practical application of graphene as sensing

material faces the challenges of stability and compatibility with insulating substrates.

1.6.9 Graphite/Diamond-hybrid systems

Among numerous methods available to synthesize conductive amorphous carbon
films, surface conversion of diamond at high temperatures is of special interest [5, 141-143].
The as-grown carbon films on diamond can further be treated by plasma to obtain desired
chemical sensitivity. This approach is different from obtaining carbon sensing material on
other non-carbon substrates and provides a unique natural combination of two carbon
materials with complementary electronic properties: conductive amorphous carbon nanofilm
and perfectly insulating diamond substrate.

In addition to acting as an insulator which may be employed in extreme conditions for
its mechanical strength and chemical inertness, the thermally conductive diamond can also

dissipate heat generated in such systems much efficiently. This makes diamond an ideal
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substrate and graphite/diamond system an excellent choice for electronic applications.

This may also be considered as an all-carbon technology and hence important in light
of an increased interest in carbon due to growing environmental concerns. Carbon is known
to be a biocompatible material and is generally conceived suitable for biological and medical
applications [144-151].

However, the related applications have not been explored probably because of the
involved cost and technological complexities in making practical devices. The graphitic
carbon on diamond may be considered as a natural basis for development of all-carbon

sensors, which could be promising for biological and medical applications.

a. High temperature graphitization of diamond

The diamond is thermodynamically metastable at normal pressures and temperatures,
and undergoes phase transformation to graphite at high temperatures. However, the kinetic of
the process is much slow and needs temperatures higher than 1000 °C to show any detectable
change and a non oxidative environment during the heating process.

In an earliest effort by Evan and James to determine the role of temperature in
graphitization, diamond fragments were heated in the temperature range of 1500 - 1900 °C
[141]. Transmission electron microscopy of the surface showed steep dependence of
graphitization rate on temperature. Small crystallites of graphite observed after heating for 45
min at 1500 °C covered the surface completely when heated at 1900 °C for just about 5 — 10
min. Further, the size of graphitic crystallites varied between 100 and 150 A° with
orientations determined by the nature of the diamond surface. Nucleation and movement of
dislocations from the diamond-graphite interface was suggested as the part of the partial
graphitization surface. In this regard, the dynamic study of graphitization by in situ

measurement of conductance in an inert atmosphere, as reported in the dissertation, is first
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such study.

Another important study suggested the graphitization starting at the surface, with the
formation of the precursor sites by surface reconstruction. This reconstruction is the rate
determining step and conversion to graphite that follows is much faster. The conclusion was
based on the rapid graphitization of an otherwise resistive diamond surface at a specific
temperature, on bombardment with argon ions. It was believed that the disrupted sites
modeled the precursor sites of high temperature graphitization process. It may be noted that
ion bombardment is another way to graphitize diamond, discussed later in the chapter. In the
present case energy of the ions were kept low enough to avoid direct graphitization.

Size dependent metastabilty of diamond is also known; diamond when smaller than
one micron may easily transform to graphite at normal temperatures [152]. The enormously
high pressure is needed to maintain stability at such lower sizes. Under high pressure high
temperature (HPHT) conditions employed for growth of diamonds, diamond seeds
preferentially converted to graphite when of few nanometer size. Such metastable states are
not suitable for surface graphitization, and the complete graphitization of the material takes
place.

Theoretical studies of graphitization of diamond by molecular dynamics method have
also been performed. The method, limited by availability of computational resources, has
successfully been able to simulate conversion of nanodiamonds containing about 2000 atoms
to onion like carbons. The calculated amount of residual sp3 carbons was about 17 % and

accounted for the corresponding signal in different experimental characterization.

20



b. Graphitization by ion bombardment

The bombardment of diamond surface with high energy ions is a well known method
to create lattice defects, and used to tailor its electronic and optical properties [153-157]. At
sufficiently high energies, the severe bonding disruptions lead to graphitization near the
impact area [158-170]. Zaitsev et al developed a technique based on this principle which
utilized focused ion beam (FIB) to write nanostructures of graphitic carbons on diamond with
nanometer precision [171-173]. The technique was used to construct chemical and
temperature sensors based on arrays of carbon nanowires on diamond [172, 173]. However,
the high cost of FIB technology hinders its use for scalable production of practical devices.
Also, for obtaining graphitic nanofilms on diamond, high temperature heating, which

involves conversion of whole surface, is more suitable.

21



Chapter II

Experimental design and Methodology

2.1 Growth of carbon nanofilms on diamond

Carbon nanofilms were grown on diamond samples using high temperature annealing
in vacuum or inert atmosphere. Polished, optical grade single crystal and polycrystalline
diamond plates of size 2.5x2.5x0.5 mm’ grown by chemical vapor deposition were used for
this purpose (supplied by Element6). Initial surface roughness of the samples was below 30
nm (specification of Element6). The crystallographic orientation of the surfaces of the single
crystal samples was (100). Before annealing, the diamond samples were ultrasonically
cleaned in acetone. Annealing was performed in steps at different temperatures in the range
700 — 1400 °C for 10-30 minutes at each step. At temperatures above 1000 °C, a conductive
gray film of carbon started to form on the sample surface. A scheme of the process is
presented in Fig. 2.1.

A home-made vacuum furnace was used for annealing in vacuum. Sample container
and heater of the furnace were made of high purity graphite. The diamond plates were
annealed at two different levels of vacuum: about 3x10™> mbar and 3x107 mbar, which we
further refer as high vacuum (HV) and low vacuum (LV).

For the annealing in gaseous atmospheres, a Sentronic furnace with horizontal
alumina tube was used. Inert atmospheres were attained by purging the tube with ultrapure
argon or nitrogen at a flow rate of about 1 L/min.

Recovery of diamond surface: The insulating surface of the diamond film was
recovered by removal of the conducting carbon film on the surface using one of these

methods: chemical etching, plasma etching, or physical abrasion. In chemical etching,
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diamond plate was dipped in a mixture of concentrated sulfuric acid and K,Cr,O7; the film
was removed by strong oxidizing action of the mixture. Alternatively, carbon film was also
removed by the prolonged plasma exposure. Physical abrasion method involved using

diamond abrasive to mechanically remove the film.

2.2 Deposition of carbon nanofilms on insulating substrates

The carbon films were deposited on single crystalline quartz plates (z-cut, 5x5x0.5
mm®) by the sputtering of carbon. A Cressington carbon coater was used for the purpose. The
quartz plates were cleaned by sonicating them in ethanol and acetone for about 10 minutes
prior to deposition. The deposited carbon films were annealed at different temperatures for
lhr and a pressure of about 2x10” mbar was maintained throughout the course of heating.
Annealing was done in a specially designed high temperature furnace with a graphitic core.
The graphitic core of the furnace helped prevent possible contamination of the carbon films

by formation of metal carbides at high temperatures.

