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This article reports the influence of substrate bias during growth and of hydrogen and nitrogen
incorporation on density of states �N �EF�� and field-emission threshold �Eturn-on� in tetrahedral
amorphous carbon �ta-C� films, deposited using an S-bend filtered cathodic vacuum arc process. The
variation in negative substrate bias from �20 to �200 V was found to initially lead to a small
decrease in N �EF� and Eturn-on, and a small increase in the emission current density �J� at
12.5 V /�m in the case of as-grown ta-C films; beyond �200 V substrate bias there is a reversal in
the trend. The values of N �EF�=1.3�1017 cm−3 eV−1, Eturn-on=8.3 V /�m, and J
=6.19 mA /cm2 were observed at �200 V substrate bias. However at �300 V the properties were
not very different from those at �200 V substrate bias and so with a view to use the higher energy,
hydrogen and nitrogen incorporation studies were carried out in this condition. It was observed that
there was further enhancement in properties with hydrogen and nitrogen incorporation. The best
properties measured with in the range of hydrogen and nitrogen incorporation in the present study
were N �EF�=8.0�1016 cm−3 eV−1, Eturn-on=7.6 V /�m, and J=23.7 mA /cm2, respectively.

© 2010 American Vacuum Society. �DOI: 10.1116/1.3359586�
I. INTRODUCTION

Amorphous carbon films having a high sp3 bonded carbon
content, referred to as tetrahedral amorphous carbon �ta-C�,
have attracted considerable interest due to their unique me-
chanical, structural, and morphological properties.1–6 Field
emission from carbon-based cold cathodes has been of great
technological and fundamental interests due to its possible
application in display devices and vacuum microelectronics.6

The study of tetrahedral amorphous carbon films to date has
shown that the films are not very useful for electronic appli-
cations. However, now there is an increasing interest in use
of ta-C based material in other electronic and microelectronic
applications including applications such as sensors, micro-
electromechanical systems �MEMSs�, and dielectrics layer in
ULSI.7,8 Hence, there is a need to study and further under-
stand the electrical and electronic properties of ta-C films,
including the density of states within the energy gap. There
are several factors that determine the density of states of a
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given material, the most important being the interatomic dis-
tance, coordination number, and type of chemical bonds. In
ta-C, as in other diamondlike carbon, the sp3 sites contribute
to � bonds while the sp2 sites form both the � and � bonds.
The � states being near to the Fermi level thus control the
electronic properties significantly. These ta-C films have
been grown using a wide variety of processes, including fil-
tered cathodic vacuum arc �FCVA� direct and pulsed source,
pulsed-laser ablation, mass selected ion-beam deposition,
and electron cyclotron wave-resonance processes, and there
are many good reviews covering these in literature.2–4,9

Among the successful methods for preparing ta-C films, the
FCVA technique is of particular interest for industrial appli-
cations because it provides highly ionized plasma of ener-
getic carbon ions, from which dense films of amorphous car-
bon can be grown at reasonable deposition rates, at lower
temperature on inexpensive substrates including glass and
plastics over large area.10

The cathodic arc uses relatively low voltage and high cur-
rent density of discharge, in which the macroscopic frag-
ments of the cathode material are also emitted. Electromag-

netic deflection of the plasma through L bend �90°� using a
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curved solenoid was first used to remove the macro particles
from the carbon plasma by Aksenov et al.11 The macropar-
ticle filter, on the other hand, has limited transport efficiency
and tends to collimate the plasma, leading to a restricted area
of deposition. The efficiency of the removal of macropar-
ticles can also be improved using an S-bend magnetic filter,
although it decreases the deposition rates due to reduced ion-
transport efficiency.12–17 The pulsed mode of the plasma also
allows better filtering of the macroparticle because the ions
tend to be entrained in the plasma beam during the pulse but
fall out of the plasma when the beam stops.18–22 All these
processes mentioned above are highly energetic processes,
and the control of ion energy leads to the variation in the
material properties. Further, the high rate of ionization and
the option to vary the ion energy and ion density can, under
optimum conditions, lead to the creation of momentary
pseudothermodynamic conditions of high temperature, on
the surface of the film, leading to nanostructured
carbons.23,24 Thus, very subtle variation in the process pa-
rameters leads to variation in the material properties. How-
ever, there are only a few reports on the properties of carbon
thin films deposited by FCVA processes using an S-bend
magnetic filter and practically no reports on the systematic
study of carbon films grown at higher ion energies. We be-
lieve the study of carbon films under varying conditions of
hydrogen and nitrogen grown at higher deposition ion ener-
gies or substrate bias could be very significant, especially
with the increased interest in nanostructured carbons for di-
verse applications hence we report the study of ta-C films
grown at a substrate bias of �300 V under varying condi-
tions of hydrogen and nitrogen. The properties investigated
are also system dependent.2 One of the first systematic re-
ports of ta-C films at high substrate bias ��300 V� of reflec-
tance and photoluminescence,25 x-ray photoelectron spec-
troscopy �XPS�, x-ray Auger induced electron spectroscopy
�XAES�, and Raman spectroscopy studies,26 plasma diagnos-
tic studies27 and electrical and mechanical properties28 have
been published recently. The current work complements it,
especially with reference to the possibility of use of this ma-
terial as electronic material by studying the defect density
measured using space-charge-limited-conduction �SCLC�
studies and the field assisted electron emission of as-grown
ta-C, ta-C:H, and ta-C:N films. To our knowledge, this is one
of the first studies to report a correlation between density of
states, sp3 content, and microstructure of the films, and field
assisted emission characteristics from hydrogen and nitrogen
incorporation on carbon films grown using the FCVA pro-
cess, at high substrate bias voltages of the order of �300 V.

