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ABSTRACT: In this paper, we report the excellent field emission properties
of Q-carbon and analyze its field emission characteristics through structural,
morphological, and electronic property correlations, supported by density
functional theory (DFT) simulation studies. The Q-carbon field emitters
show impressive and stable field emission properties, such as a low turn-on
electric field of ~2.38 V/um, a high emission current density of ~33 pA/
cm?, and a critical field of ~2.44 V/um for the transition from a linear region
to the saturation region in the F—N plot. The outstanding field emission
properties of Q-carbon are attributed to (i) a unique sp*/sp® mixture in Q-
carbon, (ii) sp>-bonded highly conductive amorphous carbon-rich channels
inside the Q-carbon cluster, (iii) a large local field enhancement due to the
local geometry and microstructure of Q-carbon, and (iv) the presence of sp*-
bonded amorphous carbon regions in the composite film. The temperature-
dependent field emission properties, such as extreme sensitivity and an enhancement in the emission current density with
temperature, can be explained by the local density of states near the Fermi level and the excellent thermal stability of the Q-carbon
field emitters. From DFT simulation studies, the computed work function and the field-enhancement factor were determined to be
3.62 eV and ~2300, respectively, which explains the excellent field emission characteristics of Q-carbon. The obtained field emission
properties, in most cases, were superior to those from other carbon/diamond-based field emitters, which will open new frontiers in
field emission-based electronic applications.
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1. INTRODUCTION different field emission (FE) properties, even if they are
produced by the same procedure.” On the other hand, electron
emissions were observed only from the edges and corners of
individual single- and multi-layer graphene, which is unsuitable
for practical applications.'® Although the negative electron
affinity (NEA) of diamond is favorable for desirable FE
characteristics, attempts to utilize the NEA did not quite lead
to the fabrication of diamond-based practical FE devices due to
the wide bandgap and poor conductivity of pristine diamond."’
Recently, various laser processing techniques have been
discovered to grow various metastable forms of carbon with
hierarchical structural morphologies.'*~"* Moreover, complex
and expensive microfabrication and processing techniques,
such as patterning and/or etching of diamonds to give suitable
pyramid or needle shapes, are usually required to obtain a large
field-enhancement factor in diamonds.” The use of diamond-
like carbon (DLC) films as a cold cathode material is also
limited owing to their low FE current density and high

Field emission from flat surfaces can demonstrate some useful
and desirable characteristics, such as high brightness, fast
response, extremely high resolution, and small energy
consumption, which make the emitters suitable to fabricate
vacuum-fluorescence display panels, fast-response switching
devices, frictionless motors, and so on." Carbon-based field
emitters are desirable because the material can sustain a high
electric field and breakdown occurs at exceptionally large fields,
of the order 800—1000 V/um.” Other widely used materials,
i.e, Si, GaAs, and SiC can sustain only up to 30, 40, and 300
V/pum, respectively.” However, different carbon-based field
emitters have different limitations from the viewpoint of
growth, field emission current density, stability, and device
processing. For example, carbon nanotubes (CNTs), one of
the most explored carbon-based field emitters, tend to burn
out in a way that the tallest CNT in the emitting zone first
experiences the highest field and therefore emits most of the
current. Subsequently, the emission occurs from the next tallest
CNT, which survives for a time and then also burns out. Thus, Received: November 26, 2022
all CNTs burn out one after another until emission ceases Accepted:  February 1, 2023
completely. Nonetheless, CN'Ts can so far only be formed by Published: February 27, 2023
plasma deposition,™ chemical vapor deposition,” or extracting

from a post-discharge deposit” at high temperatures, usually

over 700 °C. Moreover, CNT film emitters usually exhibit very
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threshold fields."”> Nonetheless, the carbon-based conjugated
polymer (poly 3-octyl-thiophene) films have demonstrated a
very low turn-on field and good current density, but the
current density drops to 55% of its initial value in 2 h which
makes this material incompetent for practical applications.'®

Field-emission efficiency of an emitting material depends
upon a combination of factors which includes the conductivity
of the emitter, mechanical and electrical stability under large
electric fields, the surface work function, and the resistance of
the emitter/substrate interface.!” An ideal field emitter should
be a good electrical conductor with a low work function and a
high enhancement factor and be stable at high emission
current densities. Our investigations show that Q-carbon
possesses all these properties. In addition to that, Q-carbon is
considered a strong candidate for field-emission cathode
devices because of its low electron affinity and chemical
inertness.'® Furthermore, due to its excellent physical proper-
ties, such as high hardness, good thermal conductivity, and
good mechanical, chemical, and thermal stability, there is
considerable interest in the use of Q-carbon as a cold cathode
material for the fabrication of high-performance electronic
devices that could be used in high-temperature and heavy
radiation environments. The inertness prevents the Q-carbon
surface from aging, a process often observed in field-emission
studies of metals. This property is fundamentally important for
the stabilization of field-emission cathodes, providing reliability
and durability. Recently, Zaria et al. grew ultra-nanocrystalline
diamond (UNCD)/hydrogenated amorphous carbon (a-C:H)
composite films by coaxial arc plasma deposition and observed
that the presence of sp” -grain boundaries (GBs) in nano-sized-
sp’ diamond §rains enhanced the electrical conductivity
signiﬁcantly.lg’2 Therefore, the suitable microstructure, ideal
sp*/sp® carbon ratio in the nano-composite Q-carbon films,
and highly packed diamond tetrahedra in the Q-carbon
structure are some of the attractive features of the superior
FE properties. To determine the electronic structure of atoms,
molecules, and solids, physicists and chemists have employed
the density functional theory (DFT) quantum-mechanical
(QM) technique since the 1970s, and it has gained a lot of
attention nowadays in computational solid-state physics.
Computing observables that are directly related to experiments
are the basis of a DFT study with QM approaches. In addition
to the primary quantities, such as energies, structures, and
spectroscopic properties, the DFT study also helps us to
identify the electronic, magnetic resonance, and vibrational
spectroscopic characteristics where theory and experiment can
collaborate and complement one another."

