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This paper reports the effect of substrate bias on the structural, nanomechanical, and field emission properties of amorphous carbon
films having embeddednanocrystallites (a-C:nc films) deposited by filtered anodic jet carbon arc technique. X-ray diffraction results
exhibit predominantly an amorphous nature of the films. High-resolution transmission electron microscope images showed the
amorphous nature of the films with nanocrystallites embedded in the amorphous matrix. Ultrafine nanograined microstructures
with average grain size between 20 and 30 nm are observed throughout the film with a majority of the grains of single crystallites.
A strong influence of substrate bias has been observed on the structural, nanomechanical, and field emission properties. Maximum
nanohardness (𝐻) of 58.3 GPa, elastic modulus (𝐸) of 426.2GPa, and𝐻/𝐸 of 0.136 have been observed in a-C:nc films deposited
at −60V substrate bias which showed 82.6% sp3 content.

1. Introduction

Amorphous carbon films have been center of attention for a
variety of applications due to their chemical inertness, high
optical transparency in the visible and near infrared, good
adhesion to different substrates, low surface roughness, and
good electrical, mechanical, and field emission properties
[1–10]. The a-C films have been deposited by various tech-
niques such as filtered cathodic vacuum arc (FCVA) [11–15],
pulsed laser deposition (PLD) [16], sputtering, and electron
cyclotron resonance (ECR) [17]. Compared to other deposi-
tion techniques, FCVA process offers the unique opportunity
of growing different forms of carbon ranging from diamond-
like to graphite-like and various intermediate materials such
as tetrahedral amorphous carbon (ta-C), hydrogen and
nitrogen incorporated ta-C (ta-C: H, ta-C: N), nanoclusters,
nanocomposites, and nanotubes. The properties of carbon
films mainly depend on the process parameters such as
substrate bias, system geometry, pressure, arc current, and
arc voltage and the environmental conditions during the

growth of the films. There are established theoretical [18]
and experimental [19] methods for the formation of different
carbon nanostructures such as nanotube and fullerene by arc
discharge. Amaratunga et al. [19–21] reported the deposition
of hard and highly elastic carbon films which consist of
graphitic sp2 bonding using a graphite cathode with localized
high pressure of helium or nitrogen at the arc spot. Depend-
ing upon whether the gas is injected through the cathode or
anode, the technique will be termed as cathodic jet carbon
arc (CJCA) or anodic jet carbon arc (AJCA). Alexandrou et
al. [22, 23] have synthesized and characterized amorphous
carbon films with embedded nanocrystallites deposited by
unfiltered anodic jet carbon arc method with nitrogen
gas. Chu and Li [24] have characterized amorphous and
nanocrystalline carbon films. It is found that the properties of
these carbon films were comparable to those of fullerene and
carbon nanotubes [25, 26]. Lungu et al. [27] have reported
carbon films containing nanodiamond crystallites embedded
in a disordered graphite matrix deposited by the hydrogen-
free thermionic vacuum arc method.
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Figure 1: Schematic representation of filtered anodic jet carbon arc (FAJCA) technique for the deposition of a-C:nc films.

In the present technological trend, these carbon thin
films having embedded nanocrystallites might be useful in
producing mechanical devices with dimensions measured
at micro/nanoscale. The ability of carbon to form different
types of interatomic bonds to take different sites and to
adopt different structures makes it a better material not only
for nanomechanical devices but also for hard and protec-
tive coating on tools, solar cells, magnetic storage media,
and automobile parts and field emission devices. Improved
mechanical properties may play a vital role in many types of
products.

The objective of this paper is to investigate the effect of
negative substrate bias on the structural, nanomechanical,
and field emission properties of amorphous carbon films
having embedded nanocrystallites (a-C:nc) deposited using
filtered anodic jet carbon arc (FAJCA) technique using
helium gas. For comparison, we also refer to the properties of
ta-C films deposited using an S bend FCVA process [12] and
a-C films with embedded nanocrystallites deposited using
filtered cathodic jet carbon arc (FCJCA) technique [28].