2.3 Plasma etching

Plasma etching is a widely used technique for the modification of diamond surfaces
[174-184]. As-grown carbon films on diamond were successively thinned by etching in low
pressure, low power air or oxygen plasma excited in Diener Electronics Pico-RF plasma
etcher. To study the effect of plasma exposure in different gases, plasma chamber was filled
and emptied several times by the respective gases for maximum purity, and a pressure of

about 3 mbar at a moderate plasma power was maintained during the exposure.
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2.4 Electrical characterization

Electrical conductance of the carbon nanofilms was measured at different stages of
their growth and plasma treatment. For this purpose, a Keithley 4200-SCS semiconductor
characterization system was used. The electrical characterization of the carbon films was
done using a Keithley 4200 semiconductor characterization system. The conductance was
measured using a specially designed ceramic holder with graphite electrodes, under the flow
of dry nitrogen gas. The two graphite rods were directly placed over the bare film surface in a
cylindrical alumina tube of a SentroTech tube-furnace. For some experiments conductance
measurements were performed in open air using tungsten tips on the silver contact pads made
on the carbon film.

The temperature dependence of conductance of carbon films and in situ graphitization
of diamond, both were studied using specially designed ceramic holder under the flow of dry
nitrogen gas. The samples were heated at about 8 °C / min and conductance was recorded
with the changing temperature. The maximum heating temperature for temperature
dependence study was set lower than the lowest annealing temperature (400 °C), to avoid any
further permanent structural changes. While, for in situ graphitization, the maximum
temperature was set around 1250 °C. The cooling rate was also maintained at about 8 °C /

min.

2.5 Raman spectroscopy

For carbon films on diamond, Raman spectra were measured at room temperature
using a confocal micro-Raman spectrometer Jobin-Yvon T 64000. Argon laser working at
wavelength 488 nm was used for the excitation. The power of the laser beam at the sample

surface did not exceed 5 mW. Raman spectra of the carbon films were obtained using
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BrukerOptics MultiRAM Raman spectrometer at an excitation wavelength of 1064 nm. The
laser power at the sample was set at 200 mW and data was collected at a spectral resolution
of 2 cm™. Raman spectra of the carbon films on quartz were obtained using BrukerOptics
MultiRAM Raman spectrometer at an excitation wavelength of 1064 nm. The laser power at

the sample was set at 200 mW and data was collected at a spectral resolution of 2 cm™.

2.6 Atomic force microscopy

In order to estimate the conductivity/resistivity of the films their thickness was
measured by an atomic force microscope (Asylum MFP 3D-Bio AFM) instrument working in
tapping mode. A portion of the film was masked by silver paint and remaining portion was
removed by plasma etching. After removal of silver paint mask, the step formed between bare
diamond surface and carbon film was measured by AFM. The respective scheme is

illustrated in Fig. 2.2.

2.7 Chemical sensitivity measurement

The chemical sensitivity of the carbon films was studied using a homemade apparatus
(Fig. 2.3). The measurement was based on the change in conductance of the films on
interaction with the vapors of analyte. Two silver contact pads were made on a carbon film
and the sample was placed on the Teflon platform inside the testing-chamber. Pure dry
nitrogen gas or argon (F2) was bubbled through the liquid analyte and the analyte vapor was
diluted with another flow of the pure gas (F1). The diluted vapor was flown through the
chamber alternatively at 100 s intervals by the alternate opening and closing of valve V3. A

total flow rate of about 800 mL /min (F1 + F2) was maintained throughout. A voltage bias of
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1 V was applied across the contact pads, and the conductance of the film as it changed during
the exposure cycles was recorded.

Sensitivity to NO; and NHs: Pure dry nitrogen gas was bubbled through concentrated
solution of nitric acid / ammonium hydroxide and the gas carrying the respective vapors was
diluted with another flow of dry nitrogen gas (F1). NO, resulted from the decomposition of
HNO; (4 HNO3; — 4 NO; + O, + 2 H;O) and aqueous ammonium hydroxide solution
released NHs. It may be noted that sensitivity to water vapor (present in the analyte vapor)
was negligible in comparison to NH3 and NO,, when measured separately with same flow of
nitrogen gas. Sensitivity measurements were performed at a certain fixed concentration of the
analyte vapors (different for NH; and NO;) by maintaining a constant bubbling flow rate
(F2).

Sensitivity to organic solvents or water: The vapors of organic solvents or water were
produced by bubbling dry nitrogen/argon gas through the respective liquids. The vapors were
further diluted by mixing with another flow of dry nitrogen/argon gas at different flow rates
in order to vary the vapor concentration. The concentration ranges were thus limited by the

vapor pressure of respective solvents at room temperature.
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Fig. 2.3. Schematic of the chemical sensing test apparatus.

2.8 Temperature sensitivity measurement

For temperature dependence of conductance, the films were heated at about 8 °C / min
and conductance was recorded with the changing temperature. The maximum heating
temperature was set lower than the lowest annealing temperature (400 °C), to avoid any
further permanent structural changes. The measurement of temperature sensitivity of carbon
films on diamond was also carried out in open air by heating in the steps of about 2 °C, and

letting the temperature stabilize before measuring the conductance at each step.
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Chapter II1

Carbon nanofilms on Diamond

3.1 Introduction

Among numerous methods available to synthesize conductive amorphous carbon films,
surface conversion of diamond at high temperatures is of special interest [5, 141-143]. The
as-grown carbon films on diamond can further be treated by plasma to achieve desired
chemical sensitivity. This approach is fundamentally different from obtaining carbon sensing
material on other non-carbon substrates and provides a unique natural combination of two
carbon materials with complementary electronic properties: conductive amorphous carbon
nanofilm and perfectly insulating diamond substrate.

The chapter presents the important results on carbon films on diamond for all-carbon
sensor application and involves in situ study of graphitization of diamond, plasma
modification of carbon films in different precursor gases and its effect on temperature and
chemical sensing, and was also published earlier [5]. The films are characterized by atomic

force microscopy and Raman spectroscopy.

3.2 Growth temperature

Fig. 3.1 shows surface conductance of a diamond sample on successive steps of high
vacuum annealing at different temperatures. Some samples showed a considerable increase in
conductance after annealing at temperatures below 800 °C and a decrease after annealing at

higher temperatures. The origin of this increase is still not clear. However, since it is sample
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dependent, it cannot be ascribed to surface graphitization. A sharp irreversible rise in
conductance at around 1000 °C observed on all samples indicates the onset of conversion.
The conductance rapidly increases with further temperature increase. A visibly light gray film

of fairly high conductance is obtained after annealing at 1300 °C.

Conductance (S)
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1076k

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 3.1. Room temperature surface conductance of two faces of a diamond single crystal

plate on successive annealing steps at different temperatures in high vacuum. The sample was

annealed for 15 minutes at each temperature.

