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Systematic investigation on the fabrications of vertically aligned carbon nanotubes (VACNTSs) and zinc oxide
(Zn0O) nanocomposites for two different configurations were performed to enhance the field electron emission
(FEE) performance of the VACNTSs synthesised from waste chicken fat. FEE tests demonstrated improvement
with the addition of ZnO nanostructures under the VACNT array, where the emission current increased from
212.85 to 259.80 pAcm ™2, while the turn-on field reduced from 2.66 to 1.60 Vum ™. Meanwhile, the growth of
Zn0 nanostructures on top of the VACNTSs array resulted in a tremendous increase in emission current of up to
2090.00 pAcm 2 and a decrease in the turn-on field to 0.49 Vum ™. The difference in the FEE improvement by
different composite configuration reflects the significant role of the composite order. The improvement of FEE
is influenced by the geometrical shape of the emitters as well as tunnelling effect of electrons through the struc-

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) and zinc oxide (ZnO) are widely known as
potential electron emitters due to their high performance in field emis-
sion. However, both materials suffer from several key disadvantages,
which have inhibited the use of these materials as electron emitters in
practical electronic applications. On one hand, some disadvantages re-
lated to CNTs are as follows: CNTs degrade in oxygenated environments
[1], CNTs become welded with the neighbouring nanotubes due to
superheating effect [2], and the dense distribution of the CNT tips results
in generating a high field screening effect [3]. On the other hand, ZnO
material is unable to sustain large current densities [4]. Therefore, the
composite of these two superior materials is expected to reinforce
their beneficial properties, hence enhancing the field emission ability.

Both theoretical and experimental outcomes have confirmed the im-
provement of the field emission properties through the fabrication of
CNTs and ZnO composites [2,5-12]. Low turn-on fields were observed
in the composite of CNT/ZnO nanowires [9] due to the combined effect
of field enhancement from the CNTs and the ZnO. Yan, Tay, and Miele [2]
achieved a low operating electric field and stable field emission via or-
dered CNT-ZnO heterojunction arrays, where the ZnO nanowires were
grown on aligned arrays of CNTs. Yu et al. [10] reported the low turn-
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on and threshold field from ZnO nanomultipods grown on a film of
multi-walled CNTs. Meanwhile, a large enhancement of the field emis-
sion of ZnO was reported by Liu et al. [11] by growing the CNTs onto
ZnO nanorods in ring patterned arrays. Li et al. [12] observed stable
emission with a fluctuation of up to 5% and a significant enhancement
relative to ZnO nanorods from CNT bundle arrays grown on self-
aligned ZnO nanorods. The common element that induced the enhance-
ment in all these previous findings is actually the order of the configura-
tion, in which the material that assists the improvement in the field
emission was placed at the top of the composite. Alternatively, Zhang
et al. [13] reported a different approach, in which the field emission of
CNTs can be enhanced by depositing the CNTs onto metal films. The re-
sults of that study implied that the field emission performance is
assisted by the metal films under the CNTs by reducing the width of
the interface barrier between CNTs and the substrate [13].

However, these studies [2,5-13] focused only on the improvement
of FEE using single layer configuration. To the best of our knowledge,
this is the first report on the FEE of the VACNTSs synthesised using
waste chicken fat and the method of enhancing the FEE performance
using two different configurations of nanocomposite with ZnO in vice-
versa order. The band structures of both nanocomposite configurations
were also presented to assist the investigation of the electron emission
mechanism. The VACNTs were synthesised using a low-cost carbon pre-
cursor, i.e., waste chicken fat [ 14-16], via a thermal chemical vapour de-
position (TCVD) method while the ZnO nanostructures were
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Fig. 1. FESEM images of (a) the MgZnO seed layer deposited by the spin coating technique; (b) top and (c) side view of the ZnO nanostructure synthesised using the sol-gel immersion
method; and (d) ZnO-VACNTSs nanocomposite, with a high magnification image of the synthesised VACNTs shown as the inset image. Only the VACNTSs were visible in the image. (e) The
expected configuration of the ZnO-VACNTSs nanocomposite. (f) High magnification FESEM image showing that only flake-like structures and CNTs remain on the substrate, instead of ZnO
nanorods, after the CNTs were synthesised on top of the ZnO layer. (g) TEM and (h) HR-TEM images of the ZnO-VACNTs nanocomposite.
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Fig. 1 (continued).

synthesised using the sol-gel method [17] that can be performed at low
temperature and pressure. The structural and field emission properties
of VACNT/ZnO nanocomposites were systematically investigated using
field emission scanning electron microscopy (FESEM), high resolution
transmission electron microscopy (HRTEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and micro-Raman
microscopy.