2. Experimental Details

2.1. Sample Preparation. Figure 1 shows the schematic repre-
sentation of FAJCA technique used for the deposition of a-
C:nc films. The FAJCA technique is based on striking the arc
(arc voltage ∼20–24V with an arc current of ∼56A) between
two graphite electrodes (50mm dia. graphite cathode of
purity 99.999% and a retractable graphite anode rod of
7mm dia. and purity 99.999%). The linear magnetic filter
was energized using direct current (D.C.) power supply,
and a magnetic field of ∼350G was achieved inside the
duct. The chamber was initially pumped to a base pressure
of ∼10−6mbar by the use of turbo molecular and rotary
pump combination in the system, and then the high purity

(99.999%) helium gas was injected through the anode of
1mm cavity at the cathode surface where arc was ignited.
The a-C films were deposited on cleaned 7059 glass substrate
and highly doped ⟨100⟩𝑛++ silicon substrates at a distance
of ∼35 cm away from the cathode, at a helium pressure of
∼ 8.6 × 10

−3mbar. An additional negative substrate bias
(direct current) ranging from 0 to −300V was applied to
the substrate at a fixed magnetic field of ∼350G to enhance
the energy of the incoming ions. The negative terminal of
the D.C. arc supply was connected to the cathode and the
positive terminal to the anode striker rod. The body of the
whole system was grounded and the duct was not biased.The
films studied were deposited sequentially for 5 sec and then
cooled for 50 sec.The process was repeated until the required
thickness was obtained. The thickness of the film was in the
range 200±20 nm as measured by Talystep (Rank Taylor and
Hobson) thickness profiler. The deposition rate achieved was
in the range 6.0 ± 0.2 nm/sec.

2.2. Characterization of Samples. The phase analysis of the
films was carried out by X-ray diffraction (Rigaku Miniflex
II). The high-resolution transmission electron microscope
(HRTEM) (Model FEI, Tecnai G2 F30-STWIN with field
emission electron gun source) was operated at the electron
accelerating voltage of 300 kV to explore the nano and
subnanoscale structural information present in these films.
For HRTEM samples, the a-C:nc films coated on silicon
substrates were immersed in HF + HNO

3
mixtures which

etched away Si substrates. On dilution of the mixtures with
distilled water, the a-C:nc film floats on the surface of water.
Subsequently, these self-supported films were lifted on a
200-mesh copper grid of 3.05mm in diameter. The XPS
measurements were carried out by (Perkin-Elmer model no.
1257) X-ray spectrophotometer operating at a base pressure of
better than 6 ×10−10mbar. From the dual anodeX-ray source,
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MgK𝛼 (1253.6 eV) line was used for the present analysis. The
XPS wide scans were acquired using a 100 eV pass energy at
a step of 1.0 eV, and XPS C1s core level spectra was acquired
at 0.05 eV step with a pass energy of 60 eV. The spectra of
the samples were recorded after sputter ion cleaning the
top surface for 5 minutes by a differentially pumped argon
ion gun. Unpolarized Raman spectra were recorded at room
temperature using a Renishaw inVia Reflex micro-Raman
spectrometer with a notch filter. Appropriate care was taken
to avoid damaging the sample by laser excitation.The filtered
radiation of 514.5 nm was used as the excitation source at
a power of 15mW. The spectra were scanned in the region
1100–1900 cm−1 with spectral resolution better than 1 cm−1
and a spatial resolution of about 1 𝜇m. The residual stresses
(𝑆) in the films were evaluated (FSM Frontier Semiconductor
(USA) instrument) using curvaturemethod by using Stoney’s
equation [29]:

𝑆 =
𝐸𝑡
2

𝑠

6 (1 − 𝜐) 𝑡𝑓

(
1

𝑅
−
1

𝑅
𝑜

) , (1)

where 𝐸 and 𝜐 are Young’s modulus and Poisson’s ratio of the
substrate, respectively; 𝑡

𝑠
and 𝑡
𝑓
are the substrate thickness

and the film thickness, respectively; 𝑅
𝑜
and 𝑅 the radius of

curvature of the substrate before and after film deposition.
Values of 𝐸/(1 − 𝜐) ≈ 180.5GPa have been used for silicon
substrates. The radii of curvature 𝑅