In order to find the temperature of the onset of the surface conversion in inert gas, in-
situ measurements of the surface conductance were performed in the Sentronic furnace filled
with nitrogen. Fig. 3.2 shows the change in conductance of single crystal diamond samples
during heating and subsequent cooling. It can be clearly seen that the conductance induced
by heating at a temperature of 1000 °C and above is stable and retains after cooling. All
curves exhibit also a broad conductivity maximum at temperatures 600-700°C, which, we

believe, is of the same origin as that shown in Fig. 3.1.
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Fig. 3.2. In-situ measurement of surface conductance of diamond samples during the
processes of heating and cooling in N, atmosphere with different maximum temperatures
(indicated on the graph). For each process, the samples were kept at the maximum

temperature for 15 minutes. Rate of cooling/heating was maintained at 5°C/min.
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3.3 Electrical conductance of the films

The conductance of thin films grown in high vacuum at temperature 1200 °C for 15
min varied in the range 107 —10* S. Thick films obtained in low vacuum showed conductance
in the range 10~107 S. The conductance of the carbon films was also found to be influenced
by the quality/type of the diamond samples. Thin films obtained on polycrystalline diamonds
showed lower conductance at about 10° S.

The thickness of the films grown at temperature 1200 °C for 30 minutes in high
vacuum was found to be about 10 nm (Fig. 3.3), while that obtained at the same conditions
but in low vacuum was about 100 nm (Fig. 3.4). Taking into account these thicknesses,
specific resistivity of the films was calculated to be in the range 10°-10" Q.m. This value,
much  higher than that of graphite (8x10°-15x10° Qm) indicates the

amorphous/discontinuous nature of the films.
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Fig. 3.3. AFM image (tapping mode) of edge of the carbon films grown on diamond surface

by heating at 1200°C for 15 min in low vacuum (a, b), and surface profiles (c).
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The change in conductance of the carbon nanofilms exposed to plasma etching is
shown in Fig.3.5. Plasma etching reduces conductance implying partial removal of
conductive carbon. The change in conductance of thick films, grown in low vacuum, exhibits
two distinctive regions. At the initial stages of etching (Region I), the conductance drops
linearly with etching time, and then it reduces exponentially (Region II). A residual
conductance is observed in the end on prolonged exposure (Region (III). Thin films, grown in
high vacuum, show the exponential drop of conductance from the very beginning of the
etching (Fig. 3.6).

A comparative study of the effect of hydrogen, oxygen, argon, and SFs on the surface
conductance of the carbon film on quartz indicated a greater etching ability of hydrogen
plasma followed by oxygen, and argon, in the order (Fig. 3.7). Interestingly, SF¢ was
ineffective with no apparent decrease in conductance even after several hours (Fig. 3.8).
Further, the current-voltage characteristics remained linear even after prolonged plasma
exposures in different precursor gases, indicating unchanged ohmic character. Fig. 3.9 shows
current voltage characteristics of plasma treated films having different levels of conductance,
obtained by successive plasma treatments of the pristine carbon film: P1 (~107S), P2 ( ~10®

S), P3 (~10'7 S), P4 (~10'8 S). PO is the initial pristine carbon film.
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Fig. 3.5. Change in conductance of a thick carbon film on diamond surface versus time of
treatment in air plasma. Thick film exhibits linear decrease in conduction at the initial stages
of etching and exponential afterward. Reduction of conductance of thick film is shown both

in logarithmic (a) and linear (b) scales to highlight the ranges of exponential and linear drops.
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Fig. 3.6. Change in conductance of a thin carbon film on diamond surface versus time of

treatment in air plasma. Thin film shows exponential decrease of conductance from the very

beginning of etching.
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The decrease in conductance with time of plasma etching is attributed to successive
removal of the conductive layer from diamond surface. We believe that after the film was
removed there might have been some conductive carbon still trapped between the surface
features as indicated by a residual surface conductance, resulting into formation of a random

array of isolated carbon nanodots (Fig. 3.10).
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Fig. 3.10. Cartoon depicting the transformation of carbon film on diamond surface during
exposure to plasma. A discontinuous random array of carbon nanoislands on diamond surface

is assumed to be formed after prolonged exposure.

3.4 Raman characterization

In order to gain more insight into nature of the carbon nanofilms grown on diamond
surface, Raman spectra were measured on as-graphitized diamond surface and after
successive plasma etching (Fig. 3.11). The characteristic D and G bands at wavenumbers
1350 and 1590 cm™ indicate the presence of amorphous carbon [185, 186]. As the films are

etched by plasma and their thickness decreases, both bands become broader and shift one
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towards another eventually merging into one weak broad band at a wavenumbers of 1450 nm.

We speculate that with plasma etching, the carbon nanofilms become increasingly

amorphous.
Successive plasma etching
10 @I G
% // -\\\\.‘ /{ As—grownl
%101 ;;W/ \\j“::{%“ N
10°-

1200 1300 1400 1500 1600 1700 1800

Wavenumber (cm™)

Fig. 3.11. Raman spectra of thin carbon nanofilm as-grown and after several steps of

successive plasma etching. Each etching step was about 1 minute.
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3.5 Temperature sensitivity

Conductance of the carbon nanofilms of varying thicknesses, obtained by plasma
etching, was studied for its temperature sensitivity Fig. 3.12. The conductance of all films
increased with heating with no permanent change in conductance. The magnitude of the
temperature-induced increase in conductance depended considerably on the film thickness.
The conductance of as-grown thick films remained high and almost temperature independent,
while that of the as-grown thin film was lower and showed slight increase with temperature.
Depending on the plasma power, it may take up to 30 minutes of plasma exposure to reduce
the conductance of the thick film by three orders of magnitude and thus to make it
comparable with that of the as-grown thin films. The plasma etched thick film was found to
be nearly as sensitive to temperature as the as-grown thin film. The etched thin film (1.5 min
of plasma exposure) showed nearly 3 times increase in conductance on heating from room
temperature (0.18 uS) to 150 °C (0.43 uS). Further etching for another 1.5 min causes further
reduction in the overall conductance level and increase in the temperature sensitivity. On
continued etching, the conductance was lowered down to 10" S and its temperature change

raised to one order of magnitude.
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Fig. 3.12. Temperature dependence of conductance of a thin carbon nanofilm: as-gown (upper
curve) and after plasma etching for times indicated in the graph. Change in conductance of a

thick carbon film after 31 min of plasma etching is also included for comparison (red curve).

