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a b s t r a c t

This paper reports the effect of substrate bias on the structural, nanomechanical, field emission and
ammonia gas sensing properties of nitrogenated amorphous carbon films embedded with nanocrys-
tallites (a-C: N: nc) deposited by a filtered anodic jet carbon arc (FAJCA) technique. The films are
characterized by X-ray diffraction, high resolution transmission electron microscopy, energy dispersive
X-ray spectroscopic analysis, Raman spectroscopy, nanoindentation, field emission and ammonia gas
sensing measurements. The properties of the films obtained are found to depend on the substrate bias.
The maximum hardness (H)¼42.7 GPa, elastic modulus (E)¼330.4 GPa, plastic index parameter (H/E)¼
0.129 and elastic recovery (% ER)¼74.4% have been obtained in a-C: N: nc films deposited at �60 V
substrate bias which show the lowest ID/IG¼0.43, emission threshold (ET)¼4.9 V/mm accompanied with
the largest emission current density (Jmax)¼1 mA/cm2 and field enhancement factor (β)¼1805.6.
The gas sensing behavior of the a-C: N: nc film has been tested by measuring the change in electrical
resistance of the sample in ammonia environment at room temperature with the fast response and
recovery time as 29 and 66.9 s, respectively.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the last two decades carbon based materials, such as carbon
nanotube, fullerene, diamond like carbon, amorphous carbon,
graphene and so on have been investigated extensively [1–4]. Carbon
exhibits a variety of crystalline and disordered structures because
of its existence in three different types of hybridization: sp3, sp2 and
sp1. The presence of high sp3 content is responsible for promising
mechanical properties and high sp2 content is responsible for
electronic properties. These carbon based materials have been
reported to show better field emission and nanomechanical proper-
ties [5,6]. Recent reports indicate that carbon materials are promising
candidate for nanosized transistor [7], field emission devices [8],
gas sensors [9], etc. It is well known that ammonia is a toxic gas with
threshold limit value of 25 ppm for long term exposure (8 h).
Ammonia is by product of decomposition of ammonium nitrate
present in many explosives. However, in sensor technology inorganic
materials are widely used due to their long term stability and good
gas sensing behavior, but these materials have higher operating

temperatures (�200–400 1C) [10]. Ammonia sensors with room
temperature operation and fast response time are highly desirable.

An enormous research has been carried out on nitrogen
incorporated amorphous carbon and tetrahedral amorphous car-
bon (a-C: N, ta-C: N) films after the hypothetical prediction of the
formation of β-C3N4 compound by Liu and Cohen [3,11]. The a-C: N
and ta-C: N films have been formed by the bombardment of highly
energetic carbon ion beam [12] and deposited by various techni-
ques [3] such as plasma enhanced chemical vapor deposition
(PECVD), sputtering, pulsed laser deposition and filtered cathodic
vacuum arc (FCVA) [13–15]. As-deposited amorphous carbon (a-C)
has a certain ratio of sp3 and sp2 carbon. The sp3/sp2 ratio in a-C
and nitrogen incorporated a-C films with embedded nanocrystal-
lites (a-C: nc, a-C: N: nc) is directly affected by the growth
condition of films such as negative substrate bias [16], different
gas atmosphere [17] and their injection method in chamber
[18,19]. The sp3/sp2 ratios present in the films thus control the
properties of a-C films. Nitrogen incorporation in a-C films leads to
hard and elastic thin films which arise from the presence of
nanocrystallites in amorphous matrix of carbon [17,18].

There are established theoretical [20] and experimental [21]
methods for the formation of different carbon nanostructures such
as carbon nanotube and fullerene by arc discharge. Amaratunga et al.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/talanta

Talanta

http://dx.doi.org/10.1016/j.talanta.2014.03.005
0039-9140/& 2014 Elsevier B.V. All rights reserved.

n Corresponding author. Tel.: þ91 11 45609175; fax: þ91 11 45609310.
E-mail address: ospanwar@mail.nplindia.ernet.in (O.S. Panwar).