𝑜
and 𝑅 of the substrate

and the films have been evaluated.
The nanomechanical properties of the films were mea-

sured using IBIS nanoindentation (Fisher-Cripps Laborato-
ries Pvt. Ltd., Australia) using Berkovich indenter at max-
imum 1mN load. Oliver and Pharr’s [30] model is used
to analyze the load versus displacement data. The field
emission measurements were carried out using a parallel
plate configuration using high voltage source meter (Keithley
model 2410). An indium tin oxide-coated glass substrate was
used as anode and a-C:nc films deposited on polished silicon
substrates as cathode. The separation between the electrodes
is defined by the pTFE spacer of thickness ∼50𝜇m, and
the overlap area between the plate anode and cathode was
kept at ∼0.196 cm2. The current voltage (I-V) characteristic
was measured at room temperature in a vacuum greater
than 3 × 10

−7mbar maintained by a turbo-rotary-pump-
based vacuum system. The emission current density (𝐽) is
calculated by dividing the emission 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. Other experimental details are the same as
published earlier [14, 28].

3. Results and Discussion

3.1. XRD of a-C:nc Films. Figure 2 shows the typical XRD
pattern of a-C:nc film deposited at −60V substrate bias with
a fixed ∼350G magnetic field. The broad peak at ∼26∘ shows
the dominant amorphous nature of carbon film, and the
reflection observed at ∼42.7∘ appears to be that of diamond
(JCPDS file no. 791473). One more reflection is observed at
28.5∘ which is attributed to the silicon substrate (standard
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Figure 2: Typical X-ray diffraction patterns of a-C:nc film deposited
at −60V showing dominantly amorphous structure.

JCPDS file no. 772111). The peak at ∼42.7∘ along with the
broad peak at 26∘ revealed the presence of nanocrystalline
structure of carbon corresponding to diamond cubic which
is dispersed in the amorphous carbon matrix. Other peaks
related to diamond structure are absent may be due to the
dominating amorphous nature present in the films. Similar
patterns were observed in a-C:nc films deposited at other
substrate biases. The crystalline size evaluated from the
Scherer formula for the reflection observed at 42.7∘ is found
to be∼14 nm.This is found to be in agreement with the results
reported in the literature [31].

3.2. HRTEM of a-C:nc Films. Figure 3 shows a set of HRTEM
micrographs of a-C:nc film deposited at −60V substrate
bias which exhibit the distribution of nanocrystallites in
the amorphous matrix. A uniform thin film microstructure
with embedded crystalline nanoparticle has been discerned
throughout the entire film (Figure 3(a)). In general, the
crystalline zones are completely immersed in the amor-
phous matrix (Figure 3(b)). A grey contrast seen in the
microstructure is evolved due to the presence of coexisting
crystalline and amorphous forms of the carbon (Figure 3(a)).
At high magnification in a particular region, one can see
an aggregate of nanocrystallites in the film microstructure
(marked with dotted circle in Figure 3(c)). The selected area
electron diffraction pattern (SAEDP) recorded from the
film microstructure showed a diffused ring pattern which
confirms the presence of dominant amorphous structure
(inset in Figure 3(c)). In another micrograph, coexisting
nanocrystallites dispersed in the amorphousmatrix elucidate
the presence of nanocrystallites with good contrast which
is normally evolved due to the overlap of tiny crystals
along a particular crystallographic orientation (Figure 3(d)).
Lattice scale images recorded from the coexisting crystalline
nanoparticles with amorphous structure clearly reveal that
the nanocrystallites are constituted of well-defined atomic
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Figure 3: (a) to (d) HRTEM micrographs showing the distribution of ultrafine nanocrystallites of a-C:nc film deposited at −60V substrate
bias.

planes. The planes with 𝑑 spacing of 0.2 nm (hkl 015)
of diamond (rhombohedra, SGR3m, 𝑎 = 0.25221 and
𝑐 = 4.3245 nm, JCPDS no. 79-1473) are marked on the
micrograph (Figure 3(d)). However, the featureless contrast
of amorphous structure has also been observed (Figure 3(d)).
A SAEDP recorded from this region shows a single crys-
tal spotty pattern with a sixfold axis of rhombohedra lat-
tice which further corroborates with the single crystalline
nature of the nanocrystallites (inset in Figure 3(d)). Ultrafine
nanograinedmicrostructures with average grain size between
20 and 30 nm are observed throughout the film with a
majority of the grains of single crystallites. The grain size
evaluated from theXRDpattern is found to be consistentwith
the grain size evaluated from the HRTEM study.