The temperature sensitivity was examined in terms of the models of the temperature
activation via energy barrier E,, and variable range hopping [187-189]. The temperature
activation via energy barrier is approximated by simple dependence:

G(T) = G, exp (-E /kT), (D
where, T is the absolute temperature, k is the Boltzmann constant, E, is the activation energy
and G, is a constant. The conductance shows increasingly exponential dependence as film is
etched by plasma. However, for very thin films, the observed trend significantly deviates

from the exponential dependence over the temperature range (Fig. 3.13a). Empirically, this
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deviation may be described by the change in activation energy with temperature. Fig. 3.13b
shows that for plasma etched films the activation energy changes almost exponentially on

heating, while it remains almost constant for as-grown films.
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Fig. 3.13. (a) Logarithm of conductance of a plasma etched thin carbon nanofilm (4 min of
plasma etching at a moderate power level) as a function of T™. (b) Temperature dependence
of activation energy for as-grown thin film and plasma etched films. The dependence is
increasingly exponential on plasma etching (increased slope of best-fit line on logarithmic

scale).

The simulation of the temperature sensitivity based on the variable-range-hopping
model is performed using the relation:

G(T) = G, exp(-T,/T)"* 2)
where 7, is the hopping temperature and G, is the conductance prefactor. However, when we

45



plot conductance G on logarithmic scale vs. T

, there is only minor improvement in the fit
over the simple form given by Eq. (2), at least for the very thin films (Fig. 3.14a). Thus, we
may conclude that none of the two mechanisms mentioned above is the major one driving the
temperature stimulation of conductance of plasma-etched carbon nanofilms on diamond.
Instead, we found that the temperature change in conductance shows the best fit when
simulated by dependence:
G(T) = A exp(BT), 3)

where, B is an empirical constant (slope of the best fit line), which increases on plasma
thinning, for both as-grown and plasma etched films (Fig. 3.14b). Same dependence was

observed on carbon nanostructures made on diamond surface by irradiation with focused ion

beam [172, 173]. More studies are needed to understand this particular behavior.
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3.6 Chemical sensitivity

Thin carbon nanofilms, and especially those obtained after plasma etching, revealed
appreciable chemical sensitivity for different gaseous analytes. Fig. 3.15 and Fig. 3.16 show
the response transients and sensitivity (the relative change in conductance; AG/G,) of plasma
etched films on exposure to varying concentrations of water and acetone vapors, respectively.
G, is the conductance in pure dry argon gas. The films with different levels of conductance
are compared. Response to water steadily increases with increase in the water vapor
concentration (Fig. 3.15). The sensitivity of as-grown film to water vapor is only 0.1 at the
maximum vapor concentration (1.5%). However, after plasma etching, the sensitivity of the
film to the same vapor concentration increases to 1.5.

Response to acetone vapor is different as compared to water (Fig. 3.16). Firstly, it is
much less than that to water. Acetone could produce same sensitivity of 1.5 only at a vapor
concentration of 14%. Secondly, thick films revealed almost constant sensitivity of 0.02
independent of the acetone vapor concentration. Thirdly, sensitivity of thin plasma etched
films was not monotonous and exhibited a maximum at a certain vapor concentration (Fig.
3.16b).

The recovery time of the film conductance after the supply of the analyte vapor into
the chamber has been shut down was about 1 minute. Though the reported results are for
acetone and water vapors, we have found similar response and recovery time for vapors of
alcohol, NO; and NHj3. Such a sort recovery time is remarkable when compared to that of
carbon nanotubes, which may be as long as 10 hours and an ultraviolet illumination is

required to decrease it to a few minutes [32].
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Fig. 3.15. Response of plasma etched carbon films on diamond, on exposure to varying
concentrations of water vapors in dry argon gas. Curves T1, T2, T3 and T4 correspond to the
films with conductance 2.1 x 10"7S, 1.9x 10 S,1.9x 10°S and 3.1 x 10°1° S, respectively;
obtained by successive plasma etching. The dotted line shows the concentration cycles of

analytes injected into measuring chamber with 100 s duration pulses.
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Fig. 3.16. Response of plasma etched carbon films on diamond, on exposure to varying
concentrations of acetone vapors in dry argon gas. Curves T1, T2, T3 and T4 correspond to
the films with conductance 2.1 x 107S, 1.9 x 10®S, 1.9 x 10° S and 3.1 x 10",
respectively; obtained by successive plasma etching. The dotted line shows the concentration

cycles of analytes injected into measuring chamber with 100 s duration pulses.
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Since the physical size of the carbon nanofilm chemical sensors can be very small
(ultimately down to a few tens of nanometers), they can be used for the measurements of
small objects. As an example, we measured response to water vapor surrounding a water
droplet of a diameter of 1 mm using a carbon nanofilm sensor with an active area of a size of
100 microns. The water droplet was placed on the tip of a needle of micromanipulator and
was moved precisely around the sensor. The sensor response, as a water droplet is

approached and withdrawn is shown in Fig. 3.17.
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Fig. 3.17. (a) Change in conductance of a thin carbon nanofilm as a 1 mm diameter droplet of
water is approaching and withdrawing the film in steps. The maximum distance is about 10
mm (the lowest conductance), and the minimum distance is a fraction of millimeter
(maximum conductance). (b) The conductance of a thin carbon nanofilm versus distance
between the water droplet and the carbon nanofilm sensor. The conductance increase is

inversely proportional to the distance.
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The conductance of the films remained ohmic at different levels of exposure to
chemical analytes. Fig. 3.18 shows that the linear current-voltage characteristic of a carbon
film does not alter as it is exposed to water vapor produced by a water droplet bought to the
film surface at distances from 0.1 to 8 mm. This observation shows that the analyte vapor
adsorbed of the carbon nanofilm surface does not form any energy barriers, which could
result in current injection and non-linear current-voltage characteristics. Instead, the analyte
molecules just increase/reduce concentration of charge carriers in the film. This behavior
resembles the performance of a chemical field-effect transistor where the controlling gate

voltage is created by the molecules adsorbed on the surface of conductive channel.
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Fig. 3.18. Current-Voltage characteristics of a thin carbon nanofilm in the presence of a 1 mm

diameter water droplet placed at distances specified.
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3.6.1 Selective chemical sensing on plasma modification

The relative effect of hydrogen and oxygen plasma on chemical sensitivity was
studied to determine their role in selective chemical sensing. The carbon films obtained by
successive exposure in their respective plasmas, as in section 3.3, had different levels of
conductance: P1 (~107 S), P2 (~10° S), P3 (~107 S) and P4 (~10® S). The films were
exposed to varying concentrations of water, acetone, toluene, and hexane, and sensitivity was

recorded at the different concentrations.

a. Pristine films

Sensitivities to toluene, acetone and hexane were negative, while for water, it was
positive (Fig. 3.19). For a similar level of concentration (~2 %), sensitivity to toluene was
maximum, more than 4 times acetone, which in turn was about 10 times hexane. The negative
sensitivity increased almost 6 fold on increasing the acetone vapor concentration to 4 times.
For toluene, increase was about 10 times for a similar increase in concentration. In
comparison, sensitivity to water was positive and remained almost constant with

concentration.

b. Hydrogen plasma

Fig. 3.20 and Fig. 3.22 summarize the effect of hydrogen plasma.

