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1. Introduction

Excellent field emission with enhanced
photodetection behavior of multiwalled carbon
nanotubes: experimental and theoretical study

Utkarsh Kumar, €22° Arpit Verma, (2 ° Ravi Kant Tripathi, (2 * B. C. Yadav, (2 *®
Toton Haldar,® V. V. Tyagi,® C. K. Dixit" and Wen-Min Huang (@

In this study, we synthesized multiwalled carbon nanotubes (MWCNTSs) using the direct liquid injection
chemical vapor deposition (DLICVD) method, the growth temperatures were varied to investigate their
unique properties. To fully characterize these MWCNTs, we examined their surface morphology utilizing
scanning electron microscopy (SEM). Additionally, we used UV-visible spectroscopy to evaluate their
energy band gap, which provided insight into their electrical characteristics. The most remarkable results
of our study were the impressive field emission properties of the MWCNTSs. Specifically, they exhibited

1

an extraordinarily low emission threshold field of approximately 0.1 V pm™, showcasing their potential

for advanced electron emission applications. In addition, these MWCNTs demonstrated a remarkably
high current density of roughly 1 mA cm™2, which emphasized their superior electrical conductivity.
Expanding the scope of our investigation, we integrated MWCNT-based thin films into photodetector
devices, which opened up exciting possibilities in optoelectronics. Under an illumination intensity of
25 mW cm~2, these devices exhibited a maximum responsivity of 1.031 A W2, illustrating their sensitivity
to incoming light. Furthermore, our research highlights the excellent detectivity of these MWCNT-based
photodetectors, measuring an impressive 2.178 x 10° jones under the same illumination conditions.
The remarkable performance of the MWCNT-based photodetector device extended to its external

quantum efficiency, which reached an astonishing 174.9%.

one-dimensional physics and applications in nanoscale
devices. The CNT growth” can be achieved by using many

We are living in an energy crisis era. Energy generation is an
expensive process and this will aid in energy storage if we save
the produced electricity. Significant amounts of energy produc-
tion are leveraging the rising demand for electronic devices
with display and current cold emitters. Carbon-based field
emitters have been investigated extensively to give better field
emission devices."™ Carbon nanotubes (CNTs)® have excep-
tional physical, chemical, mechanical and structural proper-
ties, and they are the perfect quantum system for exploring the
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different methods such as arc discharge, laser ablation and
chemical vapor deposition methods, but the chemical vapor
deposition is the best way to synthesize high purity and high
yield carbon nanotubes.®® The CNTs are also employed in
many electrical devices because of their one-dimensional
growth, high aspect ratio, and distinctive structural character-
istics, which have gained international interest.>™" Low-energy
argon (Ar) ion irradiation of multi-walled carbon nanotubes
(MWCNTSs) was investigated by Sharma et al. with 1.2 keV ions
at fluences ranging from 5 x 10" to 1.6 x 10" ions per cm>."?
Structural changes were determined using Raman spectro-
scopy. The irradiation improved the field-emission, with lower
turn-on and threshold fields of 1.3 and 3.2 V um ™, respectively,
and a higher field enhancement factor (f) of 9469, which were
promising for practical applications. A variety of catalysts such
as: Ag, Au, Fe, Mg and Mo were used for the CNT growth but
the best nanotube growth was found by using transition metal
catalysts such as: Co, Fe, and Ni. The benefits of such a catalyst
are that they can be easily removed from the process of
distillation.***** Compared to thin films formed with low
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electrical conductivity and optical transparency, metal oxides
and other nanomaterials, the thin films based on carbon
nanotubes exhibit good electrical conductivity and great optical
transparency, indicating their suitability for use in electronic
applications."'® These are also used in a large number of
devices due to the extraordinary and attractive properties of the
CNTs and these are often substituted for of indium tin oxide
(ITO) glass.

The CNTs have been thoroughly studied for use in field
emission displays (FEDs) and as electron microscopy probes
because of their low threshold voltage, strong emission current,
distinctive structure, and chemical stability. In additionally,
they are utilized in the single-electron transistor (SET) probe and
the field-effect transistor (FET)."” The field emission properties of
both single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) were investigated and the high field
emission property of the MWCNTS was also investigated.'®>” The
MWCNTs synthesized at elevated temperatures via thermal CVD
require a catalyst for tube growth, making it challenging to extract
the catalyst from the tubes. To address this issue, we have
employed a transition metal that readily dissolves in organic
solvents.”®> A type of transition metal which is easily dissolved
in organic solvents, was used to resolve these problems.