2. Materials & methods
For the ZnO-VACNT nanocomposite configuration (VACNTs

grown on top of ZnO nanostructures), the fabrication started with
the deposition of a thin magnesium zinc oxide (MgZnO) layer on
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ZnO
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=
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(i) ZnO nanorods started to
sublime at 600 °C.

(ii) ZnO nanorods
deformed as temperature
further increased.

p-type Si substrates (2 x 2 cm?) using the spin coating method.
ZnO nanostructures were then grown on MgZnO-coated Si substrates
via an immersion method. The procedures of the spin coating and the
immersion method were similar to those of previous reports [18-20].
Afterwards, the VACNTs were synthesised using the oil extracted from
the waste chicken fats in a double-stage TCVD furnace. The synthesis
and precursor vaporisation temperatures were set to 800 and 570 °C,
respectively, and the synthesis process was similar to that previously
reported [14,21-24].

Meanwhile, the fabrication of VACNT-ZnO nanocomposites was in
reverse order to the above configuration, where the VACNTs were ini-
tially synthesised, followed by the deposition of MgZnO and the growth
of ZnO. The samples were characterised using FESEM-JEOL 7100F, EDX-

Zn  7n

Flake-like ZnO

(iii) ZnO nanorods completely
deformed into flake-like structure
at 800 °C.

@ Oatom OZnvacancy @ Znatom O Fe atom

(iv) Lattice structure of flake-
like ZnO with Zn vacancies.

(v) Fe atom from ferrocene
decomposition doped Zn vacancies.

Fig. 2. (i) At the synthesis temperature of 600 °C, ZnO nanorods started to sublime; (ii) ZnO nanorods deformed as the synthesis temperature increased; (iii) at 800 °C, the ZnO nanorods
completely deformed into a flake-like structure; (iv) the ZnO lattice structure of flake-like ZnO with Zn vacancies as a result of sublimation; (v) the Fe atoms from ferrocene decomposition

doped Zn vacancies.
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Fig. 3. (a) VACNTSs synthesised; (b) top view of the MgZnO deposited on the VACNTS via the spin coating technique; (c) side and (d) top view of ZnO nanorods grown on the VACNTS;
(e) the ZnO growth pattern indicated that aligned morphology of the VACNTSs is not disrupted by the growth of ZnO nanorods; and (f) high magnification of flower-like ZnO nanorods.
(g) TEM and (h) HR-TEM images of the VACNT-ZnO nanocomposite sample, showing the defect in the CNTs structure.
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Fig. 4. XRD analysis of the VACNT-ZnO and ZnO-VACNT nanocomposites in comparison
with pristine VACNTSs and ZnO.

JEOL 7100F, HRTEM-JOEL JEM 2100F, XRD-Rigaku Smart Lab, and micro-
Raman spectroscopy (Renishaw InVia micro Raman System). The FEE
measurements were performed at 3 x 10~ > Pa in a diode configuration.
The area of the electron emission was 0.1 cm?, and the separation be-
tween electrodes was 100 um.

3. Results & discussion
3.1. FESEM and TEM analysis

3.1.1. ZnO-VACNT nanocomposite

The surface morphology of the MgZnO seed layer grown on a Si sub-
strate is shown in Fig. 1 (a). A uniform thin layer with grain sizes of ap-
proximately 22-36 nm was produced. The top and side views of the ZnO
nanorod synthesised by sol-gel immersion method are shown in Fig. 1
(b) and (c), respectively. The top view of ZnO nanostructures shows
that the as-grown ZnO primarily has hexagonal-shaped tips of different
sizes, ranging from 60 to 224 nm. Meanwhile, the side view of the sam-
ple shows a high-density ZnO nanorod array along the perpendicular di-
rection of the substrate surface, with a length of approximately
889.0 nm. The MgZnO seed particles, with a length of 142.2 nm, located
under the ZnO nanorods array are also visible in the FESEM image.