Water: Sensitivity to water increased slightly. For P1, P2, and P3, sensitivity
remained almost constant, and sharp increase in sensitivity, almost 15 times increase at 2 %
concentration, was observed when further etched. For, P4 almost exponential dependence on

concentration was observed after a certain concentration (~1 %).
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Acetone: Sensitivity remained negative and almost unaffected. However, for P4, the
positive sensitivity increased with concentration in the beginning, and then decreased to a
slight negative value after a certain maximum concentration (~9 %).

Toluene: A continuous increase in sensitivity at all concentration levels was observed.
About 5 times increase from P1 to P4 for ~2 % concentration, and increasingly steeper rise in
sensitivity with concentration was observed.

Hexane: The negative sensitivity changed to positive on plasma exposure, with no

specific dependence on exposure time or concentration.

c. Oxygen plasma

Fig. 3.21 and Fig. 3.23 summarize results on the effect of hydrogen plasma.

Acetone: Almost constant to slight increase in sensitivity on initial plasma exposure,
followed by a sharp increase when etched to P4 was observed. Further, for P4, the sensitivity
was strongly dependent on concentration, and increased almost 40 times when concentration
changed about 6 times.

Water: A steady increase in sensitivity and a sharp increase when etched to P4 were
observed. Like acetone, sensitivity to water was strongly dependent on concentration for P4.
At 1.5 % concentration, almost non-sensitive as-deposited carbon film showed sensitivity of
12 % at P3, which became as high as about 50 % for P4, about 14 times higher than P1.

Hexnae: Oxygen plasma treated films didn’t show any specific trend in their
sensitivity for hexane. However, P2 shows an interesting behavior with a maximum
sensitivity of about 6% for the lowest concentration of hexane, which decreased
exponentially with concentration indicating the role of surface passivation in sensitivity.

Toluene: No particular trend in sensitivity was observed, except the negative

sensitivity became positive on plasma exposure.
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Fig. 3.19. Response of pristine carbon film on diamond to the varying concentrations of

different vapors: toluene, acetone, water and hexane.
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Fig. 3.21. Response of oxygen plasma treated carbon films on diamond to the varying

concentrations of different vapors: toluene, acetone, water and hexane. Green: P1 (~10'5 S),

Red: P2 (~10° S), Blue: P3 (~107 S), Purple: P4 (~10® S).
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3.6.2 Model for chemical sensing

Unlike thermal sensitivity, which results from the thermal activation of the charge carriers,
chemical sensitivity is based on chemical modulation in the conductance at the surface.
Though, the exact mechanism of this effect is still not clear, obviously the conductance
change starts with the adsorption of analyte molecules at the film’s surface (Fig. 3.25). The
sensitivity would then depend upon extent and nature of the molecular interaction with the
film’s surface. Observed higher response to water indicates greater interaction of water
molecules with the surface probably through hydrogen bonding with surface sites containing
groups like hydroxyl. On oxygen plasma etching (a known technique for modification of
different carbon surfaces [190-195], additional adsorption sites may be introduced on the
surface. This causes an increase in the number of interacting molecules and enhancement of
sensitivity. The initial films, which do not have enough coverage of adsorption sites show
almost constant sensitivity on increase in water vapor concentration. The behavior becomes
increasingly exponential as the films are etched (Fig. 10c). In contrast, sensitivity to acetone,
which does not form hydrogen bonds, is much lower. Also, unlike water, in case of acetone,
exponential increase on increasing vapor concentration is not observed, at least for the

intermediate plasma etched films (Fig. 10d).
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Fig. 3.25. Adsorption of dipolar molecules on a diamond surface containing plasma-etched
carbon nanofilms. A-I: Adsorption at the bare diamond surface separating conductive carbon

structures, A-II: Adsorption at the area containing conductive carbon.

We further propose that there are two ways in which the interacting molecules may
modulate the surface conductance. Firstly, it may occur when the molecules adsorb on the
diamond surface within the gaps separating the carbon nanoislands (A-I in Fig. 13). The
adsorbed molecules can provide alternate conduction pathways or may facilitate tunneling
through the energy barrier between the islands. Secondly, the molecules absorbed on the
carbon nanofilm (A-II in Fig. 13) may change its electronic properties and in particular
conductance. This could occur either by donor-acceptor charge transfer between the adsorbed
molecules and the conductive surface or by the charge induction due to localized electric field
near the adsorption site. Donor-acceptor charge transfers have been reported for semi-
conducting carbon nanotubes [100, 196, 197]. The charge induction is an effect working in

chemical field-effect transistors.



3.7 Conclusion

Conductive temperature/chemically sensitive carbon nanofilms can be obtained on diamond
surface by annealing at temperatures above 1000 °C in vacuum or inert gas atmosphere
followed by plasma etching. These films consist essentially of amorphous carbon. Thickness,
continuity and atomic structure of the films are strong factors of their sensitivity measured as
the relative change of conductivity during the temperature change or exposure to chemical
analytes. The temperature sensitivity of the films can be as high as an order of magnitude for
a 100 °C change in temperature. The as-grown carbon nanofilms on diamond show negative
response (decrease in conductance) to the vapors of acetone, toluene and hexane, and positive
response (increase in conductance) to the water vapor. Sensitivity to toluene is more than 4
times of that to acetone, which in turn is about 10 times of that to hexane. Plasma treatment
changes the sensitivity to a positive value for all the organic vapors. The exposure to oxygen
plasma renders the carbon nanofilms on diamond selectively sensitive to acetone and water,
while, hydrogen plasma to that of toluene. Remarkably, along with the fast chemical
response, the films exhibit fast recovery (1-2 min) even at high vapor concentrations. The
different responses to different analytes imply that the carbon nanofilms are sensitive to the
electronic structure of the absorbed molecules and as such may have a potential in their use as
chemically selective sensors. It is important to note that the presented carbon-nanofilm-on-
diamond sensing structures are all-carbon. Carbon and especially diamond are known for
their bio-compatibility. Thus the demonstrated sensors may be of interest for the researchers

working in the area of bio- and medical sensorics.

64



Chapter IV

Chemical Sensing Properties of Carbon Nanofilms on Quartz

4.1 Introduction

The type of bonding and structural order in carbon nanofilms have a significant effect
on their electronic properties. In this regard, disordered carbon films and those obtained by
thermal ordering at different temperatures model different carbon systems. The chapter
discusses the chemical and temperture sensing properties of low-order carbon films, and the

mechanism for charge conduction.

4.2 Raman spectroscopy

Fig. 4.1a shows Raman spectra of the as-deposited and annealed carbon films. The
Raman intensity values are on an arbitrary scale, normalized with respect to 456 cm™ Raman
line of single crystalline quartz (substrate). A broad Raman band as expected for amorphous
carbon is observed for the as-deposited film [185, 186, 198]. Two Raman peaks centered
around 1350 cm'(D) and 1580 cm-' (G) start evolving in the region 1200-1600 cm’! on
annealing and are more pronounced for temperatures above 600 °C.