II. EXPERIMENTAL DETAILS

The ta-C films under varying conditions of substrate bias
��20 to �450 V� and hydrogen �partial pressure varied from
1.2�10−5 to 1.4�10−3 mbar� and nitrogen �partial pressure
varied from 1.2�10−5 to 3.0�10−3 mbar� incorporation
were deposited using a custom-built double-bend �S bend�
FCVA process on cleaned, highly conducting n- and p-type

silicon wafers �of resistivity 0.001–0.005 � cm�. The de-
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tails about the FCVA system and the other deposition condi-
tions have been described earlier.25–28 During the deposition
of ta-C:H and ta-C:N films, the substrate bias was kept con-
stant at �300 V and the arc current ��75 A� and magnetic
field ��350 G� in the S-bend duct were also kept constant.
The thickness of the films is found to be in the range of
500�100 Å as measured by a Talystep �Rank Taylor and
Hobson� thickness profiler. I-V characteristics were investi-
gated on sandwiched specimens prepared by depositing as-
grown ta-C films and ta-C:H films on p++ silicon substrates,
and ta-C:N films on n++ silicon substrates and aluminum dots
have subsequently been deposited as a top electrode by ther-
mal evaporation at �10−6 mbar vacuum. The active area of
the devices was �0.04 cm2 and a Keithley 610 C Solid-
State Electrometer was used for the I-V measurements. The
I-V measurements were carried out by reversing the polarity
of voltage applied. It may be mentioned that Ohmic behavior
was observed with both the positive and negative polarity of
the voltage applied and similar I-V characteristics were also
recorded in typical range of fields used, which were repeat-
able on the same dot and on set of dots also. There were also
some points that got shorted, even before the I-V measure-
ments because of the macroparticle induced holes. However,
the study was repeated over a set of points to make sure that
the measurements were repeatable. Thus, the SCLC mea-
surements are a reasonable representation of the nature of the
films being studied. The field-emission measurements were
carried out using a parallel-plate configuration. An indium tin
oxide-coated glass substrate was used as anode and dia-
mondlike carbon �DLC�/ta-C films deposited on polished
silicon substrates were used as the cathode. The samples
were conditioned where necessary to prevent breakdown by
ramping up and down from 0 to 600 V by smoothly rising
and decreasing field several times, and then the measure-
ments were carried out. Some of the doped samples did not
need the ramping process. The separation between the elec-
trodes is defined by the polytetrafluoroethylene �PTFE�
spacer of thickness �40 �m, and the overlap area between
the plate anode and cathode was kept at �0.126 cm2. The
current-voltage �I-V� characteristics were measured at room
temperature, in a vacuum greater than 7�10−6 mbar main-
tained by a turbopump-based vacuum system. In the case of
field-emission study too, the maximum applied field over the
gap �20 V /�m� was well below the breakdown voltage of
the PTFE spacers �120–150 V /�m�. Further after every
measurement the samples were grounded to prevent any re-
sidual charges influencing the measured current. In order to
verify if the currents were due to field emission, even before
starting the actual measurements, the heavily doped uncoated
silicon substrates and the PTFE spacer were used to study, if
there was any influence of the substrate and the spacer on the
emission process by ramping up the field to the maximum
value of 20 V /�m. No measurable currents were observed
in this range. Similarly we did not observe any measurable
currents when the sample was measured in the reverse volt-
age conditions. The instrument was sensitive down to 1 pA

only. These measurements were fairly repeatable and repro-
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ducible on the same sample at different locations and also on
the samples prepared in the different runs under identical
conditions. The emission current density �J� is calculated by
dividing the current �I� by the area of the cathode, which is
defined by the area of the hole in the spacer. The electric
field �E� is obtained by voltage drop across the vacuum gap.
Atomic force microscopy �AFM� �Digital Instruments,
Nanoscope III� was used to study the morphology of the
specimen at the micro-/nanolevel. The surface morphology
was investigated in terms of surface profiles and surface
roughness.

III. RESULTS AND DISCUSSION

A. As-grown ta-C films

1. SCLC measurements on as-grown ta-C films
deposited at different substrate biases

The current density �J�-voltage �V� characteristics of the
sandwiched structure of metal/ta-C/metal �p++Si / ta-C /Al�
were used to derive the information about the density of
states in the gap. Figure 1 shows the typical logarithmic J-V
characteristics made on p++Si / ta-C /Al at room temperature
for as-grown ta-C films deposited using an S-bend FCVA
process at different negative substrate biases. They are com-
posed of two regions, which follow a power law of J=Vm,

FIG. 1. Typical logarithmic J-V characteristics of p++Si / ta-C /Al structure
for as-grown ta-C films deposited at different substrate biases.

TABLE I. N �EF� and emission parameters and of as-
biases.

Sample No.
Substrate bias

�V�
N �EF�

�cm−3 eV−1�
Eturn-on

�V /�m

1 �20 3.3�1017 9.5
2 �60 2.3�1017 9.3
3 �100 2.0�1017 8.7
4 �150 1.6�1017 8.4
5 �200 1.3�1017 8.3
6 �300 4.9�1017 9.3
7 �450 1.7�1018 9.9

a
Reference 26.