Talanta 125 (2014) 276–283



[21,22] 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.
Depending 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). Based on the high pressure arc plasma
methods developed to produce fullerene molecules and nanotubes
[21], we have used a high local nitrogen gas pressure using AJCA
technique for thin film deposition in presence of a magnetic field.
Alexandrou et al. [23] have synthesized a-C: N films with nanoparti-
cles deposited by unfiltered AJCA technique. With the high rate of
ionization and the option to vary the ion energy and ion density, under
optimum conditions it can lead to the creation of momentary pseudo-
thermodynamic conditions of high temperature on the surface of film,
which leads to formation of nanostructured carbons [24]. The main
objective of the present study is to investigate the effect of substrate
bias on the structural, nanomechanical, field emission of a-C: N: nc
films deposited using FAJCA technique. Further, we report ammonia
gas sensing at room temperature with fast response and recovery time
in a-C: N: nc films and correlate with their field emission display
applicability. For comparison purpose, we also refer the properties of
ta-C: N films deposited using the S bend FCVA process [15,25] and
a-C: N films with embedded nanocrystallites deposited using FCJCA
technique [18].

2. Experimental

2.1. Sample preparation

The FAJCA process is based on striking the arc (arc voltage �20–
24 V with an arc current of �56 A) between two graphite electrodes
(50 mm dia. graphite cathode of purity 99.999% and a retractable
graphite anode rod of 7 mm dia. and purity 99.999%). The linear
magnetic filter which was used for the removal of macroparticles
generated in the arc was energized using direct current (D.C.) power
supply and amagnetic field of �350 G is achieved inside the duct. The
chamber was initially pumped to a base pressure of �10�6 mbar by
the use of turbo-molecular and rotary pump combination in the
system and then the high purity (99.999%) nitrogen gas was injected
locally through the anode of 1 mm cavity. The a-C: N: nc films were
deposited on cleaned 7059 glass substrate and highly doped
o1004nþ þ silicon substrates, placed at a distance of �35 cm away
from the cathode, at a nitrogen pressure of �8.6�10�3 mbar. An
additional negative substrate bias (direct current) ranging from 0 to
�300 V was applied to the substrate to enhance the energy of the
incoming ions. The films studied were deposited sequentially for 5 s
and then cooled for 50 s. The process was repeated in order to obtain
the required thickness. The thicknesses of the films were in the range
180710 nm as measured by a Talystep (Rank Taylor and Hobson)
thickness profiler. The deposition rate achieved was in the range
0.5–0.7 nm/s with 60 A arc current for the growth of a-C: N: nc films.
Other details of the system are already published elsewhere [19].

2.2. Characterization of samples

The phase analysis of the films was carried out by a Rigaku
Miniflex-II diffractometer using CuKα radiation at room temperature
which was fully automated and configured in 0–2θ geometry. 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 sub-nano-scale structural information present
in these films. For HRTEM samples, the a-C: N: nc films coated on
silicon substrates were immersed in HFþHNO3 mixtures which
etched away Si substrates. On dilution of the mixtures with distilled

water, the a-C: N: nc film floats on the surface of water. Subsequently,
these self-supported films were lifted on a 200-mesh copper grid
of 3.05 mm in diameter. The nanomechanical properties of the films
were measured using IBIS nanoindentation (Fisher-Cripps Labora-
tories Pvt. Ltd., Australia) using Berkovich indenter at maximum
3mN load. The field emission measurements were carried out using
parallel plate configuration using a high voltage source meter
(Keithley model 2410). An indium tin oxide coated glass was used
as anode and a-C: N: nc films deposited on polished silicon substrate
as cathode. The separation between the electrodes is defined by a
pTFE spacer of thickness �50 mm and the overlap area between
the plate anode and cathode was kept at 0.196 cm2. The current
voltage (I–V) characteristics were measured at room temperature in a
vacuum �2.5�10�7 mbar maintained by a turbomolecular rotary
pump based vacuum system. The emission current density (J) is
calculated by dividing the emission current by the area of the
cathode which is defined by area of the hole in spacer. The electric
field (E) is obtained by voltage drop across the vacuum gap. Gas
sensitivity measurements were performed in a fully automated
system on the film by using Keithley's 2000 digital multimeter and
a Alicat mass flow controller.