In this study, we have investigated the fabrication and
characterization of high-performance Q-carbon field emitters
with excellent emission properties. The mechanism of the
excellent FE properties of Q-carbon has been illustrated
through the structural-property correlations. To develop a
better understanding, we have also made a comparative
investigation of field emission properties in Q-carbon with
other carbon and non-carbon-based conventional field
emitters. Here, the DFT study was performed to observe the
total density of states (TDOS) and partial density of states
(PDOS) and to determine the work function of the Q-carbon
field emitter after structural optimization. The observed field
emission characteristics suggest that this nanostructured thin
film can be a prospective material for next-generation flat panel
display applications.
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2. EXPERIMENTAL SECTION

2.1. Fabrication of Q-Carbon Nano-Composite Film. A
compact and high-quality graphite target (99.99% pure) was
placed on a rotating target holder inside the pulsed laser
deposition (PLD) chamber for the deposition of amorphous
carbon films on crystalline sapphire substrates. The separation
between the target and the substrate was ~4 cm. A krypton
fluoride (KrF) pulsed excimer laser with 248 nm wavelength,
20 ns pulse duration, S Hz rep-rate, and an energy density of
~3 J/cm?* was used for the deposition. A pressure of ~1 X 107
Torr was maintained throughout the deposition inside the
stainless steel PLD chamber. We have systematically varied the
laser parameters, such as the laser energy density, to optimize
the deposition conditions of the amorphous carbon thin film
on the r-sapphire substrate. An argon fluoride (ArF) pulsed
excimer laser with 193 nm wavelength and 20 ns pulse
duration was used to irradiate the amorphous carbon film to
form a Q-carbon thin film. An energy density of 0.6 to 0.7 J/
cm?® was maintained to create the molten state of carbon which
is successively quenched into a super undercooled state from
Q-carbon within a very short time (<250 ns). Raman spectra
were collected by Horiba LabRAM HR Evolution Raman
technology from 900 to 2300 cm™' using a 532 nm laser
excitation wavelength.

2.2. Characterization and FE Test. We have performed
Raman spectroscopy to characterize the nanostructure of the
films. Unpolarized Raman spectra were recorded ex situ at
room temperature in a backscattering geometry for 532.16 nm
excitation using a WITec confocal Raman microscope system
(alpha 300 M) coupled with a notch filter and an insulating
spacing plate of 100 um thickness. The morphologies of our
samples were characterized by a high-resolution FEI Verios
460 L scanning electron microscope. Field-emission tests were
carried out in the parallel plate diode configuration with an
anode of tungsten sheet, and a Q-carbon nano-composite thin
film acted as a cathode, maintaining pressure below S X 1077
Torr in an ultrahigh vacuum chamber. No forming process was
needed to obtain emissions from these films. No macroscopic
surface damage was observed on the films after the emission
testing, which is expected owing to the robust property and
moderate conductivity of the Q-carbon composite films. All
electrical measurements were taken after waiting for the
electrostatic equilibrium to be reached. The measurements
were performed in the dc mode.

2.3. Computational Details. We have performed
geometry optimization and energy calculations within the
context of DFT by using the projector augmented wave
(PAW) method along with the generalized gradient approx-
imation (GGA) functional as implemented in VASP (Vienna
ab initio simulation package).”””*> The amorphous form of Q-
Carbon, consisting of 64 carbon atoms, was considered for
initial structural relaxation, and it was carried out till the force
on an individual atom became less than 0.01 eV/A, and the
plane wave cut-off energy was taken as 550 eV. A Monkhorst-
Pack®® grid of 7 X 7 X 1 K-points was used for relaxation, and
we used 9 X 9 X 1 K-points to analyze the DOS.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Surface Morphological Analysis. Figure 1a shows
the high-resolution and large-area SEM image of the Q-carbon
nano-composite film, where the bright regions refer to the Q-
carbon structures and the rest dark region is the amorphous
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Figure 1. High-resolution SEM image of the Q-carbon nano-
composite film at (a) 100 um scale and (b) 50 pm scale, showing
uniformly distributed sp>-rich Q-carbon regions (bright) in the sp’-
rich highly conductive amorphous carbon (dark). (c) Broad curvy Q-
carbon region at a higher magnification with a scale of S ym. (d)
Magnified view of the Q-carbon clusters in which individual Q-carbon
grains can be observed (inside the red circle). The amorphous carbon
channels in between the Q-carbon grains inside the cluster are also
evident.