Gamaly and Ebbesen [18] suggested that nanoparticles
can only be formed in the vicinity of target surface because
carbon vapor is dense enough in this region for nanopar-
ticles formation through the interaction of carbon atoms.
Alexandrou et al. [23] deposited a-C thin film using anodic
jet carbon arc technique and stated that the key element in
forming continuous thin film instead of powder or soot in
the carbon arc discharge process is to replace the high gas
pressure in the whole chamber with a high gas pressure in
the vicinity of the electric arc by introducing the gas in the

form of jet through an orifice in one of the two electrodes.
In this way, the rest of the chamber is kept at low enough
pressure for expanding plasma to reach the substrate. Carbon
nanoparticle agglomerates are incorporated into the growing
film.These carbon nanoparticles are first formed on the cath-
ode surface with the right combination of local gas pressure
and arc current density. Subsequent arc around the same spot
delivers them with the carbon vapor to the substrate [23].
The presence of a magnetic field during the growth of the
film in the present study might have facilitated the removal
of neutrals and molten droplets from the carbon vapors
reaching the substratewhich in turn promotes nanocrystallite
formation in the films deposited instead of fullerene and
nanotubes. Zhang and Komvopoulos [32] have stabilized
the plasma fluctuation and oriented the plasma flow in the
cathodic vacuum arc system by applying magnetic field of
the cathode coil which enabled the deposition of high-quality
amorphous carbon films. This magnetic field provides a dual
effect ofmaintaining dc arc current discharge and inhibits the
migration of arc spots on the cathode surface.

3.3. XPS Measurements of a-C:nc Films. The general XPS
scan of the a-C:nc films showed only oxygen (O 1s∼532 eV)
as a surface contaminant in addition to the main peak of
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Figure 4: C1s peak position and deconvoluted spectra versus
binding energy of a-C:nc films deposited at different negative sub-
strate biases.

carbon (C1s ∼ 285 eV) in all the a-C:nc films, and all other
contaminant levels are below the XPS detection limit. The
surface was cleaned by sputter etching using a rastered argon
(Ar) ion beam at 4 keV, at a base pressure of ∼10−8mbar,
for 5min. The oxygen peak completely diminished after
cleaning by argon ion bombardment in all the samples,
indicating that the oxygen was present only on the surface
and not throughout the bulk of the film. The oxygen content
present in the films might have come from the laboratory
exposure of the sample, and the bulk of the films were free
from oxygen. Figure 4 shows the typical C1s spectra and
deconvoluted spectra of a-C:nc films deposited at different
negative substrate biases ranging from 0 to −300V. It is
evident from the figure that C1s peak occurs at 285.09 eV
and its full width at half maximum (FWHM) value is 1.54 eV
in a-C:nc film deposited at 0V substrate bias. By applying
substrate bias, the C1s peak shifted to the higher binding
energy side up to −60V, and after that it goes to the lower
binding energy and occurs at 285.15 ± 0.10 eV in a-C:nc
films deposited at −150V and −300V substrate biases. The
FWHM of a-C:nc film deposited at −60V substrate bias
increased to 1.61 eV and to 1.59 eV in a-C:nc film deposited
with −150V substrate bias and to 1.62 eV in a-C:nc film
deposited with −300V substrate bias. Diaz et al. [33] were the
first to evaluate the sp3 content from theC1s peak of carbon by
the deconvolutionmethod which has been used to determine
the sp3 and sp2 contents in a-C:nc films in the present
investigation. For evaluating the bonding states, the C1s peak
has been deconvoluted into two components of Lorentzian
peaks after subtracting the background from the spectra by
linear mode. The deconvoluted components were present at
∼284.71 ± 0.08 and 285.46 ± 0.03 eV, and these were assigned
to C=C sp2 hybridized carbon in graphite-like carbon-carbon