3. Results and discussion

3.1. XRD study

Fig. 1 shows the typical X-ray diffraction of a-C: N: nc film
deposited at �60 V substrate bias. XRD pattern shows a broad
peak at 281 accompanied with a broad shoulder centered at �431.
This indicates that the deposited film is found to be dominantly
amorphous in nature but nanocrystallites are embedded in the
amorphous matrix [JCPDS file no. 75-0623] [26]. Similar patterns
were observed in a-C: N: nc films deposited at different substrate
biases.

3.2. HRTEM study

Fig. 2(a) shows the overall film microstructure with the varied
gray contrast. These contrasts are evolved due to the various grain
boundaries and crystallinity associated at different regions at
atomic scale. A further high magnification in Fig. 2(b) clearly
delineates to distinct region of crystalline zone (marked as A)
embedded in the overall amorphous structure of the film.
A particular region of amorphous matrix separating the crystalline
region has been denoted as B (in Fig. 2(b)). Several such regions

Fig. 1. Typical X-ray diffraction patterns of a-C: N: nc film deposited at �60 V
showing dominantly amorphous structure.
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were explored during the electron microscopy experiment and
realized that in general the film is constituted of amorphous phase
with coexisting ultrafine nanocrystallites.

3.3. EDAX study

Fig. 3 shows the typical energy dispersive X-ray spectroscopic
analysis (EDAX) spectra of a-C: N: nc film deposited at �60 V
substrate bias. The EDAX pattern of a-C: N: nc film shows strong Si
peak in addition to the low intensity C and N peaks. The strong
Si peak observed in the spectra is attributed to the fact that Si
substrate was used for the growth of a-C: N films. The N content
estimated in the film is found to be �6.8 at.%. Hu et al. [27]
reported that carbon nitride materials containing up to 12 at.%
nitrogen can be grown without the reduction in the percentage of
sp3-bonded carbon. Further increase in the nitrogen composition,
however, produced a structural transformation to carbon nitride
materials in which carbon showed predominantly sp2 bonding.
The a-C: N: nc film deposited in the presence of nitrogen gas with
varying negative substrate bias in the present study exhibits the
nanocrystallites of diamond (sp3-bonded carbon) as recorded by
the HRTEM image (Fig. 2(b)).

3.4. Raman spectroscopy

The Raman spectra together with the deconvoluted Raman
spectra of a-C: N: nc films deposited at different substrate biases
in the wave number range from 1100 to 1900 cm�1 are shown in
Fig. 4(a–d). It is evident from the figure that the spectra show
a broad peak at around 1563–1575 cm�1 and a shoulder at about
1402–1422 cm�1. Thus, the a-C: N: nc films exhibit two bands:
D (disorder) band at 1412710.5 cm�1 and G (graphite) band at
156976 cm�1. The values of G band peak position, full width at
half maximum of G band (FWHM-G), D band peak position,
FWHM-D and intensity ratio of D band to G band (ID/IG) obtained
in a-C: N: nc films at different negative substrate biases have been
summarized in Table 1. The a-C: N: nc film deposited at 0 V
substrate bias showed G band at 1564.9 cm�1 with FWHM-G of
132.6 cm�1 and shoulder (D band) at �1391.9 cm�1 with FWHM-
D of 237.7 cm�1 accompanied with ID/IG¼0.63. The a-C: N: nc
films showed shift in D band to higher wave number and G band
to lower wavenumber accompanied with the increase in FWHM of

G and D bands and decrease of ID/IG ratio with the increase of
substrate bias. Beyond �60 V substrate bias, there is a reversal in
the trend where ID/IG ratio starts increasing. It is well known that

Fig. 2. (a and b) HRTEM micrographs showing the distribution of ultrafine nanocrystallites of a-C: N: nc film deposited at �60 V substrate bias.