The quantum dots, quantum wells, carbon nanotubes and
graphene exhibit unique properties and have a wide range
of photodetection from the ultraviolet to the THz.**** Since
the atomic structure of the MWCNT may be determined by
visualizing graphene sheets that have been rolled to create a
cylinder, the MWCNT is utilized in this research for the crea-
tion of photodetectors. When compared to graphene, the
optical characteristics of CNTs vary significantly due to their
one-dimensional existence. Each sub-band in a CNT has a
unique angular momentum, and as a result, an optical transfer
selection law exists. This is the first significant distinction.
Saini et al. synthesized vertically aligned multiwalled carbon
nanotubes (MWCNTs) and bi-metal (Cu and In) decorated
CNTs and the In-Cu-MWCNTs demonstrated a notable increase
in current density to 7.46 mA cm > when compared to the
2.83 mA cm > of pristine CNTs.>> For example, regarding the
CNT axis, the optical absorption can be maximized or suppressed
depending on the direction of polarization. The second distinc-
tion worth noting results from the quasi-one-dimensional materi-
al’s heightened Coulomb interaction, which causes a large exciton
binding energy that is predominant in the visible, near, and mid-
infrared optical absorption in CNTs. It has major implications for
photodetectors because there must be sufficiently large electric
fields to dissociate the exciton in the photoconductive devices.

In this investigation, we have synthesized the MWCNTs
using a direct liquid injection thermal CVD method, using a Co
catalyst under controlled conditions at different temperatures.*® >
Centrifugation and repeated washing cycles were used for the
filtration. An ultrahigh vacuum is usually needed to test the
nanomaterials’ field emission properties. Another outcome of
the present research is that we used a rotary vacuum system
to investigate the field emission properties of the MWCNTS,
which reduces the cost of manufacturing devices based on those
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nanomaterials. In this research article we have discussed have
remarkable field emission features of the MWCNTs, highlighting
their viability for electron emission applications with an ultra-low
emission threshold field and high current density. The utilization
of MWCNT-based thin films as photodetectors, which exhibit
remarkable responsiveness, detectivity, and quantum efficiency
together with an amazing linear dynamic range, which highlights
their prospects for use in cutting-edge photodetector technology.
These results are a complete investigation of MWCNTS, from novel
production to a wide range of application possibilities, with each
component contributing to a thorough knowledge of these nano-
materials. One of the remarkable characteristics of these MWCNTs
is their exceptional field emission performance. The field emission
properties indicate an ultra-low emission threshold field of approxi-
mately 0.1 V um ™, coupled with a high current density of around
1 mA cm 2 These findings suggest that MWCNTs hold great
promise for field emission applications. Furthermore, the MWCNTs
were integrated into a thin film to create a photodetector device.
This MWCNT-based photodetector exhibited outstanding optical
properties. The maximum responsivity reached an impressive value
of 1.0 AW ™!, accompanied by a remarkable detectivity of 2.1 x 10"
jones under an illumination intensity of 25 mW cm™>. Moreovet,
the external quantum efficiency (EQE) of this MWCNT-based
photodetector reached an extraordinary 174.9%, indicating its high
sensitivity to incident light. Notably, it also demonstrated an
exceptional linear dynamic range of 18.4 dB at an illumination

intensity of 100 mW cm™>,

2. Experimental techniques

2.1 Synthesis of multiwall carbon nanotubes

The MWCNTs were synthesized by using a catalytic growth direct
liquid injection chemical vapour deposition technique.”>® In this
method, ethanol was used as a carbon source and the catalyst was
Co nanoparticles. The Co catalyst was prepared by a co-
precipitation method. These nanoparticle catalysts create some
nucleation points and the carbon nanotubes were grown on these
nucleation points.’®"" The growth of the carbon nanotubes was
performed at two different temperatures (650 °C and 750 °C) and
used them in field emission devices and photodetectors. The
reaction inside the chamber is been given by eqn (1) and (2).