carbon. The Q-carbon clusters were found to grow uniformly
throughout the nano-composite film, and they are isolated
from each other by an intermediate sp*-rich amorphous carbon
region. It is also evident from this image that all Q-carbon
clusters have similar dimensions and regular shapes throughout
the film. Figure 1b is a high-magnification SEM image showing
the emitter surface condition. Each of the Q-carbon cluster is
formed by multiple Q-carbon grains (elucidated inside the
circular red line) which can be seen in this image. The
unconverted sp’> carbon-rich amorphous carbon forms the
channel between these grains. The electron-emitting channel
for enhanced field emission is shown in Figure lc at a higher
magnification scale where the broad whitish region is Q-carbon
which is surrounded by a blackish amorphous carbon region.
The Q-carbon nanocluster is surrounded by thin boundaries
that are rich in sp® bonds, and one small Q-carbon cluster
region is shown in Figure 1d marked by a red circle. Due to the
high conductivity of these boundaries, the flow of electrons is
enhanced through each Q-carbon nanocluster, and it serves as
a cathode. It is hypothesized that an effective FE device is
produced by the high density of grain boundaries within the Q-
carbon clusters connected to the amorphous carbon matrix.
3.2. Raman Spectra Analysis. The Q-carbon nano-
composite films were characterized by Raman spectroscopy to
identify different sp®/sp* bonding characteristics at different
regions of the field emitter. Figure 2 shows the micro-Raman
spectrum of the Q-carbon region where the D and G bands are
observed at 1345 and 1568 cm™!, respectively.'®*’ Another
very small hump/shoulder peak at 1620 cm™ arises due to a
disorder-induced breakdown of the Raman selection rule. The
sp> carbon content was determined to be more than 76%,
which compares with the previous studies.'®*” The amorphous
carbon region, illustrated by the black spectrum in Figure 2, is
characterized by a very broad Raman band centered around
1400—1600 cm™". The exact shape and position of this band
depend on the bonding characteristics and the percentage of
the sp?/sp® content. The fitting profile of this amorphous
carbon region shows an sp® content of around 35%, and the
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Figure 2. Raman spectrum of Q-carbon (dark yellow) and amorphous
carbon region (black) in the region from 900 to 2200 cm™.

remaining 65% is sp* carbon, which provides the conductivity
in the field emitter. No Raman peak at ~2160 cm™ is
observed, indicating the absence of any sp'-bonded sites.

3.3. Field Emission Measurements. Figure 3a represents
the field-emission characteristics of Q-carbon nano-composite
films at different temperatures. All emission current density
versus applied electric field (J—E) plots during the field
emission measurements show an exponential behavior above
the turn-on electric field (E;o), which is defined as the
required electric field to obtain a current density of 1 yA cm™2.
The Epq of the FE curve at room temperature is found to be
~2.38 V/um. We observe a decrease in the Epq with increasing
temperature. This could be due to the modification in the
electronic structures, such as the activation of acceptor-like
levels or impurity levels at elevated temperature regions. This
high-temperature condition may also facilitate the trans-
portation of electrons through the field emitter. Additionally,
the interband states might get activated at high temperatures
and electrons from these states could reach the anode directly
under the applied electric field. All FE curves fitted well with
the Fowler-Nordheim (F—N) relationship which can be
expressed by eq 1. The F—N plots are shown in Figure 3b

according to
By
= A —
! ( ]exp[ PE ] (1)

where ] represents the field emission current density, E
represents the applied electric field between the tungsten
anode and Q-carbon cold cathode emitter (E is the ratio
between the applied voltage V and the distance between the
metal anode and the field emitter plane, d), ¢ represents the
work function, f represents the field-enhancement factor, T is
the absolute temperature, and k represents the Boltzmann
constant. The surface potential barrier for sp’-bonded
nanostructures due to surface states is represented by AWS,
and the decrease of the surface potential barrier due to field
penetration is expressed by AW’. The two well-known
constants A and B have the values A = 1.54 X 107 A eV
V2 and B = 6.83 X 10° eV™2 V™! ym. Our results followed
the F—N equation at the low field. However, at the high-field
region, after a critical electric field, the J—E plots deviated from
the linear F—N relationship, which was due to the current
saturation of the Q-carbon field emitters at high applied
electric fields. Similar characteristics of F—=N plots in the high-
field regions have been reported in the earlier studies on
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Figure 3. Field emission measurements from the Q-carbon nano-composite cathode film at different temperatures. (a) J—E plots in the
temperature range from 300 to 500 K. (b) F—N plots of corresponding J—E data show two distinct slopes at high and low electric field regions.

graphene,”® diamond,”” and carbon nanotubes.’® As expressed
in the F—N equation, the emission current density of an
emitter exponentially depends on the field-enhancement factor,
which is an intrinsic material property. In the present study, we
have determined the field-enhancement factors from the slope
of the F—N plots (straight line behavior in the low field
region), which is mathematically expressed as

_ (683 x 10%) o

p=
slope

()

The work function of Q-carbon was calculated as 3.62 eV
from the DFT simulation; the low-field f was found to be 2300
at room temperature, which is higher than most of the carbon
and non-carbon-based conventional field emitters. The
calculated S values of the Q-carbon field emitter at different
temperatures are tabulated in Table 1. Less turn-on or

Table 1. Field Emission Characteristics of Q-Carbon Field
Emitters in the Temperature Range from 300 to 500 K

operation turn-on
temperature field maximum current Sl p2
(X) (V/pm) density (uA/cm?)  (region I) (region-II)
300 2.38 31.62 2300 241
400 2.35 42.90 1058 280
500 2.32 §3.10 1113 308

threshold field and high field emission current density of the
Q-carbon field emitters are reported in in this study compared
to those for the as-deposited DLC film, which exhibits the
gi'eag 1i§;§aCt of the laser annealing process on the DLC thin

m.