JVST B - Microelectronics and Nanometer Structures
with m being a constant. It may be noted that these curves
begin with a linear Ohmic region with a slope �m� of about
unity at lower voltage, followed by a gradual transition to a
steeper curve with slope m�1.83 �1.83	m	2.72�, indicat-
ing the onset of SCLC at higher voltages. As-grown ta-C
films deposited on silicon substrates have slopes of more
than two because of the presence of traps in the films. No V2

dependence, however, has been observed, as reported by
Mackenzie et al.29 This form of J-V characteristics cannot be
explained by a single-trap model.30 The density of the states
�N �EF�� was calculated from the J-V curves by the differen-
tial method of Nespurek and Sworakowski.31 In this analysis,
N �EF� is related to the voltage V, and slope m
�=� ln J /� ln V� of the experimental J-V curve is given by
the following expression:31,32

N�EF� = ��a
�/�ed2kT���V/�m − 1�� , �1�

where a is a process-dependent constant that accounts for the
nonuniformity of charge-carrier distribution and electric field
within the space-charge region, which is taken to be 0.75; 

is the permittivity of the material, which is taken as 4.0
�10−12 CV cm−1 for ta-C �DLC� films;32 e is the electronic
charge; d is the thickness of the films; k is the Boltzmann
constant; T is the temperature in kelvin; V is the voltage at
which SCLC sets in. There is a sharp increase in the current
with slope m�1.83. The position of the quasi-Fermi level
relative to Ec=0 is found by the following relation:

EF = kT ln�eNc�0b/d� + kT ln�V/J� , �2�

where the factor eNc�0 is a pre-exponential factor, �0 �car-
rier mobility� is obtained from the temperature dependence
of the dc conductivity in the Ohmic region, b is a process-
dependent constant with a value of 1.5 �assigned to account
the non uniformity of the internal space-charge field�, and Nc

is the density of state at the conduction-band edge. The val-
ues of N �EF� calculated near the Fermi level for as-grown
ta-C films deposited at different negative substrate biases are
summarized in Table I. It is evident from the table that the
value of N �EF� decreases in as-grown ta-C films deposited
up to �200 V substrate bias and beyond �200 V substrate
bias the value of N �EF� increases. Thus, the value of N �EF�
is found to be a minimum �1.3�1017 cm−3 eV−1� at �200 V
substrate bias and it increases on either side of this bias volt-

ta-C films deposited at different negative substrate

at 12.5 V /�m
�mA /cm2�

Slope m
�V/m��106

�

�eV� �
sp3

�%�a

0.60 128.06 0.12 257.83 49.4
1.25 127.22 0.12 259.54 51.6
1.28 109.15 0.11 302.51 59.9
5.94 93.97 0.10 351.38 66.4
6.19 90.23 0.10 365.94 79.8
0.53 111.30 0.11 296.66 53.9
0.18 145.83 0.13 226.42 35.5
grown

�
J
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age. The values of N �EF� evaluated from SCLC measure-
ments, reported by Veerasamy et al.33 for ta-C films depos-
ited by the FCVA process using an L-bend magnetic filter,
are �5�1017 cm−3 eV−1 at 0.22 eV from the valence-band
edge because as-grown ta-C films are reported to be p-type
and rises exponentially to 3�1018 cm−3 eV−1 at 0.18 eV
above the valence-band edge, where it becomes pinned.
Thus, the values of N �EF� of as-grown ta-C film evaluated
in the present study are consistent with the values of N �EF�
of as-grown ta-C films deposited using the L-bend FCVA
process reported by Veerasamy et al.33 The minimum values
of N �EF� are observed in as-grown ta-C films deposited at
�200 V substrate bias, where the sp3 content evaluated from
XAES studies is found to be the maximum.26 Fallon et al.1

showed, using a FCVA system, that the optimal ion energy
for the highest sp3-bonded fraction is close to �100 eV.
This converts to an applied substrate bias of about 80 V
based on the calculation that the as-generated carbon ion, in
the case of a normal continuous cathodic arc, is 20–25 eV.34

Thus, the substrate biases at which some of the properties go
through a maximum or minimum are found to be system
dependent.2

2. Field-emission measurements of as-grown ta-C
films deposited at different negative substrate
biases

Figure 2�a� shows the variation in field-emission current
density �J� versus electric field �E� characteristics for as-
grown ta-C films deposited with different applied negative
substrate biases. Field emission involves a quantum-
mechanical process in which electrons tunnel out of the elec-
trodes into vacuum when subjected to a very high electric
field. It is a nonlinear process in which the J-E characteris-
tics are usually described by the classical Fowler–Nordheim
�FN� equation,35

J = A���E�2/3/2�exp�− B3/2/�E� , �3�

where J is the emission current density in A /cm2,  is the
barrier height in eV, E is the electric field in V /m, and � is
the field-enhancement factor at sharp geometries. Terms A
and B are constants, and the values of these constants are
A=1.4�10−2 A V−2 and B=6.8�109 V /meV2/3, assuming
that the effective mass of the field-emitted electron is equal
to that of an electron at rest in the metal and vacuum. The
plots of log �J /E2� versus 1 /E for the data shown in Fig. 2�a�
are given in Fig. 2�b�. These plots are straight lines, which
confirm that the J-E characteristics follow the FN relation.
The electric field corresponding to the point of inversion in
the FN plot is defined as the threshold field of emission
�Eturn-on�. The slopes of these plots give the effective emis-
sion barriers ��, if we assume an ideal plane emitter with a
field-enhancement factor � of 1. The values of  for ta-C
films grown were in the range of 0.095–0.13 eV. Other
workers36 reported similar values of 0.019–0.044 eV. These
values are obviously quite low, and the true barrier may be
much larger.37 If we take a work function �� of 5 eV, typical

of graphite bonding, then the FN slopes correspond to the
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field-enhancement factor � of 226–366 for these as-grown
ta-C films. We understand that �, in the case of a parallel-
plate arrangement and flat cathodes, is not a realistic estima-
tion because emission is from discrete points. However, we
wanted to see whether the estimated parameter, even though
not accurate, correlates to some other calculated value or
shows a consistent trend with a change in material properties
with a change in process parameters. To understand the
mechanism of electron emission, a realistic energy-band dia-
gram of ta-C:N /n++Si heterojunctions was proposed
recently37 from the experimentally measured valence- and
conduction-band offsets, using in situ XPS and optical spec-
troscopy data. The values of  of ta-C and ta-C:N films
evaluated from this study are in the range of 3.95–4.55 eV.