In order to determine more accurate positions of the peaks, the Raman spectra of the
films in the region 600-2000 cm” were fitted by two Gaussian functions, after subtracting the
Raman spectrum of the substrate (Fig. 4.2). The as-deposited carbon film and those annealed
at 400 °C and 1200 °C are shown for comparison.

The broad Raman band of the as-deposited carbon film consists of two peaks centered

at 1287 and 1474 cm™. The peak at 1287 cm™ first shifts to 1357 cm™ on annealing at 400 °C
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and then remains almost constant at 1320 cm™ on increasing the annealing temperature (D
peak). In contrast, the peak at 1474 cm’' shifts to 1562 cm™ on annealing at 400 °C and then
gradually increases to around 1583-1585 cm™ with an increase in annealing temperature to
1200 °C (G peak). This gradual increase in the G peak position and the almost constant D
peak position keeps the gap between the two bands widening (Fig. 4.1b). Full width at half
maximum (FWHM) for the G band decreased from about 250 cm’' to a constant value of
about 130 cm’! (Fig. 4.3). Also, the ratio of areas under D and G bands (Ip/I;), decreased after

an initial increase at 400 °C.
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4.1 (a) Raman spectra of the as-deposited and annealed carbon films. Annealing temperatures
are indicated on the side. Raman spectrum of the substrate (quartz) is also included for
comparison. The scattering intensities are normalized with respect to the 456 cm™' Raman line
observed for the substrate. (b) Band positions (G, D) are measured from the simulated G and

D bands, as functions of the annealing temperature.
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Fig. 4.2. Raman spectra of the as-deposited and annealed carbon film fitted by two Gaussian

functions (dotted green curves) as simulated G and D bands in the spectral region 600-2000

cm’' The resultant fitted Raman spectra are shown by red curves.
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The shift of G band toward higher frequencies is in accordance with the hardening of
corresponding Raman modes of vibration of sp2 carbons on increase in graphitic domain size
[185, 198]. In order to understand the observed trend in FWHM, it may be noted that a
narrower distribution of energy of a vibrational mode should result in a smaller band width.
Thus, for G scattering for which the vibrational energy is primarily determined by the size of
the sp2 cluster, the greater the disorder or range of sp2 cluster sizes, the broader the band
[185]. Therefore, the observed decrease in FWHM of G band on annealing and the shift
toward higher frequencies indicate atomic ordering and a possible increase in graphitic
domain size on heating. This is also supported by the observed decrease in intensity ratio of
D and G Raman bands (I/p/Ig) with increase in annealing temperature. As previously shown
for nanocrystalline graphite, the average crystallite size (L,) is inversely proportional to the

intensity ratio (Ip/I¢) and is given by the empirical relation [199]:

Lo, nm=24x10""x (4, nm)* x (Ip/lg)" Eq. 4.1

where Raman excitation wavelength (1) and calculated value of L, are in nm.

The above equation can be used to estimate the average size of the graphitic domains
in the annealed carbon films. The domain size, thus calculated, increased almost twice, from
about 50 nm to about 100 nm on increasing the annealing temperature from 400 to 1200 °C.
Eq. (4.1) may not apply to the as-deposited carbon film, which is made up of randomly

sputtered carbon atoms on the substrate.
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4.3 Electrical conductance and its dependence on temperature

The as-deposited carbon films were insulating and became increasingly conductive on
annealing at high temperatures. Fig. 4.4a shows surface conductance of the as-deposited and
annealed carbon films at their corresponding maximum temperatures. The as-deposited

carbon films showed conductance of the order of 10® S. A sharp increase in conductance to

about 8 x 10° S was observed on heating at 400 °C for 1 hr. The conductance increased

steadily on further heating, attaining a value of about 107 S on annealing at 1200 °C. This

may be related to the atomic ordering induced by heating as revealed by Raman

measurements.
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Fig. 4.4. (a) Dependence of the surface conductance on annealing temperature, and (b)

Current-voltage characteristics of the as-deposited carbon film and films annealed at different

annealing temperatures.
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All the carbon films showed a steady and reversible increase in conductance with an
increase in temperature when measured in the range from 20 to 300 C. The observed
thermally activated conductance closely fitted with a simple exponential dependence on
temperature (Fig. 4.5a). The corresponding empirical relation is written in terms of

temperature independent empirical constants A and B as:
G=Aexp (BT) Eq.4.2

This is remarkably different from the commonly used model for the thermal activation

of conductance via activation energy, following a T dependence in the exponent as below.
G = Gy exp(-E,/KkT) Eq.4.3

Where, Gy is a constant independent of temperature, k is the Boltzmann's constant

and E, is the activation energy.

Instead, the films, especially the ones annealed at lower temperatures, deviated
strongly from the activation energy model as indicated by the non-linearity of corresponding
plots of InG with T"' (Fig. 4.6a). Formally, the average activation energy is calculated from
the slope of InG vs T (Fig. 4.6b) and may approximate existing barriers to charge
conduction discussed later. The observed sharp decrease in its value with annealing is in

accordance with the structural ordering induced by heating.

Simulation was also done with respect to a variable-range hopping model of
conductance often used for disordered systems and described by exponential dependence of
conductance on T [187-189]. However, similar to the activation energy model, it too

showed significant deviation for the films annealed at lower temperatures.
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In pursuit of an alternate model of conductance that applied in the whole experimental
range, we refer to some low conducting semiconductors [200] and organic solids [201],
where a similar behavior was observed. The model was based on the tunneling of charge
carriers through thermally vibrating energy barriers [200, 201] and described the observed
simple exponential dependence of conductance on temperature. In the present case, main
barriers to electrical conduction come from insulating domains. High activation energy as
seen above is indicative of high barrier height. Thus, tunneling though the barriers may be

more energetically favorable than hopping.

We examine the observed temperature dependence of conductance based on
rectangular barriers as approximated by Simmons under low voltage bias [202]. The

corresponding I-V relationship is:

=7 (2mAE)"” ¢® aAh’d) exp [-2 # 2m AE)*/ h d] V Eq. 4.4

Where, m is the electronic mass, e is the electronic charge, a is the cross section area of
the current flow, AE is the energy barrier, and d is the barrier width. 1 is a dimensionless

factor introduced to account for the finite voltage bias and effective mass, and is 1 for zero

bias.

As expected from Eq. (4.4), observed I-V characteristics are linear. Now, the assumption that
barriers are under thermal vibrations may be applied to the above model. We consider the
vibration to be simple harmonic with angular frequency o and equilibrium width dp,
independent of temperature, and mass of the vibrating sites as ms. Following the method used

by Hurd [200], it may be easily shown that Eq. (4.4) reduces to:
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I=Aexp[BT]V Eq. 4.5

A =75 (2m AE)"* &* a/h’dy) exp [-2 7 2m AE)*dy/ h ]

B = 45 k AE (m/my) / h *0”

The above temperature dependent I-V characteristic is same as the observed empirical

relation between conductance (I/V) and temperature (Eq. 4.2).