3.4. Field Emission Mechanism in Q-Carbon. Field-
emission characteristics of an emitter are governed by a
combination of factors which includes the conductivity of the
emitters, the surface work function, the morphology of the
film, and the relative sp®/sp® ratio. An ideal field emitter should
be a good electrical conductor having a low work function, a
high field-enhancement factor, and good stability at high
emission current densities. The Q-carbon nano-composite
films have excellent conductivity and a robust structure with a
low work function, which is promising to construct some
excellent field-emission devices. It shows a very high field-
enhancement factor due to several reasons which will be
explained below. Q-carbon consists of numerous highly packed
sp>-bonded diamond tetrahedra in a random order.'® The sp*

9310

bonded carbon atoms remain in between these diamond
tetrahedra to provide the necessary conduction for the
electrons during the FE measurements. The sp® carbon
shows high electrical conductivity that has a better ability to
provide large FE current densities.”* This sp>-carbon also
causes electron delocalization and improves electron hopping
between the sp®rich Q-carbon grains resulting in further
accelerated electron transportation in the Q-carbon nano-
composite structures.”””> As the sp>-rich Q-carbon grains
possess very low/negative electron affinity, the electrons can be
easily extracted from the Q-carbon surface in the presence of
an applied external electric field.”” Thus, electrons can be
launched into a vacuum from Q-carbon, which are supplied by
the sp” carbon-rich amorphous carbon channel under the
action of an external electric field. Although sp>-bonded carbon
provides tremendous advantages for the improved FE
characteristics in carbon-based structures, a large amount of
sp>-carbon in the emitting structure is undesirable owing to the
fact that negative electron affinity is involved with the sp’-
content and an excessive amount of sp>-carbon in the emission
sites is responsible for the increase in the electron affinity.**~*
The laser annealed Q-carbon is formed by the liquid phase
quenching of the carbon melt during the nanosecond laser
irradiation on the PLD-grown carbon films. The high packing
efficiency (80%) and the uniform distribution of a suitable
fraction of sp>-bonded C throughout the sp>-bonded matrix in
Q-carbon provide an ideal platform for enhanced field
emission.””

Combining the Raman analysis and results of the FE
measurements, the outstanding FE characteristics of the Q-
carbon composite structure can be explained by the micro-
structure and the bonding characteristics of the atoms present
in the Q-carbon structure. The emission current is significantly
high, and the turn-on field is very low for Q-carbon composite
films. We envisaged these outstanding FE properties from the
following factors: (i) defect-induced bands owing to sp’
content. The defect-induced energy bands created by sp*-
bonded atoms are responsible for the enhancement in FE
current density. Defect-induced energy bands can be induced
throughout the energy gap of sp*-rich Q-carbon due to the
presence of structural defects created by the sp*-bonded
carbon. The formation of these defect bands raises the Fermi
level toward the conduction band and thus reduces the work
function for the field emission which is further supported by
the DFT analysis discussed in the Simulation Results and
Discussion section of this article. Thereby, the surface potential
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Table 2. Comparison of the FE Properties with Conventional Non-Carbon-based Field Emitters

field emitters turn-on field (V/um) threshold field (V/um) field-enhancement factor (/) ref year
Q-carbon 2.4 (1 pA/cm?) 2.65 (30 pA/cm?) 2300 current study 2022
ZnO nanosheets arrays 2.4 (0.1 uA/cm?) 6.4 (50.1 uA/cm?) 5812 46 2014
Si nanowires 2 (10 pA/cm?) 3.4 (1 mA/cm?) 47 2006
WS, nanotube 1.5 (1 uA/cm?) 3526 48 2014
GaN nanowires 9.1 (0.1 mA/cm?) 730 49 2011
TiO, nanotube arrays 2.8 (1 pA/cm?) 8.0 (0.15 mA/cm?) 5580 50 2006
Table 3. Comparison of the FE Properties with Different Carbon-based Field Emitters
field emitters turn-on field (V/um) threshold field (V/um) field-enhancement factor (/) ref year

Q-carbon 2.4 (1 uA/cm?*) 2.65 (30 pA/cm?) 2300 this study 2022
single-crystal diamond 427 (0.1 pA/cm?) 7.6 (1132 pA/cm?) 1000 51, 52 2003 & 1996
nano-diamond films 2.2 (1 pA/cm?) 6.4 (0.72 mA/cm?) S3 2003
N-doped nano-diamond 3 (1 nA) 54 2009
graphene nanosheet array 2.6 (10 uA/cm?) 5.8 (1 mA/cm?) 3788 55 2012
freestanding graphene-diamond 2.2 (0.1 mA) 4.8 (0.6 pA) 1950—4720 56 2011
DLC/Si 5.6 (0.01 pA/cm?) 14.3 (15.2 pA/cm?) 15 2000
patterned DLC/Ti/Si 2.1(0.01 uA/cm?) 14.3(1.23 mA/cm?) 15 2000