bonds and sp3 hybridized carbon in C-C in diamond-like
structure, respectively. Thus, the area under these curves
directly gives the amount of the sp3 and sp2 contents. The
observed peak positions for deconvoluted component are
well matchedwith the value reported in the literature [34, 35].
Figure 5 shows the variation of C1s, FWHM, sp3, and sp2
obtained in a-C:nc films versus negative substrate biases. The
line has been drawn as a guide to the eye. It is evident from
the figure that the sp3 and sp2 of a-C:nc film deposited at
0V substrate bias are found to be 48.8 at. % and 51.2 at. %,
respectively. The sp3 is found to increase and sp2 is found
to decrease with the increase of substrate bias up to −60V,
and beyond −60V substrate bias there is a reversal in the
trend.We also observed a shift in the C1s peak towards higher
binding energy up to −60V.The determination of sp3 content
by analysis of XPS C1s peak in the a-C:nc film is much more
straightforwardmethod, and this also provided results which
are representative of the bulk of the film than the method
which uses the XAES C KLL peaks [14].Themethod adopted
in this study does not require any reference samples nor
interpolation or differentiation, which is the case with latter
technique, and it yields more accurate results since it does
not have hydrogen or nitrogen in the film [36]. The value of
sp3 content (82.6 at. %) evaluated in a-C:nc films deposited
at −60V substrate bias in the present study is found to be
larger than the value of sp3 content (50 at. %) evaluated in
a-C films having fullerene and nanotubes by Chhowalla et
al. [20], larger than the value of sp3 (73.8 at. %) evaluated
in a-C:nc film deposited at −150V substrate bias by FCJCA
technique [28], and larger than the value of sp3 (79.8 at.%)
evaluated in ta-C film deposited at −200V substrate bias by
FCVA technique [14].

3.4. Raman Measurements of a-C:nc Films. The Raman spec-
tra together with the deconvoluted spectra with the baseline
drawnof a-C:nc films deposited at different negative substrate
biases in thewave number range of 1100–1900 cm−1 are shown
in Figures 6(a)–6(d). The a-C:nc films exhibit two bands: D
(disorder) band at ∼1406 ± 23 cm−1 and G (graphite) band
at ∼1565 ± 5 cm−1. It is evident from the figure that all the
spectra showed a broad peak at around 1560–1570 cm−1 and
a discernible shoulder or hump at about 1380–1429 cm−1.The
a-C:nc filmdeposited at 0V substrate bias shows somepeak at
1350 cm−1, and those films deposited at other substrate biases
do not show such peak.The Raman spectra in all the samples
appear to be symmetrical except the sample deposited at 0V
substrate bias. Further some sharp peak at about 1565 cm−1
may be due to the noise in the spectra. The deconvolution
has been made in such a way that it looks similar in all the
spectra. The degree of uncertainty in the fit varies from 2 to
3%. The values of G band peak position, G-FWHM, D band
peak position, andD-FWHMand intensity ratio of D band to
G band (𝐼D/𝐼G) obtained in a-C:nc films at different negative
substrate biases have been summarized in Table 1. The a-
C:nc film deposited at 0V substrate bias showed G band at
∼1570.1 cm−1 with G-FWHM of 112.42 cm−1 and a shoulder
(D band) at ∼1405.2 cm−1 with D-FWHM of 203.37 cm−1
accompanied with 𝐼D/𝐼G = 0.57. The a-C:nc film deposited
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Table 1: Parameters evaluated from Raman spectra in a-C:nc films
deposited at different negative substrate biases.

Substrate bias/parameters 0V −60V −150V −300V
G band (cm−1) 1570.1 1560.5 1560.0 1569.9
G-FWHM (cm−1) 112.4 176.3 172.2 149.8
D band (cm−1) 1405.2 1380.6 1428.3 1410.4
D-FWHM (cm−1) 203.4 178.4 229.0 257.4
𝐼D/𝐼G 0.6 0.3 0.5 0.8

up to −60V substrate bias showed a shift in G and D bands to
the lowerwave number, decrease in 𝐼D/𝐼G andD-FWHM, and
increase of G-FWHM. Beyond −60V substrate bias, there
is a reversal in the trend where 𝐼D/𝐼G, D-FWHM started
increasing andG-FWHM started decreasing. It is well known
that Raman scattering is a resonance process in which those
configurations whose band gap match the excitation energy
are preferentially excited. Visible Raman spectroscopy is 50–
230 times [37, 38] more sensitive to sp2 sites than sp3 sites
because visible photons (2.2 eV) preferentially excite the 𝜋
states. Therefore, visible Raman spectroscopy is able to probe
only the sp2 sites. It depends fundamentally on the ordering
of sp2 sites and only indirectly on the fraction of sp3 sites
[39].Therefore, the use of visible excitation source at 514.5 nm
for the Raman measurements restricts the estimation of
sp3 fraction to indirect means like hump at around 1360–
1450 cm−1 as D band and G peak, whose position shifts and
the width indicates the relative concentration of sp2 bonded
carbon and the nature of carbon cluster in the film [1, 12, 40].
The band positions obtained in a-C:nc films are well matched
with the band position observed by other group [39]. The
deconvoluted Raman spectra show two Gaussian peaks after
subtraction of the background from the spectra by linear
method and are associated with their microstructures with
the G band at around 1560–70 cm−1 due to symmetric 𝐸