Meanwhile, the surface morphology of a complete fabricated ZnO-
VACNT nanocomposite is shown in Fig. 1(d). From the FESEM image,
only VACNTSs with diameters of approximately 33-43 nm and a length
of 29.7 um (growth rate of 0.50 um min~') are visible. However, the
image reveals that the obtained structure was slightly dissimilar to the
expected configuration of the ZnO-VACNT, as shown in Fig. 1(e), due
to the lack of visibility of the ZnO nanorods in Fig. 1(d). The magnified
FESEM image in Fig. 1(f) revealed the presence of the flake-like struc-
ture, suggesting that the initially synthesised ZnO nanorods had de-
formed into a flake-like structure due to high synthesis temperature of
the VACNTSs (800 °C). This finding is in agreement with [25], which
found that the ZnO nanorods were partially etched when the CNTs
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Fig. 5. (a) Micro-Raman spectra of the VACNTSs, ZnO, ZnO-VACNT and VACNT-ZnO and an enlarged spectrum showing the ZnO peaks of the (b) ZnO-VACNT and (c) VACNT-ZnO samples.



190

(a)

(b)

(©)

3.0x10°

2.5x10°

2.0x10°

-3

1.5x10

-3

1.0x10

-4

Current Density (Acm'z)

5.0x10

0.0

In (JE)[(A)(Vum)?]

5.0x10™

4.0x10™

3.0x10™

2.0x10™

Current Density (Acm'z)

1.0x10™

0.0

A.B. Suriani et al. / Materials and Design 90 (2016) 185-195

2.5x10°

» 1 17
ol W
i S0A10 VACNT-ZnO #
. y
- . i .
< T ZnO-VACNT VACNT-Zn
- > v
£ , J _
2 1.0x10° | A /
- 2 J 11l
€ v
i £ sox10° | A VACNTy
3 A
— 9 ry v -
i ZnO
0.0 w‘v‘vvv'vvv'vvvx 359590 oooo oo
B 1 1 1

0

1

2

Electric Field (Vum™) LLI J

J

ZnO-VACNT [ & gl

! y AL vaenTs g
s WM Zn0

0 1 2 3 4 5 6
Electric Field (Vpm™)

L = v" VACNT-ZnO
» Asa A'xvﬂ A A ,

V*vv - A A
B > 4
i *'.. %' ¥, ZnO-VACNT
L n v
- e VACNTS
— " L | ] ™
L Vo u

..
- oo o & Zn0O
o
._ e e © @
" 1 " 1 " 1 L 1 " 1 " 1 " 1 " 1
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
1IE [(V/pm) ]
/
L 7k
- ./
/[VACNT-ZnO
i ZnO-VACNT ) I J
/ . /

B [ I : I

T s
I ;lr% lj L VACNT e

e . x/:'.'?/ L . i’ /i 1

8% ZnO

=1 vsvivy 5T ¢ ¢ o o o of

3 4

Electric Field (Vum™)




A.B. Suriani et al. / Materials and Design 90 (2016) 185-195 191

were synthesised at 630-800 °C and completely etched at temperatures
above 800 °C.

The length and diameters of the VACNTSs synthesised on ZnO were
shorter and larger, respectively, compared to the synthesised VACNTSs
on a bare substrate (length and diameter of 93.5 and 18.1-31.2 nm, re-
spectively) (see the Supplementary material). This outcome was due to
the lower amount of Fe catalyst deposited on top of the non-uniform
surface of the flake-like ZnO structure. The low catalyst amount is a re-
sult of the sublimation of ZnO nanorods (Fig. 2(i)) that started at a tem-
perature of 600 °C [26]. The continuous sublimation of ZnO proportional
to the temperature increase induced further deformation of the ZnO
nanorods (Fig. 2(ii)). The critical temperature is at 800 °C, above which
the ZnO nanorods were completely deformed into a flake-like structure
(Fig. 2(iii)). Furthermore, the sublimation process not only deformed
the ZnO nanorods but also produced Zn vacancies in the ZnO lattice, as
shown in Fig. 2(iv). The vacancies were then doped by the Fe atoms ob-
tained from the decomposition of ferrocene (Fig. 2(v)), resulting in a re-
duced amount of Fe that catalyses the growth of the VACNTSs.