AH=200-250°"C
e

C,H;0OH C,H, + H,O (1)
C2H2 + Co AH =650°C—750°C C;,Hn(CO) (2)

2.2 Purification of the nanotubes

It was important to purify the nanotubes in order to get pure
and defect-free nanotubes for the Raman spectroscopy analysis
because in both methods, the synthesised nanotubes at 750 °C
and 650 °C retained part of the Co catalyst inside the nanotube.
The synthesised nanotube was placed in a nitric acid solution
during the purification procedure and agitated for 12 h. After
centrifugation and washing with deionized water, the pure
nanotubes made from the dissolved Co nanoparticles in nitric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acid were produced. The following is the reaction that purifies
the nanotubes:

C,H,(Co) + HNO; — C,Hp(nanotube) + CO(NO3), + NO + H,0

(3)

2.3 Device fabrication

In an in-house built device using the Keithley Electrometer
(model 6517 B), field emission measurements at a base pres-
sure of ~1 x 10> torr using a rotary pump were performed. A
schematic representation of the experimental set-up used for
field emission analysis is shown in Fig. 1.>° The field was
applied between two electrodes and the electrons were released
from the cathode, traveling towards the anode.

3. Material characterizations
3.1 Scanning electron microscopy analysis

Using field emission scanning electron microscopy (Jeol JSM-
7610F), at 100 nm, the morphology and microscopic structure
of prepared carbon nanotubes were obtained. Fig. 2 shows the
SEM image of the MWCNTs grown at different temperatures on
the Co catalyst. Due to the MWCNTSs substrate-free catalytic
growth, the random orientation of the tubes can be seen on
each grain. Micrographs were taken and magnified at the same
scale. The amount of MWCNTs that were produced at 650 °C
and 750 °C is shown in Fig. 2(a) and (b), respectively. At 650 °C,
the lower molecules were broken down to produce fewer atoms
and have fewer nucleation points, but at 750 °C, the higher
molecules were broken down and their nucleation points
increased, resulting in the formation of more MWCNT clusters.
Since the density of MWCNTs grown at 750 °C was higher than
that of the MWCNTSs grown at 650 °C it offers a greater surface
current and a higher area for tunneling electrons, making them
suitable for use in field emitter applications.

3.2 TEM analysis

The MWCNTs, synthesized by using the DLICVD method, were
analyzed by a tunneling electron microscope (Tecnai™ G 20).
Fig. 3(a) shows the tubular structure of the nanotube together

Vacuum Chamber Window
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with a hollow space inside the tube. Fig. 3(b) shows the multi-
ple carbon layers formed in the nanotube. The inner and outer
diameter of the nanotube was found to be 14 nm and 23 nm,
respectively. The TEM images of MWCNTs clearly reveal the
multiwall growth of the carbon nanotubes. The tubular and
layered walls of the CNTs efficiently contribute to the current
enhancement as well as the active sensing sites.

3.3 UV-visible spectroscopy analysis

A UV visible spectrophotometer (ThermoScientific Evolution
202) was used to record the UV-visible absorbance spectra of
the multiwall carbon nanotube synthesized at different tem-
peratures and the results are plotted in Fig. 4. Energies near to
the bandgap gave a sharp increase in absorption, which pre-
sents itself as an absorption edge in the UV visible absorption
spectra.*” The optical bandgap of the synthesized nanotube was
calculated using the Tauc relationship in eqn (4):

1
ahd = A(hY — E,)2 @)

The MWCNT absorption peak occurs at 249 nm, which can be
due to 7 to m* transition from the density of states.*® The redshift
of the sample prepared at 650 °C is higher than that of the
sample prepared at 750 °C as seen in the Fig. 4, which shows that
the quantum confinement of the nanotube was amplified by
increasing the growth temperature. The lower bandgap of the
MWCNT can be of benefit to the higher field emission property.

3.4 XRD analysis

The XRD patterns of MWCNTSs were obtained by using an X-ray
diffractometer (Philips PANanalytical X’Pert PRO) and are
shown in Fig. 5. The XRD results confirmed the crystalline
nature of MWCNTs and the peak indexing (002), (100), (101)
represents the hexagonal structure.** The presence of the (002)
peak in the XRD suggested that carbon nanotubes are multi-
walled. The crystallite size of the synthesized MWCNT at 650 °C
and 750 °C were calculated by the Debye-Scherrer formula and
found to be 14 nm and 16 nm, respectively.