CNT arrays 3.22 (10 nA) 1900—-2500 N 2006
carbon nanowalls 4.7 (0. 1 mA/cm?) 6 (1 mA/cm?) 1399 58 2015
vertically aligned CNT/DLC 2.0 (undefined) 2.1 (10 pA/cm?) 2529 4 2013

barrier height of Q-carbon is reduced compared to that of the
other carbon-based materials, such as diamond or DLC, and
the electron emits easily from the Q-carbon surface.”” The sp*-
carbon-induced spatially localized states also enable hopping
conduction in the Q-carbon structure.*”*' The observed
increase in the current density with temperature under a
constant applied electric field is also attributed to the smaller
energy separation among the defect bands in the bandgap
associated with the sp® carbon in the Q-carbon structure.
Moreover, the lowering of Ero with temperature is a direct
consequence of decreasing effective potential barrier height for
electron emission which was discussed elaborately in our
previous papers.””** Thus, the combination of the reduction of
Ero and enhancement of the emission current with temper-
ature is observed due to the higher probability of electron
injection into the electron bands during the transport process,
originating from the defect state-induced decrease in the
effective potential barrier height for field emission. (ii) Increase
in field-enhancement factor owing to sp*sp’-sp> (MIM)
microstructures. This hypothesis for the novel Q-carbon
structure proposes that the sp*-rich conducting grain boundary
surrounding the individual Q-carbon grain in a Q-carbon
cluster forms cascaded MIM microstructures, which results in
obtaining an enhanced B. The f is the ability of an emitter
surface to enhance the local electric field at the emission spots,
which is defined as the ratio of the local electric field to the
macroscopic electric field. Assuming a parallel configuration of
semi-infinite electrode plates, the local electric field (E,,) in
the emitting Q-carbon entities is given by the following
expression

\%4
Elocal = ﬂg

©)

The f can be affected in different ways, such as geometrical
parameters of the FE device structure, morphology of emitters,
and the distribution of different bonding characteristics in the
emitter.*’ The structural inhomogeneity in the Q-carbon nano-
composite films is created due to the distribution of the sp*
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carbon in the sp® matrix. Under the applied electric field, the
abrupt termination of the field lines occurs at the non-
conducting zones due to the inhomogeneity of the structure
which amplifies the 4.** Hence, the sp®/sp>/sp> entities should
constitute the preferential sites for electron emission due to the
activation of this junction at a low applied electric field. Unlike
the case of the F—N theory for pure metals, the dependence of
the field-enhancement factor in a sp®/sp® system cannot be
elucidated solely by geometric features. In the Q-carbon
structure, it mainly depends on the combination of electronic
and dielectric properties of highly packed sp® and sp’
nanophases at the atomic level. The distribution of sp* carbon
in a sp® matrix creates a dielectric inhomogeneity, which also
enhances the field-enhancement factor.”” This could be
attributed as one of the main reasons for the observed high
field-enhancement factor in the Q-carbon field emitters. The
F—N theory is useful to compare the FE performance of Q-
carbon thin films with other carbon- and diamond-based
nanostructures and films whose FE characteristics were
analyzed within the F—N framework. Following this, the
field-enhancement factors obtained from Q-carbon are
compared and tabulated in Tables 2 and 3 with other non-
carbon and carbon-based field emitters, respectively. Two
regimes were inferred from the F—N linearization of the J—E
data; each corresponds to a distinct field-enhancement factor,
A1 (from ~2300 to ~1113) at the low-field and 2 (from
~241 to ~30S5) at the high-field regions. After field
intensification, a local field of ~7050 V/um could be attained
(eq 3) by an applied macroscopic activation field of 2.4 V/um
at room temperature.

(iii) Finally, the conductivity phenomena and the FE
property in the Q-carbon nano-composite structure comply
with the Latham’s unifying theory””*” which explains/
correlates the critical role of the embedded nanosized
conducting channels in a nonconducting nanostructured
matrix, and the spatially localized electronic states occurring
in parallel to the FE mechanism. In the Q-carbon
nanostructure, the spz-rich amorphous carbon-rich conducting
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channels are embedded in the sp>rich relatively less
conducting Q-carbon grains. This amorphous carbon region
is like a semimetal (free electron density ~10'® cm™) which
supplies the free electrons. On the other hand, unlike diamond,
the partial overlapping of 7 electron orbitals from the small sp*-
bonded carbon fraction occurs in Q-carbon, which also helps
electrons to reach the top of the Q-carbon surface within a Q-
carbon grain during the emission process. The rest of the three
valance electrons lying in a plane form strong ¢ bonds, which
coincide with the basal plane. The electronic levels lying near
the Fermi level are formed due to the weak 7 bonds, whereas
the o bonds are responsible for the electronic bands far from
the Fermi level. The formation of these bands is depicted
schematically in Figure 4a in the form of the electron DOS.

() E

Figure 4. (a) Schematic representation of the electronic DOS, N(E),
of Q-carbon which consists of a small percentage of sp> carbon and
(b) similar diagram assuming no sp®> carbon in between the sp’-
bonded diamond tetrahedra in the Q-carbon structure. The 7z and 7*
states near the Fermi level arise due to the sp? carbon.

Such arguments are only valid for carbon atoms surrounded by
the same atoms on all sides. The corresponding hypothetical
electronic DOS is shown schematically in Figure 4b if there
were no sp’ carbon atoms present in the Q-carbon structure.