2𝑔
C-

C structure mode disordered graphite and D band at around
1380–1430 cm−1 presumably due to bond angle disorder in
microdomains affected by sp3 bonds of diamond. For the
indirect qualitative evaluation of the amount of the sp3 and
sp2 contents present in the films, the intensity ratio of the D
band toG band (𝐼D/𝐼G) has been used [39].The intensity ratio
is found to decrease in a-C:nc films deposited up to −60V
substrate bias, and beyond −60V substrate bias the trend is
reversed. The same trend follows if we take the area of D and
G bands, and thus care has been taken in evaluating 𝐼D/𝐼G
ratio. The decrease of 𝐼D/𝐼G is related to the increase of sp3
content, and this corroborates with the result evaluated from
the XPS study which is found to be consistent with the study
already reported [1, 39, 40]. Thus, with the application of
substrate bias up to −60V in a-C:nc films sp3 content present
in the film increases, and beyond −60V substrate bias there
is a reversal in the trend.

3.5. Mechanical Properties of a-C:nc Films. Load versus
displacement curves of a-C:nc films deposited at different
negative substrate biases of (a) 0V, (b) −60V, (c) −150V,
and (d) −300V are shown in Figure 7. The arrow shows the

0 100 200 300

285.0

285.1

285.2

285.3

1.53

1.56

1.59

1.62

40

60

80

20

40

60

C1
s (

eV
)

Negative substrate bias (V)

0 100 200 300
Negative substrate bias (V)

0 100 200 300
Negative substrate bias (V)

0 100 200 300
Negative substrate bias (V)

FW
H

M
 (e

V
)

sp
2

(%
)

sp
3

(%
)

Figure 5: Variation of C1s, FWHM, sp3, and sp2 evaluated in a-C:nc
films versus negative substrate biases.

direction of loading and unloading curves, and the initial
starting load is 0.15mN in all the curves. The penetration
depths of a-C:nc films were varied in the range of 25–32 nm.
The residual stresses (𝑆) present in a-C:nc films are found to
be compressive in nature, and the values lie in the range of
1.90–9.68GPa.The variation of hardness (𝐻), elasticmodulus
(𝐸), plastic index parameter (𝐻/𝐸), and percentage elastic
recovery (%ER) evaluated in the a-C:nc films versus negative
substrate biases is shown in Figure 8. We have drawn a line
as a guide to the eye. The values of 𝐻, 𝐸, 𝐻/𝐸, and %ER
of a-C:nc films deposited at 0V substrate bias are found
to be 41.0GPa, 328.6GPa, 0.125, and 84.3, respectively. It is
evident from the figure that the values of 𝐻, 𝐸, 𝐻/𝐸, and
%ER evaluated in the a-C:nc films first increase up to −60V
substrate bias, and beyond −60V substrate bias there is a
reversal in the trend and the values of these parameters are
found to decrease. a-C:nc film deposited at −60V substrate
bias in the present study showed the values of 𝐻 ∼

58.3GPa, 𝐸 ∼ 426.2GPa, 𝐻/𝐸 ∼ 0.136, and %𝐸𝑅 ∼ 86.3,
respectively.Many groups [41, 42] have systematically studied
the effect of substrate bias on the mechanical properties
of thin films. They have considered two different cases of
hard film on soft substrate and soft film on hard substrate.
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Figure 6: (a) to (d) Raman spectra and deconvoluted spectra of a-C:nc films deposited at different negative substrate biases in the wave
number range of 1100–1900 cm−1.