Fig. 3. Typical EDAX spectra of a-C: N: nc film deposited at �60 V substrate bias.

Fig. 4. Raman spectra and deconvoluted spectra of a-C: N: nc films deposited at
different negative substrate biases of (a) 0 V, (b) �60 V, (c) �150 V and (d) �300 V
in the wave number range from 1100 to 1900 cm�1.
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Raman scattering is a resonance process in which those config-
urations whose band gap match the excitation energy are pre-
ferentially excited. Visible Raman spectroscopy is 50–230 times
[28,29] 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 [30]. 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 indicate the relative concentration of sp2

bonded carbon and the nature of carbon cluster in the film
[3,30,31]. The band positions obtained in a-C: N: nc films are well
matched with the band position observed by other group [3,30].
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 E2g C–C structure mode
disordered graphite and D band at around 1380–1430 cm�1

presumably due to bond angle disorder in micro-domains affected
by sp3 bonds of diamond [30]. For the indirect qualitative evalua-
tion of the amount of the sp3 and sp2 contents present in the films,
the intensity ratio of the D band to G band (ID/IG) has been
evaluated [30]. The minimum value of ID/IG¼0.43 is evaluated in
a-C: N: nc film deposited at �60 V substrate bias which indicates
that the sp3 content is maximum in a-C: N: nc film deposited
at �60 V substrate bias.

3.5. Nanoindention study

High resolution nanoindentation was used to measure the
nanomechanical properties of a-C: N: nc films. The load versus
displacement curves for a-C: N: nc films deposited at different
substrate biases of (a) 0 V, (b) �60 V, (c) �150 V and (d) �300 V
are shown in Fig. 5. These load versus displacement curves
suggested that one can roughly estimate the hard and super hard
behavior of coatings. From all the curves, it is evident that the a-C:
N: nc film deposited at �60 V substrate bias (Fig. 5(b)) has very
small hysteresis between loading–unloading curves with a sig-
nificant recovery during unloading which reveals super hard
behavior. The films deposited at other substrate biases having
hard characteristic [Fig. 5(a), (c) and (d)] exhibit comparatively
broader hysteresis between loading–unloading curves with lesser
recovery during unloading cycle in comparison to Fig. 5(b).
Sjostrom et al. [32] have reported this kind of narrow hysteresis
between loading–unloading curve with high recovery in super
hard and elastic carbon nitride thin film. Thus, the a-C: N: nc film
deposited at �60 V substrate bias may have super hard character-
istic, but direct estimation of other nanomechanical parameters
such as hardness (H), elastic modulus (E), plastic index parameter
(H/E) and % elastic recovery (% ER) are also very important to
confirm this behavior. % ER in these a-C: N: nc films was estimated

to elucidate elastic properties using the relation

% ER¼ ðhmax�hresÞ
hres

� 100 ð1Þ

where hmax and hres are the displacement at maximum load and
residual displacement after load removal, respectively. Fig. 6
shows the variation of H, E, % ER versus negative substrate bias.
It is evident from the figure that the values of H, E and % ER of the
films vary in range from 22.3 to 42.7 GPa, 275 to 330 GPa and 48.6
to 74.4, respectively. The values of H, E and % ER of a-C: N: nc films
initially increased with the increase of substrate bias from 0 to
�60 V. Beyond �60 V, there is a reversal in the trend. The
maximum value of H, E and % ER in the film deposited at �60 V
substrate bias were found to be 42.7 GPa, 330.03 GPa and 74.4,
respectively. Sjostrom et al. [32] have observed super hard
behavior in carbon nitride films having 85% elastic recovery. Fallon
et al. [13] obtained maximum sp3 bonding at about 100 eV in ta-C
films deposited using FCVA technique beyond (4100 eV) which
initiation of graphite-like sp2 bonding has been observed.