Electrons must have enough energy to cross the potential
barrier at the metal-vacuum interface or the potential
difference between the Fermi level of the metal and the
vacuum to depart from a metal surface. The electron potential
energy as a function of x from the metal-vacuum contact for Q-
carbon is shown in Figure Sa. The electric field and the image
force, which add to the position-dependent factors —eEx and

2
:—, respectively, make the barrier thin and reduce the barrier
X

height for electron field emission. When an electric field E is
applied perpendicular to the emitting surface, the effective
potential on an electron at a distance x from the surface is also
shown in Figure Sa. The potential barrier is altered by the

applied electric field E, becoming thinner (triangular), and the
effective barrier height is decreased. The electrical conductivity
of the amorphous carbon region of the film is close to metallic
(clearly seen from the DFT results), which allows the flow of a
high current density. Under the presence of an applied electric
field, the electrons tunnel through the thin energy barrier at the
interface of the two carbon phases and leave the Q-carbon
surface due to its favorable low electron affinity, which has
been shown in Figure Sb. The density of the unpaired electron
states near the Fermi level is high in the Q-carbon region;60
consequently, the wave-function overlap takes place, which
results in electron delocalization.””®* Under an applied electric
field, the degree of field penetration into a semiconductor
depends on the conductivity of the sample. As a result, we can
infer an immediate link between the emission mechanism and
the extent of field penetration. The extent of the field
penetration due to the externally applied electric field
decreases with increasing conductivity. The field lines from
the anode terminate on the amorphous carbon region in the Q-
carbon nano-composite film because of the high electrical
conductivity of this region, owing to the high fraction of sp*
carbon. On the other hand, there are some field penetrations
associated with the Q-carbon region, and the emission is
controlled by the properties at or near the front of the film-
vacuum interface, which is referred to as the “front surface”-
controlled FE mechanism. A schematic of the field emission
from the Q-carbon cathode surface to the tungsten anode
under a dc field is shown in Figure Sc.

Altogether the microstructural heterogeneity, uniform
distribution of the sp® carbon at the atomic level, and hence
the modification of the electronic structure with the sp*-rich
carbon are envisaged to play key roles in obtaining excellent FE
properties. Application of an external electric field results in the
extraction of electrons from the Q-carbon film surface.
Replenishment of the emitted electrons to the Q-carbon
region is accomplished by the conductive channels around the
Q-carbon grains. Such a process helps us to explain the non-
uniform nature of the emission across the surface of the film
(on the nano- to microscale) in which the local arrangement of
the bonding characteristics of the carbon atoms is important.
In Q-carbon nano-composite films, with inhomogeneous
structural and electrical properties, the percentage of the
conductive zones and the sp’/sp® ratio can be tailored to
control the charge transport by tuning the laser energy density
and the rate of undercooling during the ultrafast melting and
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Figure 5. (a) Potential energy as a function of distance x (A) for field emission in Q-carbon. (b) Illustration of the field electron emission from the
relative band diagram perspective (the diagram does not present the original values of the respective phases of carbon). The small height between
the top of the conduction band (CB) and the vacuum level is due to the extremely low electron affinity which makes it easier for the electrons to
reach the vacuum level under the applied electric field. (c) Schematic illustration of the electron emission from the front surface of the Q-carbon

thin film (cathode) to the tungsten anode under an external dc field.
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Table 4. Origin of Electric Field Emission, Transport, and Its Mechanism from a Variety of Cathodes”®

compounds source of field emission

any flat metal surface high DOS at Fermi surface
EF)

any Spindt-tip like structures high DOS at Fermi surface
Eg)

any wide gap semiconductor or substrate surface

insulator, i.e., diamond, AIN

DLC substrate surface
polymer-like amorphous carbon substrate surface
CNTs substrate surface

substrate surface and CNT

high DOS at EF and front-
surface-based emission

CNT—polymer nano composites

Q-carbon

transport mechanism

transport occurs via conduction
band or defect level present

hopping mechanism
effects from space charge

transport occurs via the tube

percolation mechanism

defect level hopping and
conduction band

electron emission mechanism

follows the Fowler-Nordheim (FN) model for work
function (4—5 eV) (f=1)

follows the Fowler-Nordheim (FN) model for work
function (4—5 eV) and (f > 50—100)

follows the NEA and Fowler-Nordheim model

follows the FN model with negligible field penetration
follows the FN model with important field penetration

follows the FN model for work function (4—
S eV) (f > 200) aspect ratio

electron transport and FN model
NEA + FN with very high f + field penetration

important

quenching of the amorphous carbon by PLA. This will help us
to control the field emission properties of Q-carbon nano-
composite films. Unlike a-C films, which require a conditioning
process before the emission of electrons from their surfaces,
the Q-carbon nano-composite films show very stable J—E
characteristics without any pretreatment during the FE
measurements.”” Furthermore, Q-carbon does not show any
irreversible hysteresis which is a characteristic feature of some
conventional carbon-based field emitters.”” The hysteresis
phenomenon is often evidenced by the successively decreasing
threshold fields which reach a minimum value after several
operational cycles in those carbon-based materials. Moreover,
the presence of adsorbents and/or organic entities is usually
responsible for the noise and flickering in the emission current
and a relatively low threshold field, which are often observed at
the initial state during measurements in the carbon-based field
emitters. However, the stable J—E plots and the observed
reproducibility with little or no fluctuations eliminate the
presence of a significant amount of adsorbates in the Q-carbon
nano-composite films. Therefore, Joule heating of the Q-
carbon nano-composite films is not required before the FE
measurements. On the contrary, different types of gases or
organic species are present at the surface of hollow/tubular
CNT-based field emitters, which create nano protrusions/
regions of reduced work function zones and thereby increase
the field-enhancement factor.*>®* Thus, the FE begins at lower
electric fields at these nano protrusions. The formation and
Joule heating-driven surface diffusion of the nano protrusions
are responsible for the change in the local work function and
thereby can yield instabilities in the FE current density during
the FE measurements. At a large applied electric field, the local
temperature becomes high due to the high current density
current flow which leads to the evaporation of some
adsorbates, thereby causing a drop in the FE current density.
No such phenomenon occurs in the Q-carbon nano-composite
films owing to the compact structure and inertness of the film
as it is formed by the quenching of the molten state of carbon
within a very short time (<250 ns)."® The temperature-
dependent sensitivity of the FE properties of Q-carbon
indicates that several of the interband defect levels near the
conduction band participate in the emission process, although
the greater part of the emission current comes from the
occupied states with a large DOS. This is partly responsible for
the good emission characteristics. Moreover, the sp*-rich Q-
carbon grains with high thermal conductivity can dissipate the
produced heat to the surrounding in a very effective way
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during the FE operation and help to maintain an efficient
electron field emission process.