They have realized that hard film on soft substrate exhibited
increase in hardness with the increase in penetration depth.
In the present study, reported value of hardness may be
the composite hardness of the film and substrate [43]. The
hardness values of a-C:nc films in the present study are found
to be larger than the hardness value of silicon substrate which
belongs to the former case discussed.Mostly nanomechanical
characterization should be performed within 10% of the film
thickness. In the present study, the indentation depths in
all the a-C:nc films have crossed the limit. It may be due
to the effect of soft silicon substrate. The value of hardness
reported in the present study might be a lower value whereas
the actual value of hardness may be larger than the reported
value [43]. The compressive residual stress present in a-C
films is found to follow the trend of hardness and elastic
modulus, and it is revealed from the reported literature that
the residual stress and hardness of the films have similar

type of behavior with the increase of negative substrate bias
[44]. The hardness values of the a-C:nc films are found to
depend strongly on the sp3 content. Elastic modulus of films
shows the amount of deformation under applying external
force. Elastic recovery can provide the elastic information
as penetration depth. In the present work, elastic recovery
is found to vary linearly with sp3 content of a-C:nc films.
The plastic index parameter (H/E) [45] is an important
parameter to differentiate between the elastic and elastic-
plastic behaviors. For protective coating over amagnetic hard
disc or good wear-resistant coating over that,𝐻/𝐸 ratio must
be very high. This is the reason why less hard films having
high𝐻/𝐸 ratio iswidely accepted for this kind of applications.
The𝐻/𝐸 ratio is used to describe the deformationmechanism
of the material. High value of 𝐻/𝐸 means that these films
are highly resistant to plastic deformation. It may be worth
to note that the values of 𝐻/𝐸 reported here are larger than
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Figure 7: Load-displacement curves of a-C:nc films deposited at
different negative substrate biases of (a) 0V, (b) −60V, (c) −150V,
and (d) −300V.

those reported for ta-C films (0.10–0.12) by other workers
[45]. Neuville and Matthews [40] have provided a coherent
perspective on the many factors which are important for
optimization and appropriate use of hard coatings while
also challenging certain preconditions. Charitidis [45] while
studying the nanomechanical and tribological properties of
carbon-based thin films stated that the hardness and elastic
modulus of a-C films depend upon their local bonding and
mean coordination of network.The elastic recovery of carbon
based thin film was related to its density and hybridization.
The effect of gaseous environment of amorphous carbon
thin films having embedded nanocrystallites deposited by
filtered cathodic jet carbon arc (FCJCA) technique at −300V
substrate bias has been studied by us [46], where the sp3
content and hardness values were found to increase with the
change of gaseous environment from helium to nitrogen to
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Figure 8: Variation of 𝐻, 𝐸, 𝐻/𝐸, and %ER of a-C:nc films versus
negative substrate biases.

without gas and to hydrogen. The values of nanomechanical
properties obtained in a-C films deposited at −60V substrate
bias by FAJCA technique in the present study are found to
be consistent with those of a-C films using similar method
by Chhowalla et al. [20] and with those of a-C films having
embedded nanocrystallites deposited by FCJCA technique at
the same bias [28].Thus, a-C:nc films are significantly harder
than the ta-C films deposited by S bend FCVA process [15].

3.6. Field Emission Properties of a-C:nc Films. Figure 9 shows
the variation in field emission current density (𝐽) versus
electric field (𝐸) characteristics of a-C:nc films deposited at
different negative substrate biases. Field emission involves a
quantum-mechanical process in which electrons tunnel out
of the electrodes into vacuum when subjected to a very high
electric field. It is a nonlinear process, in which the 𝐽-𝐸
characteristics are usually described by the classical Fowler
and Nordheim (FN) equation [47, 48]:

𝐽 = 𝐴[
(𝛽𝐸)
2

𝜑
] exp(−

𝐵𝜑
3/2

𝛽𝐸
) , (2)
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where 𝐽 is the current density, 𝜑 is the potential barrier
height (taken as the work function), E is the applied electric
field, 𝛽 is the field enhancement factor, and 𝑎 and 𝑏 are
constants and have the values of 1.54 × 10−6 AV−2 and 6.83 ×
10
9 V/meV2/3, respectively.The plots of log (𝐽/𝐸2) versus 1/𝐸

for the corresponding 𝐽-𝐸 characteristics are shown in inset
of Figure 9. These plots are straight lines which confirm that
the 𝐽-𝐸 characteristics follow the FN relation. The threshold
field of emission (𝐸