For, AE ~30 meV (of the order of experimentally observed activation energy for film
annealed at 400 °C), e ~10™"? C (electronic charge), m ~107° kg (electronic mass), dp ~10 nm
(of the order of surface features), i ~ kT ( T ~ 300 K), m;, ~107% kg (atomic mass), a ~1071°
m* (thickness ~100 nm, width ~1 mm), # ~1 (bare electronic mass condition for simplicity);

the resulting values are B ~10° K" and InA ~ -12.

The experimental values of B and InA, as slope and intercept of linear plots of InG
and T respectively, are plotted in Fig. 4.5b. B decreases steadily from 2.2 x 10° K™ (film
annealed at 400 °C) to 4.2 x 10* K™! (film annealed at 1200 °C). In comparison, InA increases

steadily from —10.3 (film annealed at 400 °C) to -6.6 (film annealed at 1200 °C).

From Eq.4.5, observed decrease in B on annealing may be related to decrease in
average barrier height AE resulting from the atomic ordering induced by heating. The
ordering also decreased the average barrier width dy (size of insulating domains), which along

with AE increased InA.

Thus, the conductance model based on a thermally vibrating energy barrier is able to

describe qualitatively the observed simple exponential dependence of conductance on
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temperature. A better quantitative match would require a more accurate estimate of the barrier

height AE, the size of the insulating domains (dp), and mass of the graphitic domains ().

4.4 Chemical Sensitivity

The response of the carbon films as the films are exposed to alternating cycles of
diluted vapors of NO,/NH3 and pure dry nitrogen gas are shown separately for as-deposited
(Fig. 4.7) and annealed films (Fig. 4.8). The response is shown as changing conductance
values normalized with respect to the initial conductance in dry nitrogen and recorded versus
time. It is seen that for annealed films conductance increases on exposure to NO;, and
decreases when exposed to NHj;, whereas, as-deposited films show an increase in
conductance for both the analytes. In comparison, the sensitivity to water vapor when tested
separately was negligible for all the films and hence the observed response may be

considered solely due to the respective analyte molecules.
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Fig. 4.7. Response of as-deposited carbon films for NH3 and NO; vapors. The dotted curves
are the exposure cycles with valve position (V3 in Fig. 2.3) on the right-vertical axis ('0' for

flow of pure dry nitrogen gas, '1' for flow of the analyte vapors).
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Fig. 4.8. Response of carbon films annealed at different temperatures (as indicated) for (a)
NO; vapors, and (b) NH3 vapors. The dotted curves are the exposure cycles with valve

position (V3 in Fig. 2.3) on the right-vertical axis ('0' for flow of pure dry nitrogen gas, '1' for

flow of diluted analyte vapors).
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Further analysis of the response of the films showed an exponential dependence of

conductance on exposure as fitted by the functions of the general form:

G/Gyo=oa —fexp [-(t—to)/1] Eq. 4.6

Fig. 4.9 shows the fitted response curve to NO, for a sample carbon film. Fitting is
done after an initial transit time (t,), film takes for effective interaction with analyte
molecules. 7 may be easily identified as time constant of the response, while f is the
maximum response if the exposure time is sufficiently large. o is the initial offset in
conductance, a - £ being close to 1. Thus, 7 and f are the primary parameters of sensing and
are characteristics of the films. f is related to the material property of the film and determines
the total change in the conductance, if the film is exposed long enough to reach saturation. In
comparison, 7 is a characteristic response time and should be primarily determined by the
surface features that facilitate interaction of analyte molecules with surface. The expression o
= flz, which is the slope of the function G/G, at ¢, determines the response of the film and is
referred as sensitivity. Unlike, the more common expression of sensitivity as relative change
in the conductance, S = (G, — G,)/G,, where G; is the conductance after a specified time and
Gy is the initial conductance, o doesn’t need a reference time. Also, S for a specific time may

be easily calculated if o and one of the two independent parameters  and 7 are known.

Fig. 4.10 shows fitted curves and the corresponding characteristic parameters t and 3
in the first exposure cycle. P for NHj3 is negative (negative response) and for NO, is positive
(positive response). The sensitivity, ¢ = S/t is plotted as a function of annealing temperature
(Fig. 4.11). Overall, a decrease in sensitivity is observed on increasing the annealing
temperature. Sensitivity of as-deposited film for NO, drops down by almost one tenth on
annealing at 400 °C. The sensitivity continues to decrease steeply on increasing the annealing

temperature. Approximately a two order of magnitude decrease is observed for a film
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annealed at 1200 °C. Like NO,, sensitivity for ammonia is positive in the beginning.
However, it changes to a negative value on annealing at a temperature around 200 °C. The
negative sensitivity shows a maximum at around 400 °C and decreases steadily thereafter.
Film annealed at 1200 °C shows a negative sensitivity just about one third of the sensitivity of

the film annealed at 400 °C.

1.3
G/G,=0a-Bexp[-(t-t)t]

T = time constant

G/G,

T
100 120 140

Fig. 4.9. Representative response curve to NO, of a sample annealed film fitted by an
exponential function. The function and the meaning of its parameters o, f and T are indicated

on the plot.
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Fig. 4.11. Sensitivity, ¢ = f/t of the carbon films to NO, and NH3 vapors as the functions of
annealing temperature. The inset highlights the opposite response of the films annealed at 400

°C or higher.
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Fig. 4.12. Response time, 7 of the carbon films to NO, and NHj3 vapors as the functions of

annealing temperature. The curve shows the trend for NO,. A similar trend is seen for NHs.

The contrast in sensitivity toward NH; and NO, may be explained by the opposite
donor-acceptor properties of the two molecules. Upon interaction with the surface they may

change its electronic property differently by the charge transfer.

Qualitatively similar sensing behavior was observed for graphene [60, 61] and P-type
single-walled CNTs [40, 80, 83, 88, 94]. They showed increases in resistance on exposure to
ammonia and decreases when exposed to NO,. It was reasoned that the change in resistance
was due to the change in majority charge carrier density (holes). Injection of electrons by
ammonia to the conduction band decreased the hole density and hence the increased
resistance, whereas, NO; depleted the electrons from the surface, thereby increasing the hole
concentration and decreasing the resistance. In the present case, it seems that carbon films are
also of p-type and interaction with NHs causes a decrease in conductance and an increase
with NO; for the same reason. Charge carrier density in the more ordered films obtained after

high temperature annealing should be significantly greater and hence less sensitive to the
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charge transfer at the surface. This explains the decrease in both negative and positive

sensitivities with an increase in annealing temperature.