Three fundamental factors are important to understand the
controlling phenomena for the field electron emission from an
emitter surface: (i) the emission process from the surface to
the vacuum, (i) the source of the electrons, and (iii) the
electron transport mechanism through the film.”> We have
discussed these factors for the Q-carbon nano-composite field
emitters in this study and summarized and compared our
findings with other extensively studied field emitting materials
in Table 4. Examining the recent works on FE characteristics
on carbon-based materials, researchers have demonstrated the
lowest Ero as 3.22 V/um in the multi-walled CNT
(MWCNT) samples.”” On the other hand, the complex
graphene-diamond hybrid film demonstrated a low Erq value
of 24 V/um.*® In a complex and unconventional carbon
nanowall structure, researchers have obtained a low Eq of ~3
V/um.°® Moreover, other researchers have realized an Epq of
~3 V/um in nanocrystalline diamonds.”* Tables 2 and 3
summarize some of the important FE properties of different
carbon and non-carbon-based field emitters, respectively. In
the current study, the value of Epg (~2.38 V/um) for Q-
carbon field emitters seems to be very encouraging. Although
some of the field-emission properties of Q-carbon films are not
better than those of carbon nanotubes, nanodiamonds, and
graphene, the outstanding FE characteristics as a whole meet
all prerequisite factors for practical applications. The Q-carbon
nano-composite films can be deposited with a high deposition
rate at room temperature over a large area. This is necessary
for fabricating large-area flat-panel displays for commercial
purposes. Moreover, the lack of adequate control capabilities
on the structural, electronic, and other properties of different
carbon-based films makes it difficult for practical applications.
Nonetheless, cold cathodes based on Q-carbon nano-
composite structures offer immense potential since it is
possible to deposit the Q-carbon thin films over large areas
at a very low cost. The softening temperature of most of the
common display glasses is around 400 °C. The deposition
temperature of most of the carbon-based field emitters
significantly exceeds this temperature; thus, these materials
are not compatible with the current technology. The low-
temperature and controlled synthesis of Q-carbon make it a
promising cathode material. Unlike most of the other emissive
carbon films, the present Q-carbon nano-composite films can
be deposited onto transparent and flexible polymer substrates.
In addition to that, since a reliable fabrication method of
diamond microtip arrays over a large area is very difficult,
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nano-composite Q-carbon films with a low electron affinity
could be a viable solution to produce FE displays. The low
threshold field, good current stability, and low-temperature
processing make these novel nanostructured carbon films very
suitable for display applications. Similar FE characteristics due
to the low electron affinity, wide bandgap, and excellent
transport properties were recently obtained from polymer
films,'® but it is evident that emission from Q-carbon
composite structures with two different carbon phases shows
better long-term stability which is a prerequisite for FE-based
nano- and microelectronic device applications. Although a
comprehensive and well-accepted emission mechanism of
carbon-based materials is not yet established,®” these
experimental results suggest that better field emission comes
from more complex forms of carbon with both sp® and sp”
bonds and often having heterogeneous structures at the
nanoscale/atomic level®® The source of the large field-
enhancement factors observed for different forms of carbon
is still under debate.””” Nevertheless, we explicitly explained
the source of the large field-enhancement factor using the
structural and bonding, electrical, and morphological character-
izations of the composite film at the nanoscale level. The
characterization and analysis in this study describe the unique
origin of the extremely low-threshold electron emission from
Q-carbon which is supported by the theoretical investigations
described below. In addition, the emission current from this
exciting material exhibits a stable emission current intensity
profile with a remarkably long lifetime, two factors vital for
next-generation vacuum nanoelectronics devices.

4. SIMULATION RESULTS AND DISCUSSION

4.1. Structural and Density of States Study. In the
simulation study, we generated an amorphous form of the Q-
carbon bulk structure and allowed it to relax and optimize. The
relaxed geometry of the Q-carbon used for further studies is
demonstrated in Figure 6a. The unit cell structure of Q-carbon

Figure 6. DFT-optimized minimum energy structure of (a) bulk Q-
carbon and (b) Q-carbon layer. The arrow is indicating the bond
distance between two carbon atoms. [green color balls represent C
atoms].

presented in this figure is the lowest energy structure among
different structures, and the coexistence of 4-fold-(sp®) and 3-
fold-(sp®) coordinate atoms is shown by a green ball-and-stick
model. This structure comprises ~80% (52 atoms of 64 atoms)
of the 4-fold coordinated carbon atoms (sp*), and the rest 12
atoms are 3-fold coordinated (sp*) (we used 1.64 A and 1.49 A
as the criterion for the coordination).”' This value is close to
the experimentally observed high sp® ratio of ~75—85% in Q-
carbon.”” The lattice constants of the unit cell of Q-carbon
have been taken as a = b = 7.21 A.”' The Q-carbon layered
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structure is also optimized and displayed in Figure 6b for local
work function calculation.