Spacer

MWCNT

Silver
,‘vﬁ - _}/
= s
=B
Zs'
[ Vacuum Pump
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Fig. 1 The schematic representation of the field emission set-up.
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Fig. 2

Fig. 3 The TEM of the MWCNTs at (a) 20 nm and (b) 2 nm scale.

3.5 Dynamic light scattering (DLS) analysis

The particle sizes of the MWCNTs were obtained using a nano
zetasizer (Malvern PANalytical Nano NZS90), in which the
particle size was determined from the colloidal particle Brow-
nian motion and this is shown in Fig. 6. To analyze the carbon
nanotubes (CNTs) using dynamic light scattering (DLS), a CNT
suspension was made in a suitable solvent to avoid aggregation.
For a thorough investigation, this dispersion is essential.>* To
determine the particle size, a dispersed solution of MWCNT in
ethanol was prepared and placed within the chamber. The
scattered light from the CNTs suspended in solution was

16 (a) »
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Fig. 4 The UV analysis results for the MWCNT synthesized at (a) 650 °C and (b) 750 °C.
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(a) and (b) The SEM images of the MWCNTs grown at 650 °C and 750 °C, (c) the average diameters.
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Fig. 5 The XRD analysis of the MWCNTSs synthesized at (a) 650 °C and (b)
750 °C.
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measured using the DLS apparatus, which consists of a laser
light source, a detector, and a correlator. The correlator evalu-
ates the intensity variations over time that are impacted by the
CNTs’ erratic mobility. A laser is passed through the solution
and the scattering phenomenon that had occurred due to the
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Fig. 6 Intensity vs. particle size of MWCNTSs synthesized at temperatures

of (a) 650 °C and (b) 750 °C.

Brownian motion of colloidal particle was measured. The
scattered output from the sample was obtained by a detector
mounted at 90°. The highest intensity peaks can be seen at
185 nm and 260 nm which shows a great difference in the
MWCNTs prepared at various temperatures. The average length
of the nanotubes synthesized at 650 °C and 750 °C was
measured using the particle size analyzer data, and was found
to be 735 nm and 844 nm, respectively. It was observed from
the DLS graph that the CNTs grown at 750 °C have larger sizes,
which indicates a clear growth of the CNTs.

3.6 Raman analysis

Fig. 7(a) and (b) show that the Raman spectrum of the
MWCNTs synthesized at 650 °C and 750 °C, respectively.
The Raman spectra of the synthesized MWCNT at different
temperatures show two basic bands, and the first band is found
at 1310 cm ™' and is known as the D band, and the second band
is found at 1590 cm™" and is known G band. The intensity of
the D band decreases by increasing the growth temperature.
The Ip/I; ratio of the CNTs synthesized at 650 °C is 1.58 and
that at 750 °C is 1.31, and it was found that the CNT synthesized
at 750 °C had a high yield with less defective sites and an

G Band

Ip/1G=1.58

Intensity (a.u.)

] L) ] L)
500 1000 1500 2000 2500 3000

Raman Shift (cm'l)

Fig. 7
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Table 1 Content of sp? and sp® in MWCNTs synthesized at different
temperatures

MWCNTs (synthesized
at different temperatures) sp® content (%) sp> content (%) sp/sp’

MWCNTgs50°c)
MWCNT(750°c)

17.63
11.75

82.37
88.23

4.6721
7.4931

increase in the graphitic nature of the CNTs. The sp® content
present in the nanocrystalline carbon film was evaluated by the
relationship given in eqn (5):*®

sp® content = 0.24 — 48.9 x (yg — 0.1580)

)

where, y¢ is the position of the G band in the inverse micro-
meter scale. The values of sp?, sp® and the ratio of sp® and sp>
are summarized in Table 1. It was found that the sp> content
increased as the temperature of the synthesis increased and it
was revealed that the surface sp® phase in the amorphous
carbon film may be the key factor in obtaining a low turn-on
field and a high current density.