The opposite sign of sensitivity of as-deposited films compared to the annealed ones
is probably of different origin. The as-deposited film consists largely of randomly sputtered
carbon atoms, and charge transfer with the analyte molecules may not occur. Alternatively,
adsorbed polar molecules may provide alternate conduction pathways and hence increase
conductance. Interestingly, the films are insensitive to water vapors. This selective response
to NH;3 and NO, vapors needs to be further studied. Annealing to a temperature above 200 °C,
causes sufficient ordering in the film for charge transfer to be predominant. This results into

usual negative response to NHj vapors as described before.

The response time is plotted as function of the annealing temperature (Fig. 4.12). The
response time first decreased on annealing to 400 °C and increased thereafter, exhibiting
maxima at a temperature around 700 °C for both the analytes. This indicates a faster response
due to the increased per unit area adsorption of analyte molecules on the film, caused by
rapid thermal ordering of randomly disordered carbon atoms. However, above 400 °C, where
charge transfer is the predominant phenomenon, adsorption is assisted by the presence of
other surface defects like the oxygen sites, through greater extent of hydrogen bonding with
the analyte molecules. The decrease in defect density thus may lead to lower adsorption and
hence slower response. On the other hand, an increased charge transfer rate due to increase in
graphitic size will lead to faster response. It seems, the interplay of these two opposing

factors results maxima in the response time, at an intermediate temperature around 700 °C.
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4.5 Conclusions

Carbon films on quartz, reported herein exhibit chemical sensing characteristics
similar to those of carbon nanotubes and graphenes. The decrease in their conductance on
exposure to NHs and the increase on exposure to NO, vapors is observed. Temperature
sensitivity, observed as simple exponential dependence on temperature, may be described
using conductance model based on tunneling through thermally vibrating energy barriers.
Such a behavior was also previously observed for some low-conducting semiconductors and
organic solids. Both temperature and chemical sensitivity are directly related to atomic
ordering in the film, induced by heating at high temperatures. The phenomenological
description of the chemical sensing of the films may be given in terms of the time constant 7
and the maximum relative change in conductance f when allowed to reach saturation. f is
related to the material structure of the film, while, T depends on the surface properties of the
film. The expression, ¢ = f/r may be considered as the measure of chemical sensitivity of the
films. Sensitivities to both NH3; and NO, vapors decrease in magnitude on increasing the
annealing temperature. The possible mechanism may be based on the charge transfer with
analyte molecules and the formation of additional conduction pathways upon interaction with
the analyte molecules. The former is more predominant in the annealed films as indicated by
the opposite response to the acceptor (NO;) and donor molecules (NH3). The positive
response of as-deposited films to NH; vapors change to negative on annealing at a

temperature around 200 °C.
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Summary of the Major Results

The first in situ study of high temperature graphitization of diamond surface in inert
atmosphere has been performed. It has been shown that the surface conductance of
diamond increases continuously with temperature and becomes increasingly irreversible
at temperatures above 1000 °C. Stable conductive films of thickness in the range 10 to
100 nm and specific resistivity 107 to 10* Q.m have been obtained depending upon the
heating conditions. A half-transparent thin film of high surface adhesion to the diamond
surface is obtained by annealing in vacuum at a pressure below 10 mbar.

The exposure to plasma reduces the surface conductance of the carbon nanofilms on
diamond as result of a partial removal of carbon and the plasma-stimulated
amorphization. The rate of reduction of conductance and hence etching ability of plasma
depends on its chemical composition, being most effective for hydrogen, followed by
oxygen and argon, and ineffective for SFe. At the initial stages of etching, the
conductance of thick films drops linearly with etching time, and then reduces
exponentially. The residual conductance remaining after prolonged plasma exposure is
explained by the conductive carbon nano-islands trapped in the surface features of
polished diamond surface. Thin films show an exponential drop of conductance from the
very beginning of the etching. It has been shown that thin carbon nanofilms on diamond
surface become increasingly amorphous with plasma exposure.

An alternate method of fabrication of carbon nanofilms on insulating substrates by carbon
sputtering followed by high temperature annealing and plasma etching has been
developed. It has been shown that the heating of as-sputtered carbon nanofilms on quartz
substrates at temperatures over 400 °C results in an irreversible atomic ordering,

considerable increase in conductivity, and lowering of the activation energy of
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conductance. The maximum atomic ordering has been achieved at a temperature of
600 °C. At this temperature, the changes in conductance and activation energy are the
highest. The thermal activation energy of conductance for the as-deposited carbon
nanofilms is about 35 meV and it decreases to 5 meV after annealed at 1200 °C.

The carbon nanofilms on quartz and diamond, both exhibit an exponential dependence of
their conductance on temperature. The temperature sensitivity of the nanofilms can be as
high as an order of magnitude for a 100 °C change in temperature. This behavior
considerably deviates from the standard models based on the thermal activation of the
charge carriers, or the variable range hopping. The experimentally observed exponential
dependence of conductance G of the carbon nanofilms on temperature 7 can be well
represented by a relation G = A exp (BT). This behavior is explained by a model based on
the thermally vibrating energy barriers, which form between the carbon nanoclusters
constituting the thin carbon nanofilms. The empirical constants A and B relate to the
density of the carbon nanoclusters and the energy barrier height between them.

Along with temperature, the all studied carbon nanofilms exhibited considerable chemical
sensitivity of their electrical conductance. The ratio ¢ = f/r is proposed as a quantitative
measure of the chemical sensitivity, where £ is the maximum change in the conductance
induced by the exposure to chemical analyte and 7 is a characteristic time of this change.
It has been shown that § and 7 are the parameters responsible for the bulk and surface
properties of the sensing nanofilm: £ is determined by the total change in the conductance
of the film terminated with analyte molecules, and 7 is determined by the interaction of
the film surface with the analyte molecules.

The as-grown carbon nanofilms on diamond show negative response (decrease in
conductance) to the vapors of acetone, toluene and hexane, and positive response

(increase in conductance) to the water vapor. Sensitivity to toluene is more than 4 times
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of that to acetone, which in turn is about 10 times of that to hexane. Plasma treatment
changes the sensitivity to a positive value for all the organic vapors. The exposure to
oxygen plasma renders the carbon nanofilms on diamond selectively sensitive to acetone
and water, while, hydrogen plasma to that of toluene.

The conductance of the carbon nanofilms on quartz has been found to be of p-type. These
films show opposite response to NO, and NHj3; molecules. NO,, a known electron
acceptor increases the conductance, while NH3, a known electron donor decreases it. The
thermally induced atomic ordering in the nanofilms on quartz decreases the relative
response of their conductance on chemical exposure, while increasing the total
conductance. In contrast, plasma treatment reduces the conductance and makes films
more sensitive. Hence optimal parameters of the annealing and/or plasma treatment

should be chosen in order to achieve the maximum chemical sensitivity.
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