The values of Eturn-on, J at 12.5 V /�m, slope m of FN
plots, and � of ta-C films grown at different negative sub-
strate biases are also summarized in Table I along with the

3 26

FIG. 2. �a� Variation in field-emission current �J� vs electric field �E� char-
acteristics of as-grown ta-C films deposited at different negative substrate
biases and �b� FN plot of the as-grown ta-C films deposited at different
negative substrate biases.
value of N �EF� and sp content evaluated. It is evident
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from Table I that the values of Eturn-on and slope m decrease
and those of J and � increase with the increase in substrate
bias of up to �200 V. Beyond �200 V substrate bias, there is
a reversal in the trend and the values of Eturn-on and slope m
increase and those of J and � decrease with the increase in
substrate bias of up to �450 V. This trend is correlated with
the trend of increase in sp3 content26 and decrease in N �EF�
evaluated in Sec. III A 1 at different negative substrate biases
of up to �200 V and a reversal in the trend occurs beyond
�200 V substrate bias. We found that the ta-C films depos-
ited at �200 V substrate bias have the highest value of sp3

fraction �79.9%� evaluated from XAES study,26 which is ac-
companied with the lowest value of N �EF� �1.3
�1017 cm−3 eV−1� and these films show the lowest value of
Eturn-on of 8.3 V /�m, the smallest value of slope m of
90.23�106 V /m of FN plots, accompanied by the largest
value of J of 6.19 mA /cm2 at 12.5 V /�m field and the
largest value of � of 365.94. This is found to be consistent
with the report by Satyanarayana et al.,36 who reported a
decrease in Eturn-on with an increase in sp3 content but it is
found to be opposite to the study reported by Wisitsora-at
et al.38 who reported lowering of Eturn-on by increasing sp2

content in diamond field emission using micropatterning of
monolithic diamond tips with different sp2 content. ta-C is a
mixed phase material with sp3 and sp2 bonds whereas dia-
mond has only sp3 bonds so diamond tips with sp2 content
may show different behaviors. The minimum value of Eturn-on

of 8.3 V /�m in ta-C films deposited at �200 V substrate
bias using an S-bend FCVA process in the present study is
somewhat lower than the 10–12 V /�m obtained in ta-C
films deposited using an L-bend FCVA system, at an ion
energy of 80–100 eV, as reported by Satyanarayana et al.36

This could also be due to some clustering occurring at high
substrate bias.

3. AFM study of as-grown ta-C films

Figure 3 shows the typical three-dimensional AFM im-
ages of as-grown ta-C films deposited at �a� �200 V and �b�
�300 V substrate biases. It is evident from the AFM image
that the as-grown ta-C films deposited at �200 and �300 V
substrate bias show root-mean-square �rms� roughnesses of
�2.06 and �1.15 nm, respectively, with grain diameters of
�1.19 and �0.60 nm, respectively. Li et al.,39 while study-
ing the sp3 /sp2 ratio in ta-C films deposited by filtered arc
deposition �FAD�, reported that the sp3 fraction attains a
maximum 90% in ta-C films deposited at �200 V substrate
bias and have low surface roughness of �0.11 nm. The rms
roughness increases and sp3 fraction decreases in either side
of this bias voltage. The value of rms roughness of ta-C films
deposited using the S-bend FCVA process observed in the
present study is somewhat larger than the values reported in
literature.39 This could also be due to some clustering occur-

ring at the high substrate bias.

JVST B - Microelectronics and Nanometer Structures
B. ta-C:H films

1. SCLC measurements on ta-C:H films deposited
at different hydrogen partial pressures

Figure 4 shows the typical logarithmic J-V characteristics
of a sandwiched structure �p++Si / ta-C:H /Al� for ta-C:H
films deposited at different hydrogen partial pressures rang-
ing from 1.2�10−5 to 1.4�10−3 mbar, maintaining a fixed
substrate bias of �300 V. These curves begin with a linear
Ohmic region with a slope of about unity, followed by a
gradual transition to a steeper curve with slope m�2�2.05
	m	2.72�, indicating the onset of SCLC. The values of N
�EF�, calculated near the Fermi level, for ta-C:H films depos-
ited at varying hydrogen partial pressures, from 1.2�10−5 to
1.4�10−3 mbar, are summarized in Table II. It is evident
from the table that hydrogen incorporation in ta-C films
grown up to 3.4�10−4 mbar hydrogen partial pressure re-
duces the values of N �EF� continuously and saturates at
�9.4�1016 cm−3 eV−1. However, the value of N �EF� mar-
ginally increases to 1.5�1017 cm−3 eV−1, for films grown at
a maximum hydrogen partial pressure of 1.4�10−3 mbar
used in this study. The values of N �EF� evaluated are con-
sistent with the values of N �EF� of 6�1016 cm−3 eV−1 at
0.3 eV above the valence band, as reported by Veerasamy et
al.33 for as-grown ta-C films deposited in an L-bend FCVA