The H/E was found to be an important parameter to explain
elastic–plastic and wear resistance properties of thin films [6].
The H/E ratio shows the physical response of an atomic lattice to
an external force and relates to the bulk fracture strength. For high
wear resistance coatings, the H/E must be very high. Thus, films
having even comparatively lower H but having higher H/E can be
very useful for high wear resistance coating on magnetic storage
media and other applications [6]. To explore elastic and plastic
properties of these a-C: N: nc films in term of energy, the plastic
deformation energy (Ur) has also been estimated using an empirical
formula [33]

Ur ¼
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ω0 tan 2Ψ

s" #
1ffiffiffiffi
H

p P3=2 ð2Þ

where, ω0 is the geometry constant that attains the value of 1.3
for pyramid indenter, P is the load, and Ψ is the half angle of
Berkovich indenter that has the value of 65.3. The deformation
energy (Ur) varies inversely with H. Fig. 7 shows the variation of
H/E and Ur evaluated in a-C: N: nc films versus negative substrate
bias. The values of H/E and Ur are found to be in the range between
0.08 and 0.13 and 1.06�10�11 and 1.47�10�11 J, respectively. It is
evident from the figure that the values of H/E increased and those of
Ur decreased with the increase of substrate bias up to �60 V and
beyond �60 V there is a reversal in the trend. The maximum value
of H/E of 0.13 accompanied with the minimum value of Ur of
1.06�10�11 J was obtained in a-C: N: nc film deposited at �60 V
which again revealed their high wear resistant capability accom-
panied with less plastic (high elastic) deformation and more
diamond nature of film. Lin et al. [34] have suggested that Ur varies
inversely with % ER. The Ur results obtained in the present study are
found to be in good agreements with H and % ER results.

The penetration depth at 3 mN in all the a-C: N: nc films was
found to be in the range between 58 and 79 nm. Mostly, nano-
mechanical characterization should be performed within 10–25%
of the film thickness. In the present study, the indentation depths
in all the a-C: N: nc films have crossed the limit, so the substrate
also influences the mechanical properties and the result showed
composite substrate/film effect. Although, due care was taken here
to avoid the effect of substrate, but we were unable to completely
avoid it as the thickness of these films was not very high. However,
because of this, the hardness of Si wafer was measured before
the deposition and then hardness of substrate/film was estimated
by composite hardness model [35]. The effect of substrate on the
mechanical properties of thin films has also been studied in
the literatures [36,37]. They have considered two different cases
of soft film on hard substrate and hard film on soft substrate.

Table 1
Various parameters evaluated from the Raman spectra of a-C: N: nc films deposited
at different negative substrate biases.

Substrate bias (V) 0 �60 �150 �300
Properties

D (cm�1) 1391.9 1432.4 1393.8 1398.4
G (cm�1) 1564.9 1562.9 1575.1 1566.4
FWHM-D (cm�1) 237.7 293.9 177.0 244.5
FWHM-G (cm�1) 132.6 175.0 156.7 130.3
ID/IG 0.63 0.43 0.59 0.69
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They have realized that hard film on soft substrate exhibited
decrease in hardness with the increase in penetration depth. The
hardness values of a-C: N: nc films in the present study are found
to be larger than the hardness value of silicon substrate which
belongs to the latter case discussed. 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 [35].

Zhang et al. reported the effect of load on the mechanical
properties of a-C films [38]. They suggested that with increasing
the load, the plasticity in the structure of film increases due to the
substrate effect, which means the decrease of elastic recovery
and hardness values. We also performed nanoindentation study
with increasing indentation load from 3 to 9 mN and found that
the values of H and E decrease for the case of hard film on soft
substrate in the present study.

3.6. Field emission study

Fig. 8 shows the variation in field emission current density (J)
versus electric field (E) characteristics of a-C: N: nc films deposited
at different negative substrate biases. Field-emission involves a

Fig. 5. Load–displacement curves of a-C: N: nc films deposited at different negative substrate biases of (a) 0 V, (b) �60 V, (c) �150 V and (d) �300 V.