The TEM image in Fig. 1(g) shows the flake-like structures and the
CNTs that resided on the substrate. The lattice fringes of the flake-like
structure are clearly observed in the HR-TEM image (Fig. 1(h)), with
an interplanar spacing of 0.275 nm, which is closely matched to the d-
spacing of (100) crystal plane (0.281 nm) of wurtzite ZnO [27]. This
finding proved that the ZnO nanorods were in fact deformed and etched
due to the high synthesis temperature of 800 °C and remained on a cer-
tain part of the substrate.

3.1.2. VACNT-ZnO nanocomposite

The FESEM image in Fig. 3(a) shows the VACNTs grown on the
2 x 2 cm? Si substrate with a length of 14.5 um (growth rate of
0.24 um min~ ). Fig. 3(b) shows the top view of the MgZnO deposited
on the grown VACNTs. The MgZnO layer was observed to be rough
and uneven compared to the MgZnO seed layer deposited on a bare sub-
strate (Fig. 1(a)); thus, the roughness reflects the surface structure of
the underlying VACNTs. MgZnO nanoparticles were also agglomerated
at some areas where colloidal seed particles were formed, as shown in
Fig. 3(b). The resultant agglomeration of seed particles was due to the
surface tension of the solvent, which accumulated the particles during
the drying process [28].

The surface morphology of ZnO nanorods synthesised on top of
VACNTSs is shown in Figs. 3(c)-(f). The side-view of the nanocomposite
shown in Figs. 3(c)-(d) revealed that the array of VACNTSs was entirely
coated with the ZnO nanorods in multifarious directions. The random
directions were a result of the uncontrolled orientation of the MgZnO
nanocrystal seed layer on the deposited VACNTs. Moreover, the
MgZnO that was in colloidal form produced nanorods with flower-like
orientation (Fig. 3(d)). Note that the aligned morphology of the VACNTSs
is not disrupted by the growth of ZnO nanorods, as observed from the
Zn0 growth pattern (dotted line in Fig. 3(e)) that exhibits ZnO nanorods
growing on individual nanotubes. Fig. 3(f) illustrates that the diameter
of the ZnO nanorods produced is in the range of 37-66 nm, which is
smaller at the tip due to the decreasing precursor concentration in the
solution [29].

The HR-TEM images of the VACNT-ZnO nanocomposite sample in
Figs. 3 (a)-(b)) show the interface of CNTs and ZnO nanorods, with lat-
tice spacing of 0.275 nm for ZnO and a lattice spacing of 0.337 nm for the
graphitic structure; these values are closely matched to the interplanar
spacing of the wurtzite ZnO (0.275 nm) [27] and graphite structure
(0.335 nm) [30], respectively. Moreover, the graphitic structure of
CNTs at the ZnO-CNT interface was observed to be slightly diminished,

as indicated by the dotted line in Fig. 3(b). This observation was proba-
bly due to the interactions between the ZnO precursor and the CNTs,
which results in bonding at the ZnO-CNT interface and hence altering
of the C-C bonds [31].

3.2. XRD analysis

Fig. 4 presents the XRD analysis of the pristine VACNTs, ZnO and
VACNT/ZnO nanocomposites. The XRD pattern of the pristine VACNTs
shows that the VACNTSs synthesised have typical peaks of carbon at
26.03°, 42.87°, and 44.27° corresponding to the (002), (011) and
(111) planes. A weak Fe peak was also detected at 48.9°, corresponding
to the (200) plane. In spite of a relatively weak peak, the presence of Fe
that originated from ferrocene decomposition could be confirmed.
Meanwhile, the XRD pattern of pristine ZnO exhibits a sharp and most
intense diffraction peak at 34.18°, corresponding to the reflection from
the (002) plane. This observation indicates that the pristine ZnO has a
high degree of crystallinity and grew primarily along the c-axis. This re-
sult is in good agreement with the FESEM observation of Section 3.1.
Weak characteristic peaks located at 30.99° and 56.59°, which are re-
lated to the reflection of (100) and (110) planes, respectively, were
also obtained. All the diffraction peaks obtained are indexed as the hex-
agonal wurtzite phase of ZnO [32]. No characteristic peaks of other im-
purities, such as Zn(OH),, were detected, which indicates that only
single-phase ZnO samples were formed [33].