(a)

(b)

FIG. 3. �Color online� Typical three-dimensional AFM images of as-grown
ta-C films deposited at �a� �200 V and �b� �300 V substrate biases.
system. The values of N �EF�, evaluated from SCLC mea-
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surements, on a-C:H films grown using CH4 gas in a rf
plasma chemical vapor deposition system by Silva and
Amaratunga,32 are reported to be 8–9�1017 cm−3 eV−1. In
the case of mixed phase material with sp2 and sp3 bonds in
relatively significant proportion, hydrogen has a significant
role. For the case of lower energetic plasma process-grown
a-C:H �DLC� films, the hydrogen content is far higher than
the more energetic ion-assisted process such as cathodic
vacuum arc, but the energetic process may lead to a similar
level of hydrogen incorporation. Hydrogen incorporation
seems to be effective in reducing the density of localized
states, specifically states that lie in the region of the quasi-
Fermi level. Because the � bonds lie closest to the Fermi
level, they control the electronic properties. The decrease in
the value of N �EF� with the increase in hydrogen incorpo-
ration is accompanied with the increase in sp3 content evalu-
ated from XAES studies.26 This is found to be consistent
with the report by Silva and Amaratunga32 who reported re-
duction in the bulk density of states in ta-C:H or a-C:H film
due to a reduction in sp2 fraction.32

FIG. 4. Typical logarithmic J-V characteristics of p++Si / ta-C:H /Al structure
for ta-C:H films deposited at different hydrogen partial pressures.

TABLE II. N �EF� and emission parameters of ta-C:H

Sample No.
H partial pressure

�mbar�
N �EF�

�cm−3 eV−1�
Eturn

�V /�

1 0 4.9�1017 9.3
2 1.2�10−5 3.6�1017 8.9
3 7.4�10−5 1.5�1017 8.8
4 1.4�10−4 1.4�1017 8.3
5 3.4�10−4 9.4�1016 8.2
6 1.4�10−3 1.5�1017 7.7

a
Reference 26.
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2. Field-emission measurements of ta-C:H films with
different hydrogen partial pressures

Figure 5�a� shows the variation of the field-emission cur-
rent density �J� versus electric field �E� characteristics of

s deposited at different hydrogen partial pressures.

J at 12.5 V /�m
�mA /cm2�

Slope m
�V/m��106

�

�eV� �
sp3

�%�a

0.53 111.30 0.11 296.66 53.9
1.08 99.59 0.10 331.55 61.9
1.94 97.89 0.10 337.30 62.3
8.1 92.66 0.10 356.34 86.9

21.4 89.64 0.10 368.34 80.0
22.2 87.21 0.10 378.61 87.5

FIG. 5. �a� Variation in field-emission current �J� vs electric field �E� char-
acteristics of ta-C:H films deposited with different hydrogen partial pres-
sures and �b� FN plot of the ta-C:H films deposited at different hydrogen
partial pressures.
film

-on

m�
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ta-C:H films deposited with different hydrogen partial pres-
sures, maintaining a fixed substrate bias of �300 V. The J-E
characteristics follow the same FN equation and the plots of
log �J /E2� versus 1 /E, for the data points shown in Fig. 5�a�
are given in Fig. 5�b�. These plots are also straight lines,
which confirm that J-E characteristics follow the same FN
relation. The values of Eturn-on, J at 12.5 V /�m, slope m of
FN plots, and � for ta-C:H films deposited at different hy-
drogen partial pressures are summarized in Table II along
with the value of N �EF� and sp3 content evaluated.26 It is
evident from Table II that hydrogen incorporation in as-
grown ta-C films continuously reduces the values of Eturn-on,
slope m of FN plots, and increases the values of J and � with
the increase in hydrogen partial pressure used in depositing
ta-C:H films. The value of  evaluated for an ideal plane
emitter with a field-enhancement factor of one in ta-C:H film
remains the same at 0.10 eV and does not change with hy-
drogen incorporation. Other workers36 also reported similar
values. The decrease in Eturn-on and slope m of FN plot, ac-
companied by the increase in J and � obtained in ta-C:H
films deposited with an increase in hydrogen partial pres-
sures, correlates with the trend of reduction in the value of N
�EF� evaluated in Sec. III B 1 and an increase in sp3 content
evaluated from the XAES study.26 The lowest Eturn-on

�7.7 V /�m� were observed in ta-C:H films deposited at a
hydrogen partial pressure of 1.4�10−3 mbar, where the sp3

content evaluated from XAES studies26 was the maximum
��87%� and N �EF� was minimum ��1017 cm−3 eV−1�.

3. AFM study of ta-C:H films

Figure 6 shows the three-dimensional AFM image of ta-
C:H film deposited at 1.4�10−4 mbar hydrogen partial pres-
sure, maintaining a substrate bias of �300 V. The AFM im-
age of ta-C:H films deposited at 1.4�10−4 mbar partial
pressure shows the rms roughness value of �0.56 nm, with
a grain diameter of �0.23 nm, which is less than the rms

FIG. 6. �Color online� Typical three-dimensional AFM image of ta-C:H film
deposited at 1.4�10−4 mbar hydrogen partial pressure.
roughness value of �1.15 nm with grain diameter of
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�0.60 nm observed in as-grown ta-C films deposited at
�300 V substrate bias. Thus, hydrogen incorporation in ta-C
films appears to reduce the roughness and enhances the
smoothness of the growing film. There is limited literature on
the AFM study of ta-C:H films using cathodic arc for com-
parison purpose, except the study of DLC films deposited by
microwave plasma enhanced chemical vapor deposition
�MW PECVD� under varying bias voltage by Pandey et al.40

They stated that the surface morphology, density, and
sp3 /sp2 ratio of these films are related to each other and
follow the subplantation model. These authors reported that
rms roughness decreased from �3.16 to �1.14 nm in DLC
films as the bias voltage increased from �300 to �800 V.
The rms roughness started to increase again and becomes
�1.30 and �1.77 nm in DLC films deposited at �1000 and
�1400 V substrate bias voltages, respectively.