4. Field emission and photodetection
analysis
4.1 Field emission analysis

Field emission is among the most flexible features of a MWCNT
dependent thin-film. The field behavior of both pure MWCNT
samples was thoroughly investigated and analyzed, focusing on
the relationship between emission current density and the
applied field, as outlined by the Fowler-Nordheim equation

(ean (6)):*>°

ﬁZEZ B¢3/2
J=4 — 6
e~ (©)
&
where A and B are the constants given by 4 = — =1.54 x

8nh
8
100°AeVV~2 and B= ﬁ(zme)‘/2 =6.83x10°eV32Vm!,

where e, i and m, are the elementary positive charge, Planck’s
constant and electron mass, respectively. Here J is the current

(b) D Band

G Band

lD/l(;=l.3l

Intensity (a.u.)

500

T T T

1500

T T T

T L) L)
1000 2000 2500 3000
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(a) The Raman spectra of MWCNTSs synthesized at 650 °C and (b) the Raman spectra of MWCNTSs synthesized at 750 °C.
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density, ¢ is the potential barrier height or the work function of
the emitter material, E is the applied field and f is the field
enhancement factor that usually depends on the emitter
configuration, the crystal structure, the vacuum gaps and the
spatial distribution of the emitting centers. The two main
parameters to be resolved in the MWCNTs films’ established
that the field emission properties are the ‘threshold field’ and
the ‘emission current’. The threshold field must be as low as
possible, and the emission current should be high enough to
allow the MWCNT-based thin film to be an effective field
emitting material. The threshold field and the emission current
of the MWCNT films depend on the bonding forms, which can
be regulated either by the synthesis method or by the tempera-
ture of the growth of the elements. We have used a novel
tubular structure of MWCNT to obtain effective field emission.
We also reported the field emission characteristics of synthe-
sized pure MWCNT at 650 °C and 750 °C. Fig. 8(a) shows the JE
curves of the MWCNTs measured from their I-V (current-
voltage) characteristics. It is evident from the figure that the
threshold field decreased from 0.25 V um ™ to 0.15 V um ™', and
the emission current increased from 0.1 pA to 0.3 pA, respec-
tively, to increase the growth temperature from 650 °C to
750 °C. The field emission properties evaluated in this work
are comparable with others reported in the literature as shown
in Table 2. The high density and the larger length of grown
MWCNTs provide a greater number of active field emission
sites. The evaluation of the bandgap in MWCNTSs revealed a
lower threshold, indicative of the high electronegativity of these
nanomaterials with low emission thresholds. Such results are
comparable to those found in the literature,"**”~> in which
the nanotube at lower threshold voltages with their high aspect
ratio were proven to be useful for field emission.

Fig. 8(a) shows the I-V curve of the MWCNT cathodes made
with MWCNT samples prepared at 650 °C and 750 °C processed
in a vacuum chamber for 10 min. Fig. 8(a) shows that as the
voltage per unit length increases, the emission current also
increases. After 0.06 V um™', the emission current decreased,
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! and was

because of the tunneling effect, to 0.17 V um™
constant to 0.2 V um™'. Later the current of the emissions
increased with the voltage rise. The Raman findings also
support the field emission characteristics of these MWCNTSs,
which state that while defective graphite raises the MWCNT
emission threshold, the graphitic nature during emission
amplifies the electron.

This fact indicates that the nanotube’s current emission
level was heavily dependent upon field enhancement. For the
unambiguous analysis of the change in the density of emission
sites induced by changes in synthesis temperature, the varia-
tions in the field enhancement factor (f) were quantitatively
calculated. The field enhancement factor () was calculated
using eqn (7):

/
B:ﬂd¢32

slope

(7)

where B is constant, d is the spacer thickness and ¢ = 5 eV
(graphite work function). Here the f§ values were increased from
7708.50 to 9243.16 when the temperature of the synthesis
increases from 650 °C to 750 °C. The reduction of the particle
size in MWCNTs shows an improvement of the local field
generation in the MWCNTSs which increases the f value. The
results obtained were considered to be compatible with the
morphological and structural changes observed (Fig. 2(a) and
(b)), but the FN curve in Fig. 8(b) did not obey the FN model
well during the initial field emission ranges, because the field
enhancement factor values for each condition had many ranges
depending on the varying lengths of the MWCNTs. It should be
demonstrated that the I-V curve follows the Fowler-Nordheim
equation after the applied field surpasses the turn-on barrier,
which is a phenomenon impacting all MWCNTSs.