𝑇
) is defined as the applied electric field

at which an emission current density of ∼ 1 × 10−6 A/cm2
is obtained and is shown by the arrow in each curve. The
slopes of these plots give the effective emission barriers 𝜑, if
we assume an ideal plane emitter with a field enhancement
factor 𝛽 of 1. The values of 𝜑 for a-C:nc films grown were
in the range of 0.064–0.124 eV. Other worker [49] reported
similar values of 𝜑 = 0.04–0.1 eV. These values are obviously
quite low, and the true barrier may be much larger [10]. If we
take a work function (𝜑) of 5 eV, typical of graphite bonding,
then the FN slopes correspond to the field enhancement
factor 𝛽 of 254.8–694.4 for these a-C:nc films.We understand
that 𝛽, in the case of a parallel-plate arrangement and flat
cathodes, is not a realistic estimation because emission is
from discrete points. However, we wanted to see whether the
estimated parameters, 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. The values of 𝐸

𝑇
, 𝐽max at 20V/𝜇m, slope m of

FN plots, 𝜑, and 𝛽 of a-C:nc films grown at different negative
substrate bias are summarized in Table 2.The values of 𝐸

𝑇
of

9.4–14.1 accompanied with 𝐽max 0.04–0.6mA/cm2 in a-C:nc
films deposited at different negative substrate biases are found
to be consistent with the values of 𝐸

𝑇
and 𝐽max obtained in

ta-C films deposited using an L bend FCVA system at ion
energy of 80–100V as reported by Satyanarayana et al. [49].
These values are also consistent with the values of ta-C films
deposited using 𝑆 bend FCVA system at substrate biases of
−150V to −200V [50]. For good field emission, optimum
values of sp3 and sp2 bonding are needed. Carey et al. [51]
had shown in their study that defect and localized states
near Fermi level help to obtain efficient field emission with
𝐸T < 10V/𝜇m. Although many research groups [52, 53]
reported low 𝐸

𝑇
and large 𝐽max in carbon nanotubes (CNTs)

and carbonnanowalls grownbymany complex and expensive
techniques, there are many technological problems in the
fabrication of large area field emission devices with these
CNTs. These a-C:nc films deposited by FAJCA technique
with enhanced nanomechanical and field emission properties
seem to be very encouraging.

4. Conclusions

The effect of negative substrate bias on the structural,
nanomechanical, and field emission properties of a-C:nc
films deposited by FAJCA technique has been studied.
HRTEM investigation revealed an amorphous structure with
nanocrystallites of size 20 to 30 nm embedded in the amor-
phous matrix. The values of sp3, H, E, H/E, and %ER are
found to increase and those of sp2 and 𝐼D/𝐼G ratio are found
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Figure 9: Field emission characteristics of the a-C:nc films deposit-
ed at different negative substrate biases. Inset shows their FN plots.

Table 2: Emission parameters evaluated in a-C:nc films deposited
at different negative substrate biases.

Substrate bias/properties 0V −60V −150V −300V
𝐸
𝑇
(V/𝜇m) 9.4 11.0 13.5 14.1

𝐽max (mA/cm2) at 20V/𝜇m 0.6 0.2 0.07 0.04
Slope m of FN plots (V/𝜇m) 109.9 161.2 166.1 299.7
𝜑 (eV) (at 𝛽 = 1) 0.064 0.084 0.082 0.124
𝛽 (for 𝜑 = 5 eV) 694.4 473.7 459.8 254.8

to decrease with the increase of substrate bias up to −60V,
and beyond −60V substrate bias there is a reversal in trend
of these parameters. However, the values of 𝐽max and 𝛽 were
found to decrease and that of 𝐸

𝑇
increased continuously

with the increase of substrate bias up to −300V. Maximum
hardness of 58.3GPa accompanied with 𝐸 = 426.2GPa,
𝐻/𝐸 = 0.136%, %ER = 86.3, and sp3 = 82.6% has been
obtained in a-C:nc film deposited at −60V substrate. The
a-C:nc films deposited by FAJCA technique may have the
potential to be a thin film equivalent to carbon nanotubes in
terms of mechanical and field emission properties.

Research Highlight

(i) a-C films with embedded nanocrystallites are grown
by filtered anodic jet carbon arc technique.

(ii) HRTEM reveals the embedded nanocrystallites in
amorphous matrix of the a-C:nc film.

(iii) The properties of a-C:nc films depend on negative
substrate bias.

(iv) Enhanced hardness and field emission have been ob-
served.
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