C. ta-C:N films

1. SCLC measurements on ta-C:N films deposited at
different nitrogen contents

Figure 7 shows the typical logarithmic J-V characteristics
of a sandwiched structure �n++Si / ta-C:N /Al� for ta-C:N
films deposited using an S-bend FCVA process at different
nitrogen contents ranging from 0.5 to 16.3 at. %, maintaining
a fixed substrate bias of �300 V. These curves begin with a
linear Ohmic region with a slope of about unity, followed by
a gradual transition to a steeper curve with slope m�1.91
�1.91	m	2.56�, indicating the onset of SCLC. The values
of N �EF�, calculated near the Fermi level, for ta-C:N films
deposited with different N contents, ranging from 0.5 to 16.3
at. %, are summarized in Table III. It is evident from the
table that a small amount of N incorporation in ta-C:N films
up to 5.9 at. % N content reduces the value of N �EF� to
8.0�1016 cm−3 eV−1. Beyond 5.9 at. % N content, the value
of N �EF� increases continuously and becomes 5.0
�1017 cm−3 eV−1 in ta-C:N films deposited with 16.3 at. %

FIG. 7. Typical logarithmic J-V characteristics of n++Si / ta-C:N /Al structure
for ta-C:N films deposited with different N contents.
N content. As-grown ta-C film is a p-type semiconductor
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with an optical gap of �2 eV.41 The activation energy
evaluated from the conductivity measurements is reported to
rise systematically from the as-grown value of 0.22–
�1.0 eV above the valence band, with increasing nitrogen
content up to 0.45%, and then decline to 0.12 eV below the
conduction band as the nitrogen content is increased
further.42,43 This effect is attributed to the movement of the
Fermi level from close to the valence-band edge in the as-
grown ta-C films to midgap, and then to a position close to
the conduction-band edge. This behavior presumably indi-
cates the substitutional dopant nature of nitrogen.42,43 It has
been reported that for ta-C films grown under higher nitrogen
partial pressure conditions to increase the nitrogen concen-
tration, the enhanced deposition pressures tend to favor sp2

cluster formation.24 This indicates that sp2 clustering leads to
increased defect density. However to relatively minimize
clustering and correspondingly reduce the defect density, in
the current study the ion energy has been increased by using
a higher negative bias. Nitrogen incorporation of up to 5.9
at. % N content passivates the p-type nature of as-grown
ta-C films, and beyond 5.9 at. % N content the value of de-
fect states increases and acts as n-type dopant in ta-C films.
The trend of reduction in the values of N �EF� in ta-C:N
films deposited up to 5.9 at. % N content correlates with the
trend of increase in sp3 content evaluated from XAES
study26 but beyond 5.9 at. % N content the value of N �EF�
increases.

2. Field-emission measurements of ta-C:N films
with different nitrogen contents

Figure 8�a� shows the variation of the field-emission cur-
rent density �J� versus electric field �E� characteristics of
ta-C:N films, deposited with different nitrogen contents,
maintaining a fixed substrate bias of �300 V. The J-E char-
acteristics follow the same classical FN equation, and the
plots of log �J /E2� versus 1 /E, for the data points shown in
Fig. 8�a�, are given in Fig. 8�b�. These plots are also straight
lines, which confirm that J-E characteristics follow the same
FN relation. The values of Eturn-on, J at 12.5 V /�m, slope m
of FN plots, and � for ta-C:N films with different N contents
are summarized in Table III along with the values of N �EF�
and sp3 content evaluated.26 The value of  evaluated in
ta-C:N film is 0.10–0.11 eV and does not seem to change
with N incorporation. Similar values were reported by other

36

TABLE III. N �EF� and emission parameters of ta-C:N

Sample No.
N content

�at. %�
N �EF�

�cm−3 eV−1�
Eturn-on

�V /�m�

1 0 4.9�1017 9.3
2 0.5 4.2�1017 8.8
3 3.0 2.3�1017 8.4
4 5.9 8.0�1016 8.1
5 12.7 1.3�1017 7.8
6 16.3 5.0�1017 7.6

aReference 26.
films deposited at different nitrogen contents.

J at 12.5 V /�m
�mA /cm2�

Slope m
�V/m��106

�

�eV� �
sp3

�%�a

0.53 111.30 0.11 296.66 53.9
1.76 101.24 0.11 326.13 78.3
4.47 96.64 0.10 341.65 83.7
8.41 96.20 0.10 343.22 75.5

17.50 92.40 0.10 357.36 86.4
23.70 88.76 0.10 371.38 90.6
workers. The realistic values of  �Ref. 37� evaluated in
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FIG. 8. �a� Variation in field-emission current �J� vs electric field �E� char-
acteristics of ta-C:N films deposited with different N contents and �b� FN

plot of the ta-C:N films deposited at different N contents.
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ta-C:N films deposited by the pulsed FCVA technique with
L-bend magnetic filter are in the range of 3.95–4.55 eV. It is
evident from Table III that the values of Eturn-on and slope m
of FN plot decrease and those of J and � increase, with the
increase in N content up to 16.3 at. % used in depositing
these ta-C:N films. The decrease in Eturn-on and slope m, ac-
companied by an increase in J and � obtained in ta-C:N
films with an increased N content, correlates with the trend
of increase in sp3 content evaluated from XAES studies26

and with the reduction in N �EF� to some extent �up to 5.9
at. % N content� in the present study.