Fig. 6. Variation of H, E and % ER of a-C: N: nc films versus negative substrate
biases.

Fig. 7. Variation of H/E and Ur of a-C: N: nc films versus negative substrate biases.
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quantum-mechanical process in which electrons tunnel out of the
electrodes into vacuum when subjected to a very high electric
field. It is a non-linear process, in which the J–E characteristics are
usually described by the classical Fowler–Nordheim (FN) equation
[39,40]

J ¼ A½ðβEÞ2=φ�expð�Bφ3=2=βEÞ ð3Þ
where J is the current density, φ is the 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 A V�2 and 6.83�109 Vm�1eV�3/2, respectively. The
plots of log (J/E2) versus 1/E for the corresponding J–E character-
istics are shown in the inset of Fig. 8. These plots are straight lines
which confirm that the J–E characteristics follow the FN relation.
The threshold field of emission (ET) is defined as the applied
electric field at which an emission current density (J) 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 as ideal plane emitter with a field enhancement factor
β of 1. The values of ϕ for a-C: N: nc films grown were in the range
of 0.034–0.086 eV. Other workers [24,41–44] reported similar values
of ϕ. These values are obviously quite low and the true barrier
may be large [45]. If we take a work function (ϕ) of 5 eV, typical
of graphite bonding, then the FN plots correspond to the field
enhancement factor β of 439.3–1805.6 for these a-C: N: nc films. The
values of ET, Jmax at 20 V/μm, ϕ and β of a-C: N: nc films are
summarized in Table 2. The values of ET¼10 V/μm accompanied
with Jmax¼0.17 mA/cm2 and β¼525.8 have been obtained in a-C: N:
nc film deposited at 0 V substrate bias. The value of ET decreases to
4.9 V/μm and those of Jmax and β increase to 1.0 mA/cm2 and 1805.6,
respectively, on the application of substrate bias of �60 V. Beyond
�60 V substrate bias, there is a reversal in the trend and the value of
ET increases and those of Jmax and β decrease. The decrease of ET is
correlated with the increase of sp3 content present in a-C: N: nc film

deposited at �60 V substrate bias. Beyond �60 V substrate bias, the
value of ET increases and the sp3 content decreases. The ET of 4.9 V/
mm accompanied with the largest Jmax of 1 mA/cm2 and β of 1805.6
are obtained in a-C: N: nc film deposited at �60 V substrate bias
which showed maximum values of sp3 content corresponding to the
minimum ID/IG ratio in the Raman spectra.

There are various other factors which influence field emission.
A satisfactory field-emission behavior of the a-C films can be
expected from the presence of both graphitic and diamond-carbon
components. There may also be an optimum abundance ratio and
connectivity of the network of diamond and graphitic carbon in
the films where these films may perform as better field-emitters.
Gupta et al. [46], while studying 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 play a crucial role and assist in lowering emission
threshold. We reported [41,42] a correlation of ET in diamond like
carbon (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 ET decrease with the
decrease of residual stress, Eg and E0, as well. It is also evident
from the field emission study of a-C films having embedded
nanocrystallites deposited under different gaseous environment
by FCJCA technique [47] that low ET is obtained in those films that
have high sp3 content, low H/N content, high surface roughness
and smaller size of nanocrystallite. Various other process para-
meters such as substrate temperature [48] and surface treatment
by plasma etching [49] substantially affect in enhancing the
graphitic content which enhances the emission current density.
Koinkar et al. [50] suggested that the presence of nanocrystalline
diamond crystallites on the microcrystalline grains offers higher
aspect ratio which is responsible for the observed decrease in the
threshold field values. Electrical conductivity is an important
factor which also influences the emission behavior. Several review
articles on field emission [3,8,51] are also available in the
literature.