4.2. Charge Transfer and Orbital Interactions. To get
insights into the orbital—orbital interaction, the TDOS and the
PDOS analyses have been performed for Q-carbon, and the
results are demonstrated in Figure 7a,b, respectively. As we can
see in Figure 7a, there are charge states on the Fermi level
which shows the metallic characteristics of Q-Carbon, which
was predicted previously.”" Non-symmetric behavior of spin-
up and spin-down charge states implies the magnetic behavior
of Q-carbon. It can also be seen from the PDOS plot in Figure
7b that the charge states near the Fermi level are mainly
contributed by the 2p orbital of carbon atoms which complies
well with the recent investigation.”” Several localized states
near the Fermi level are obtained for Q-carbon from the PDOS
graphs. Particularly when the 3-fold coordinated atom is
surrounded by 4-fold coordinated atoms, the p,-orbital of 3-
fold coordinated carbon atoms in amorphous carbon cannot
form a continuous II-network as in graphite. Localized states
are created in the near-gap region when 3- and 4-fold atoms
are close together. A 3-fold carbon atom can be viewed as a
flaw in a 4-fold-dominated carbon system even when it is not
entirely isolated. The shoulder-like structure at the gap borders
is also a result of such flawed sp’-hybridization which
reinforces the model predicted in Figure 4b. We have
illustrated the charge density plot for the iso-value of 0.le in
Figure 8a and exposed uniform charge distribution at the
emission sites of Q-carbon. In this plot, it is evident that the
charge density looks like a dumbbell shape (banana type)
structure due to the 2p orbital of carbon atoms in the Q-
carbon structure which also supports the PDOS results. The
three-dimensional (3D) electron density distribution of Q-
carbon is calculated by maximizing the entropy (S) under
some constraints and the maximum entropy method (MEM)
pattern gives valuable information about the electron richness
along the Q-carbon emission surface. The MEM pattern is
shown in Figure 8b, and it is calculated by”>”*

al p
S=-Yp h{—“]

(4)

n
e

The parameters p; and 7y are the normalized density values
from the previous iteration in a 3D gridded space and density
obtained from prior information, respectively; N is the total
number of pixels in the unit cell A maximum of 47.45%
electron density of carbon is obtained, and it contributes to
obtaining the efficient electron field emission characteristics
from Q-carbon.

4.3. Work Function Calculation. The work function can
be defined as the difference of energy of an electron between
the vacuum level and the Fermi level. Mathematically, the work
function (¢,,) can be expressed as’>”®

where p, =

¢w = 6(00 - EF (5)

Here, @, ¢, and Ey represent the electrostatic potential of the
vacuum level, charge of an electron, and Fermi energy,
respectively. We found that the work function of the Q-carbon
electron field emitter is around 3.62 eV, which is in good

. : . 27 T
agreement with the previous experimental outcomes.”” This
helps to explain the outstanding field emission characteristics
of Q-carbon field emitters. The variation of the electrostatic
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Figure 7. (a) TDOS per eV and (b) PDOS per eV for the Q- carbon structure. (The Fermi levels Ep, are shown by black dotted lines in both plots).
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Figure 8. (a) Iso-surface plot for charge density of the amorphous form of Q-carbon for an iso value of 0.1 eV and (b) MEM pattern for electron
density distribution. The blue and red regions represent the charge gain and loss, respectively.

potential energy with distance (A) is shown in Figure 9 for the
work function, and the non-zero Fermi level was obtained to
be ~2.40 eV.
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Figure 9. Variation of vacuum potential with distance obtained for the
Q-carbon structure used for work function calculation.

5. CONCLUSIONS

In summary, a simple and cost-effective route has been
demonstrated for the fabrication of Q-carbon nano-composite
thin films with the perspective to observe its exceptional FE
performance with the correlation of a DFT study. The
homogenous and large-scale Q-carbon nano-composite films
were synthesized by PLD and PLA techniques at room
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temperature on transparent sapphire substrates, which
manifested the features needed for usage in display devices.
Very low turn-on electric fields and highly stable electron
emissions at high temperatures, up to 500 K, were observed for
the Q-carbon field emitters. The F—N linearization and fitting
analyses led to the inference of two regimes, and they
correspond to distinct field-enhancement factors which change
with temperature. The enhanced electron emission originated
due to the optimal sp>/sp” ratio, the enhancement in the local
electric field caused by the large field-enhancement factors, and
the highly stable structure, which is unaffected at high applied
electric fields, temperatures, and most importantly during high-
density electron emissions. All these factors are responsible for
the highly efficient and stable field emission performance.
Additionally, the sp>-bonded carbon atoms with mid-gap states
in the sp® carbon-rich Q-carbon and the improvement of the
spatial conductivity in the surrounding amorphous carbon
region due to the sp® carbon-rich network are responsible for
the exceptional field emission properties. The understanding of
the field-emission mechanisms, that take place in such
nanostructured Q-carbon composite and/or electrical hetero-
geneous systems, undoubtedly advances the field forward. The
analysis of the density of states shows that the Q-carbon
electron emitting surface is metallic in nature, and it is due to
the localized 2p orbital of carbon atoms. We found that the
work function of the Q-carbon layer is 3.62 eV which
tremendously favors attaining a high field-enhancement factor
to facilitate the generation of a robust field emission current
density at a low applied electric field. The low turn-on field and
high field-enhancement factor of Q-carbon recommends its
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potential application as a high-performance next-generation
field emitter in field-emission display, future cold cathode-
based electronic devices, field-emission microscopes, and so

forth.
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