In general, nitrogen incorporation in DLC films leads to
the following: �i� reduction in residual stress,44–46 �ii� reduc-
tion in optical band gap �Eg�,47 and �iii� enhancement of
conductivity.47 All these factors need to be carefully under-
stood while discussing field emission for nitrogenated DLC
films. However, the universality of stress reduction in nitro-
gen incorporation in the a-C:H network is well
documented.44–46 The mechanism set forward to explain this
behavior involves replacement of a fourfold-coordinated car-
bon by N atoms. As the N atoms admit a coordination num-
ber equal to at most three �sp3-hybridized N�, the replace-
ment of C atoms by N atoms in a-C:H film necessarily
implies a reduction in the average coordination number. This,
in turn, leads to the reduction in the degree of over con-
straint, and hence, reduction in internal residual stress in the
films.46

Satyanarayana et al.36 studied field emission from ta-C
films grown by the L-bend FCVA technique and reported that
the values of Eturn-on decrease with the increase in sp3 con-
tent, as well as with low levels of N incorporation. They
reported the minimum values of Eturn-on=10–12 V /�m for
an ion energy around 80–100 eV in ta-C films and
3–5 V /�m with the addition of �0.4% N. Panwar et al.37

reported that the nitrogen incorporation up to 5.2 at. % N
content in ta-C films deposited using the pulsed FCVA tech-
nique with L-bend magnetic filter at 22 eV reduces the val-
ues of Eturn-on from 9.9 to 5.3 V /�m and increases the val-
ues of J from 4.8�10−7 to 2.1�10−4 A /cm2; beyond 5.2
at. % N content there is a reversal of the trend. It is stated
that the properties investigated are found to be system de-
pendent and may vary from laboratory to laboratory.2 Ama-
ratunga and Silva48 also studied nitrogen-containing a-C:H
films grown by the rf-PECVD technique with magnetic con-
finement. They reported that the onset emission-field de-
creases with the increase in N content, and an onset emission
field as low as 4 V /�m was obtained in a-C:H films having
15% N content. Weber et al.49 reported an onset emission
field as low as 3.2 V /�m in a-C:N films with 0.6 at. % N
content grown by sputtering of graphite employing an elec-
tron cyclotron resonance plasma as argon ion source. They
achieved current densities up to 0.6 mA /cm2 at an electric
field of 5.8 V /�m. However, the values of Eturn-on obtained
in these ta-C:N films deposited with different N contents in
the present study are larger than the values of Eturn-on ob-
tained by Satyanarayana et al.36 in ta-C:N films deposited at

80–100 eV ion energy using the L-bend FCVA process. The
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values of current density obtained in these ta-C:N films are
larger than the values of current density obtained by Satya-
narayana et al.36 and Panwar et al.,37 grown by a pulsed
FCVA technique with an L-bend magnetic filter.

3. AFM study of ta-C:N films

Figure 9 shows the three-dimensional AFM image of ta-
C:N films deposited with 12.7 at. % N content, maintaining a
fixed substrate bias of �300 V. The AFM image of ta-C:N
film shows rms roughness of �4.89 nm with a grain diam-
eter of �3.73 nm, which is much larger than the rms rough-
ness of �1.15 nm and grain diameter of �0.60 nm ob-
served in as-grown ta-C films deposited at �300 V substrate
bias. Thus, nitrogen incorporation in ta-C:N films signifi-
cantly increased the rms roughness and this is consistent with
reports by Satyanarayana et al.24 and Arena et al.50 Chen
et al.,51 while studying the surface morphology of nitrogen-
doped ta-C films deposited by the FCVA process, observed
the opposite and reported that the surface is uniform and
smooth on the nanometer scale and N-doped ta-C films have
rms roughness of 0.25–0.26 nm, which is larger than the rms
roughness of 0.23 nm for undoped ta-C films.

D. Comparison of results obtained with those
existing in literature and models

The contributions to field emission from a semiconductor
surface are from electrons from the conduction band, valence
band, and/or surface states. The field emission depends on
the following: �i� the nature of the substrate material, �ii� the
film, and �iii� the surface of the film.52 This implies that the

FIG. 9. �Color online� Typical three-dimensional AFM image of ta-C:N film
deposited with 12.7 at. % N content.
silicon substrates maintain a supply of electrons into the
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DLC layer, and these electrons are then transported through
the DLC layer; finally, the electrons tunnel from the surface
of the DLC layer into the vacuum, completing the field emis-
sion. For better performance, steps �ii� and �iii� mentioned
above require the deposition parameters of the DLC films to
be chosen in such a way so that field emission from the DLC
layer can be maximized at low turn-on fields. A satisfactory
field-emission behavior of the DLC films can probably be
expected from the presence of both graphitic and diamond-
carbon components. There may also be an optimum abun-
dance ratio and connectivity of the network of diamond and
graphitic carbon in the DLC films, where these films may
perform as better field emitters. Gupta et al.,53 while study-
ing the electron field-emission and microstructure correlation
in nanocrystalline carbon thin films, stated that along with
grain size and optical band gap dependence, the defects �spe-
cially localized states within the band gap of nanocrystalline
carbon thin films� where transport of electrons occurs
through a hopping mechanism play a crucial role and assist
in lowering emission threshold. We reported54 a correlation
of threshold field required for emission in DLC films grown
by various techniques on residual stress, optical band gap
�Eg�, and characteristic energy of band tails �Urbach energy,
E0�, and the values of threshold field of electron emission
decrease with the decrease in residual stress, Eg, and E0 as
well. It is also evident from the present study that large emis-
sion current density and low emission threshold are obtained
in those films that have low density of states and high sp3

content. We have, thus, attempted to correlate the density of
states evaluated from the SCLC data and field-emission
properties and understand the feasibility of using the high-
substrate-bias-grown carbon material by cathodic arc process
as an interesting material for electronic devices and sensor
based applications. These results appear to be the first on
such high substrate bias samples, which need to be studied
further.