The MWCNTs field emission property indicates that they
have high current levels and low emission threshold voltages.>®”
This was very similar to the recorded properties of the CNTs
synthesized in laser ablation, microwave CVD and plasma-
enhanced CVD.*”’">° Such MWCNTs also have improved emission

100 4
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Fig. 8
data for MWCNT prepared at 650 °C and 750 °C.
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(@) The |-V curve of the MWCNT cathode prepared by MWCNT synthesized at 650 °C and 750 °C (b) Fowler—Nordheim (FN) plots of emission
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Table 2 Field emission parameters of different types of nanomaterials
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S. no. Nanomaterials

Turn-on field (V pm ') Field enhancement factor (f) Ref.

Graphene aggregated films

Few layered graphene nanosheets
Vertically aligned few layered graphenes
CNT-Ni composite emitter

Si nanowire (NW) with NiSi, tip array
Polypyrrole/tin oxide
Amorphous carbon
MoSSe-MWCNTSs
0 Curved MWCNT synthesized using DLICVD

= O 0N U R WN R

levels when compared to bare metal and the silicon chip. When
considering the application of MWCTs in the FED, the synthesis
and growth of the MWCNTs on the catalyst at different tempera-
tures is demanding for the manufacture of low-cost FEDs. A
comparative analysis with their turn-on field and field enhance-
ment factor were performed for a few carbon nanomaterials and
the data is shown in Table 2.

4.2 Mechanism of FED

Fig. 9 demonstrates a potential model interpretation of the
field emission behavior process in MWCNTs. As is known the
MWCNTs have a combination of sp> and sp® bonded carbon
atoms. Due to a very high aspect ratio, in the presence of an
externally applied field, the MWCNTs created a local electric
field. Because of the network pathway between the sp> bonded
carbon atoms and the sp® sites between them, the threshold
field in the present model decreases together with the increase
in emission current, which gives their optimum ratio.

In conjunction with the size of the work function, Fig. 10
shows that the magnetic field’s intensity is what causes the
emission from the metal surface. Thermionic emission may
typically occur across the surface barrier (work function) as the
electric field increases, followed by a lowered barrier (Schottky)
emission over the field. The emission would therefore take
place partially through the barrier and partially above it (at a
high enough temperature). The electron states may emit

sp? Carbon

Ultrathin boron nitride (BN) nanosheets produced from BN fibers

1.0 5110 51
1.7 7300 48
1.0 5000 52
1.1 2860 49
1.9 10 47
0.82 2440 50
1.5 5665 51
4.9 1805 52
1.2 4468 53
0.1 9243 Present paper

radiation as a result of Fermi-level electron tunneling (also
known as Fowler-Nordheim tunnelling) across the barrier
when the temperature drops. The FN theory was used to
describe the emission from gated emission arrays, CVD grown
diamond film and carbon nanotube (CNTs). The basic FN
theory is based on the premise that the metal has a free
structure based on electrons. In terms of the Wentzel-Kra-
mers-Brillouin approximation, the electron in the metal obeys
Fermi Dirac statistics and the operation of the electron tunnel-
ing can be defined. The emission barrier can be represented by
a triangular potential superimposed on a classical image
potential.®®

4.3 Application as a photodetector

Under the ambient atmospheric conditions, atmospheric oxy-
gen molecules are adsorbed on the surface of the MWCNTSs. So,
an electrical depletion layer is formed between the atmospheric
oxygen molecules and the MWCNT surface. When light is
incident upon the material, these atmospheric oxygen mole-
cules are removed from the surface of the MWCNT.®'"®* Thus,
the depletion layer is removed between the MWCNT and the
oxygen molecules under illumination, so, an increased level of
photocurrent was observed. For evaluating the photoresponse
of the MWCNT, different intensities of illumination were used
and their corresponding parameters such as responsivity,
detectivity, external quantum efficiency, linear dynamic range

Current (nA) =

Optimum ratio of
sp? and sp? carbon

E (V/pm)

Fig. 9 The transport of electrons between the sp? cluster embedded in the sp® rich matrix.
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Fig. 10 The field emission mechanism in the presence of the electric field and FE enhancement with the increasing tube length.