3.7. NH3 sensing study

The gas sensing response in a-C: N: nc film in the ammonia
environment is originated due to the electron donating nature of
ammonia which changes the charge carrier concentration in a-C: N
film and hence we get the change in the electrical resistance of the
a-C: N: nc film. This change in electrical resistance or the
sensitivity of the sensor depends upon the process of charge
carrier neutralization. The same process is adopted for all two
cycles at 50 ppm and all five cycles from 50 to 300 ppm of
ammonia. All the measurements were performed on the same
a-C: N: nc film. The film was tested for seven cycles (two at
50 ppm and five at 50–300 ppm) of measurement which indicates
the high sensitivity and reusability of the film. Fig. 9(a) exhibits the
sensing behavior of a-C: N: nc film deposited at �60 V substrate
bias at room temperature with fix 50 ppm of ammonia gas. The
operation of this sensor is based on the reversible change of
electrical resistance on exposure to ammonia gas. It is evident
from the figure that the electrical resistance almost recovered after
one complete cycle of ammonia gas at fix 50 ppm level. Fig. 9
(b) shows the fitting of the conductance for response and recovery
of a-C: N: nc film sensor in the presence of 50 ppm ammonia at
room temperature. The solid lines for response and recovery are
calculated using

GðtÞresponse ¼ G0þG1½expð�t=τresponseÞ� ð4:iÞ

and

GðtÞrecovery ¼ G0þG1½expð�t=τrecoveryÞ� ð4:iiÞ

Fig. 8. Variation in field emission current density (J) versus electric field (E)
characteristics of a-C: N: nc films deposited at different negative substrate biases.
Inset shows their FN plots.

Table 2
Various emission parameters of a-C: N: nc films deposited at different negative
substrate biases.

Substrate bias (V) 0 �60 �150 �300
Properties

ET (V/mm) 10.0 4.9 6.3 13.8
Jmax (mA/cm2) 0.17 1.0 0.59 0.01
ϕ (β¼1) 0.076 0.034 0.036 0.086
β (ϕ¼5 eV) 525.8 1805.6 1597.5 439.3
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where G0 and G1 are fitting parameters with τresponse and τrecovery
as the response and recovery time of ammonia sensor. Fig. 10
shows the gas sensing of a-C: N: nc film with increasing level from
50 to 300 ppm of ammonia. The calculated sensor response varies
from 0.1 to 0.4 for 50–300 ppm level of ammonia. Recently, Au
decorated carbon nano-tubes (CNTs) have been used for room
temperature sensing of ammonia gas [52]. However, this method
is not cost effective due to the use of gold nanoparticle. Pandey

et al. [53] developed a very simple cost effective technique for the
room temperature ammonia sensing by guar gum/silver nanopar-
ticles composite. They claimed that the sensor based on guar gum/
silver nanoparticles composite was flexible and ultrasensitive for
ammonia gas. Hu et al. [54] reported the use of chemically reduced
graphene oxide as room temperature ammonia sensor. A major
issue with this method is that an additional IR lamp is required for
recovery which increases the complexity of sensor. The use of zinc
oxide and functionalized graphite and multi-walled CNTs for room
temperature ammonia sensing has also been reported with the
slow response and recovery time compared with other CNT based
sensors [55]. Karunagaran et al. [56] while investigating TiO2 thin
film gas sensor for monitoring ammonia gas have reported
the response time of 90 s and recovery time 110 s for 500 ppm
NH3 in air at 250 1C.

4. Conclusion

The effect of negative substrate bias on the structural, nano-
mechanical and field emission properties of a-C: N: nc films
deposited by FAJCA technique have been studied. The properties
are found to depend on the substrate bias applied and peak at
�60 V substrate bias. Maximum values of H of 42.7 GPa, E of
330 GPa, H/E of 0.13, % ER of 74.4, Jmax of 1 mA/cm2and β of 1805.6
with the lowest value of ET of 4.9 V/mm have been obtained in a-C:
N: nc films deposited at �60 V substrate bias. The formation of
a-C: N: nc films may have the potential to be a thin film equivalent
of carbon nanotubes in terms of mechanical properties and may
act as better performing hard carbon coating materials. It also
demonstrates a better field emission behavior and good response
and recovery time in ammonia sensing at room temperature.
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