Comparing our experimental results with previous works,
we find that the values of Eturn-on of ta-C films reported in
this article are lower than the values obtained by Park
et al.,55 Chuang et al.,56 Missert et al.57 and significantly
lower than those of undoped a-C:H film.58 These values are
larger to those reported for similar material by Satyanaryana
et al.,36 or for nitrogen-containing carbon films reported by
Amaratunga and Silva,48 Weber et al.,49 and Panwar et al.37

grown under different process conditions.
A space-charge-induced band bending and hot-electron

transport model was proposed by Amaratunga and Silva48 to
explain low electron field-emission from a-C:H:N thin films.
They suggested that electrons from the back contact enter the
a-C films �via tunneling or thermal excitation�, under the
influence of an internal applied electric field and gain enough
energy during transport in the depleted a-C:H:N space-
charge region to surmount the relatively low barrier
��2–3 eV� for emission into vacuum. Forrest et al.59 ar-
gued that their observation of minimum threshold field for
electron emission, at an optimal thickness, can be best ex-

48
plained by the space-charge-induced band-bending model.
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Zhao et al.,60 however, reported thickness-independent elec-
tron field emission from ta-C films grown by FAD. In con-
trast, Hart et al.61 found no correlation between threshold
voltage and the work function of the back contact for field
emission from ta-C films deposited on various metals.
Robertson62 argued, using photoemission data from a-C:H,
that the primary barrier lies at the front surface of the films.
He proposed that electron emission from a-C films occurs
due to a large variation in the electron affinity in C–H-
terminated and unterminated surface regions, causing the
electric field from the anode to be concentrated at the unhy-
drogenated areas. The focusing of the electric field on the
negative charges results in downward band bending, allow-
ing electron emission via the FN process,35 without exceed-
ing the thermal breakdown field. Panwar et al.,37 while re-
porting field-emission measurements on as-grown ta-C and
nitrogen-incorporated ta-C films grown by a pulsed FCVA
technique with L-bend magnetic filter, stated that using a
realistic energy-band diagram proposed for ta-C:N /n++Si
heterojunction, a barrier exists to the emission. They further
observed that the main barrier lies at the front surface, which
is related to the conduction-band offset. A number of other
models have also been proposed in literature based on nega-
tive electron affinity,63 defect bands in diamond,64 surface
dipole-controlled emission,65 and field enhancement due to
surface features.66 Although they can be used to fit some
emission data from different types of films, none of them is
universally acceptable. We think that the electron field-
emission still could be explained by the classical FN theory
and also on density of states, microstructure, and sp3 /sp2

ratio dependence. Certainly, a debate on emission mecha-
nism exists; therefore, further study is needed to develop and
modify the present models or to build new ones. It may also
be noted that despite several detailed studies on ta-C-related
material3 and their field-emission studies6,7 available in lit-
erature, some pitfalls in amorphous carbon studies still
exist.2 However the current study clearly indicates that the
defect density, the sp3 /sp2 bonding, possibly the nanocluster
dimension �as envisaged from surface roughness� and the
corresponding field assisted electron emission properties
could all be controlled. Thus, the study shows the possibility
of using higher energy �higher negative substrate bias�
process-grown ta-C or associated mixed phase nanocarbons
using Cathodic arc process could be an interesting electronic
material with significant applications as sensors, MEMS, and
large area microelectronics and flexible electronics.

IV. CONCLUSION

We have reported one of the first detailed study of defect
density and field assisted electron emission from hydrogen
and nitrogen-incorporated ta-C films grown at high substrate
bias ��300 V� and also the influence of substrate bias on as
deposited ta-C films, using an S-bend filtered cathodic
vacuum arc process. The relatively low values of electronic
defect density �N �EF�=8.0�1016 cm−3 eV−1�, field as-
sisted electron emission threshold �Eturn-on=7.6 V /�m�, and

a corresponding higher emission current density �J
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=23.7 mA /cm2� during varying conditions of hydrogen and
nitrogen incorporation in ta-C films grown at higher sub-
strate bias ��300 V� clearly shows that there is a further
scope to tailor ta-C as an electronic material by further study-
ing and optimizing the process parameters and substrate bias
could be a very critical parameter. The electron field-
emission data are explained by using the Fowler–Nordheim
theory and are found to depend on the sp3 /sp2 ratio, micro-
structure, and density of states of these films. Large emission
current density and low emission threshold are obtained in
those films that have low density of states and high sp3 con-
tent with optimum sp2 matrix interconnect. Thus, the study
shows the possibility of using higher energy �higher negative
substrate bias� as an interesting route to ta-C or associated
mixed phase nanocarbons grown using the Cathodic arc pro-
cess as a useful material for electronics and sensor applica-
tion and especially for large area and flexible electronics.
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