and on-off ratio®*°

were calculated and are presented in
Table 3. In assessing the performance of a photodetector,
parameters such as responsivity and detectivity stand out as
crucial factors to analyze. The photoresponse of the photode-
tector device is shown in Fig. 11(a) and (b) at the different
illumination times of 5 s and 10 s and it is suggested that the
photocurrent rises as the illumination time rises at the applied
potential of 1 V. The photoresponse of the device at different
illumination intensities is also presented in Fig. 10(c). The
responsivity of the photodetector device is defined as the gener-
ated photocurrent per incident photon for the unit illumination
area (eqn (8)).°*®® Upon increasing the illumination intensity, the
responsivity decreases so that for the illumination intensity of
25 mW cm 2, the responsivity was found to 1.0 A W', whereas
this responsivity decreased to 0.5 A W' for the illumination
intensity of 100 mW c¢m 2. The decrease in the responsivity upon
increasing the illumination intensity is because of the fact that at
whichever rate the illumination intensity increases, the photo-
current does not increase in proportion. It was noticed that the
photoresponsivity of both MWCNT samples decreased with
increasing illumination intensity. At high light intensities, the
charge carriers become saturated and carrier recombination
begins to occur, which is the cause of this phenomenon. The
responsivity diminishes with increasing illumination intensity
when the number of photoexcited carriers exceeds the number

Table 3 The photodetection parameters of the MWCNT-based device

of available trapping sites or when the rate of carrier recombina-
tion exceeds the rate of carrier production. The next important
parameter is the detectivity, which denotes the sensitivity of the
photodetector device towards the low intensity of the light.**”°
From eqn (9), 100 mW cm > the detectivity was observed to
1.090 x 10" jones, whereas for the intensity of 25 mW cm ™2,

the detectivity decreased to 2.1 x 10" jones:

I photo — I dark

R = 8
APj, ( )

A
D = Rj 9
1/ Yelon jones 9)

Another important parameter of the photodetector device is
the external quantum efficiency (EQE), which defined as the
generation of the photocurrent per incident photon (eqn (10)).%®
From Fig. 12(c), it can be observed that, a metal-semiconductor—
metal (MSM) device shows an EQE of 174.9% at the illumination
intensity of 100 mW cm ™2, which as it is higher than 100%,
suggests there is photomultiplication behavior in the photodetec-
tor device. The phenomenon of photomultiplication allows the
EQE of the MSM-based photoconductors to surpass 100%. On the
semiconductor layer of the device, photomultiplication happens
when a single absorbed photon produces numerous electron-hole

Intensity (mW cm™?) (Ip/1a) Responsivity (A W) LDR (dB) EQE (%) Detectivity (jones) NEP (W)

25 4.6 1.03 13.40 349.55 2.17 x 10* 2.71 x 107*
50 5.9 0.68 15.42 232.90 1.45 x 10%° 4.07 x 1074
75 7.0 0.56 16.97 191.78 1.19 x 10%° 4.94 x 104
100 8.3 0.51 18.45 174.94 1.09 x 10" 5.42 x 107*
1396 | Energy Adv., 2024, 3,1389-1400 © 2024 The Author(s). Published by the Royal Society of Chemistry
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intensity.
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pairs. In traditional photoconductive devices, the EQE is capped
at 100% at most and each absorbed photon produces one
electron-hole pair. However, in MSM-based photoconductors,
the photogenerated carriers can acquire enough kinetic energy
to ionize additional semiconductor atoms if the electric field is
strong enough, producing several electron-hole pairs for each
absorbed photon. The EQE of the device can be greatly raised
above 100% by this photomultiplication effect. The noise equiva-
lent power (NEP) of the photodetector device is defined as the
required intensity to generate photocurrent at the level of dark
current (eqn (11)). As the illumination intensity increases the NEP
of the device also increases so that at the illumination intensity of
100 mW cm™?, the NEP was found to be 5.4 x 10~* W, whereas
for the intensity of 25 mW cm 2, this NEP was decreased to 2.7 x
10~* W, as shown in Fig. 12(d).

1 h / e
n=% T (10)
NEP — Jdark yya ¢ (11)
R
Ipholo
LDR = 20log| — (12)
dark

The linear dynamic range (LDR) of the photodetector device
is defined as the linearity of the photodetector response
towards the illumination intensity range (eqn (12)).”*”* The
highest LDR of 18.4 dB was obtained for the device at the
illumination intensity of 100 mW cm 2. Another important
figure of merit of the photodetector device is the rise and decay
time constants of the photodetector device.”*”® These rise and
decay time constants were obtained by the exponential fitting
of the rise and decay functions as given in eqn (13) and (14).
The exponentially fitted rise and decay time constants were
found to 0.6 s and 1.1 s, respectively, which signifies that there
is fast exciton movement in the MWCNT material.

—t
In = Ipexp (—)
tres
—t
I, =1 <1 — exp([—>>

4.4 Theoretical investigation

We have developed a theoretical model with different lengths of
CNTs using Gaussview 05 and Gaussian 09 for FED and photo-
detectors, to clarify the observed effect. The calculation was
performed in such molecular model using armchair (1,1) (2,2)
(3,3) and (4,4) nanotube, and measurement method was B3LYP
with basis set 6-31G. In the complete calculation, the spin is
taken as single with the null charge of the C1 point group. In
this computational method, we evaluated the electron affinity
and ionization potential using the HOMO-LUMO band gap
which was increased on increasing the tube length. Different
electronic parameters were calculated by using eqn (15)-(20),
which are also shown in Table 4.
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Table 4 Theoretical analysis of variance in different parameters by
increasing the length of carbon nanotubes

Theoretical parameter (a.u.) CNT (1,1) CNT (2,2) CNT (3,3) CNT (4,4)

Electron affinity 0.16361 0.16720 0.15270  0.15452
Ionization potential 0.19257  0.19249 0.20790 0.17534
HOMO-LUMO gap 0.02896  0.02529  0.0520 0.02082
Electronegativity 0.17809 0.17985 0.1803 0.1649
Hardness 0.01448 0.01264 0.0276 0.0104
Softness 69.061 79.08 36.23 96.06
Nucleophilicity index —1.095 —-1.27 —0.588 —1.306

Table 4 displays the energy changes observed and the different
theoretical parameters that vary with the increasing the nanotube
length. We calculated the higher occupied molecular orbit
(HOMO) and lower unoccupied molecular orbit (LUMO) for
the electronegativity, hardness, softness and nucleophilicity index
using the formula as reported in a previously published paper.**?°
From the Table 4, we found that the electron affinity, ionization
potential and the HOMO-LUMO gap decreased by increasing
the length so we concluded that if the length of the nanotube
increases more than 100 nm the value of electron affinity and
ionization potential is negative and the bandgap decreased to
~ 0 eV which was more useful for the FED. The electron affinity is
related to the sp” hybridized carbon, which is responsible for the
bending of the step potential and the ionization potential is
related to the sp® hybridized carbon which is responsible for
electron tunneling. From the above data, we concluded that for
CNT having a higher length gives a higher emission current which
was similar to our experimental data.

HOMO — LUMO gap (AE) = ELumo — Exomo  (15)
Electron affinity (EA) = —Er ymo (16)
Tonization potential (IP) = —Exomo (17)
L E E
Electronegativity (u) = — <M) (18)
E — F
Chemical hardness (17) = (M) (19)
. 1
Chemical softness (¢) = — (20)

n

5. Conclusion

Temperatures between 650 °C and 750 °C were used to grow the
MWCNTs. The ability of CNTs to be used as field emitters was
investigated by monitoring the evaporation temperature
throughout the formation of the nanotubes, which produced
an increased field enhancement factor (f5) of 971. The surface
morphology of the CNTs was shown to be changed by heat
treatment, and the device structure may be employed as a
parameter for the FE applications. In addition, it is inferred
that the enhanced creation of the electron emission sites is the
result of better FE characteristics. According to the photodetec-
tion measurements, MWCNT is both highly conductive and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photoconductive. For example, for illumination of 25 mW cm ™2,
the response was found to be 1.031 A W™, and the detectivity
was found to be 1.090 x 10" jones. At the highest intensity of
100 mW cm 2, the detectivity was found to 1.090 x 10" jones.
These enhanced parameters of the field-emission and photode-
tection will enable future advancement in the modern electronic
and optoelectronic technologies.
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