For the ZnO-VACNT sample, the carbon peaks of the (002), (110)
and (111) planes located at 25.95°, 42.87°, and 44.27°, respectively,
were accompanied by a weak ZnO peak of (110) at 56.35°, which repre-
sents the co-existence of phase of CNTs and ZnO. No ZnO peak of the
(002) plane was detected, which reaffirms that the ZnO nanorods that
were initially grown had deformed and become etched due to the
high synthesis temperature of CNTs. Note that the carbon peak of
(111) had a lower intensity than the peak of pristine VACNTSs, which ex-
hibits a lower degree of crystallinity for VACNTSs that grow on top of ZnO
nanostructure. This result was attributed to the lower amount of Fe cat-
alyst utilised for the growth of VACNTSs because a partial amount of Fe
had doped the Zn vacancies, while the rest of the Zn vacancies were
not doped, resulting in an imbalanced ratio of carbon atoms versus the
Fe catalyst. The Fe catalyst was then unable to decompose the large
amount of incoming carbon particles, resulting in encapsulation of the
catalyst by thick carbon particles, thereby rendering the catalyst inac-
tive. In addition, no iron oxide phase was observed in the XRD pattern
because the Fe-doping was unable to change the structure of ZnO,
which might be ascribed to the Fe embedded in the ZnO thin films
that formed ordered substitutional sites within the lattice [34]. This
finding was consistent with the studies of [35,36,37], which covered
the effect of Fe doping in ZnO thin films.

Meanwhile, the sample of VACNT-ZnO shows a low intensity of car-
bon and a high intensity of ZnO peaks, which confirms the co-existence
of the CNTs and ZnO in the sample. This result also confirms that the sur-
face of the nanocomposite has a large number of ZnO nanoparticles. In
contrast to the pristine vertically aligned ZnO nanorods grown on a Si
substrate, with a strong reflection of the (002) plane, the VACNT-ZnO
sample shows strong reflections from multiple ZnO peaks of (100),
(002),and (101), located at 31.76, 34.42, and 36.25°, respectively. In ad-
dition, reflections from the (102) and (110) planes at 47.56 and 56.62°,
respectively, were also detected. The presence of these multiple peaks
are in agreement with the FESEM images depictured in Fig. 3, where
the ZnO nanorods were observed to grow in multiple directions. In ad-
dition, the diffraction peak of the (002) plane located at 34.42° was

Fig. 6. (a) Typical J-E curves with magnified curve at the low field region and (b) F-N plots of pristine VACNTs, ZnO and VACNT/ZnO nanocomposite samples. (c) Enlarged J-E curve of all

samples, showing the dramatic increase in the emission current of the ZnO-VACNT sample.
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found to be minimally shifted by approximately 0.22° compared to the
pristine ZnO diffraction peak of 34.20°. This shift was due to the pres-
ence of carbonaceous material, which changed the ZnO lattice constant
[38].

3.3. Micro-Raman analysis

Micro-Raman spectra for pristine VACNTs and ZnO as well as nano-
composites of VACNT-ZnO and ZnO-VACNT samples are shown in Fig. 5
(a). The D and G peaks located at approximately 1349 and 1580 cm™,
respectively, are shown in the micro-Raman spectrum of pristine
VACNTSs, while the Ip/I; ratio that indicates the crystallinity of the sam-
ple was found to be 0.39. Meanwhile, the micro-Raman spectrum of
pristine ZnO sample shows intense characteristic peaks of ZnO located
at 436.99, 583.42, and 326.00 cm ™!, corresponding to 2E,, E, (high),
and E; (LO), respectively. The 2E, and E, (high) are attributed to the
peak characteristic of a wurtzite phase, while E; (LO) is related to the
formation of defects in the nanorods [39].

For ZnO-VACNT sample, the D and G peaks were found to be slightly
shifted towards lower wavenumbers of 1344.18 and 1577.40 cm™ !, re-
spectively. The shift occurred due to the chemical interaction between
CNTs and ZnO nanostructures [40]. The value of the Ip/Ig ratio was
0.65, which indicates the reduction in crystallinity compared to pristine
VACNTSs. This result is consistent with the XRD result of this sample. The
reduction of the crystallinity of the CNTs was due to the lower amount
of Fe catalyst to catalyse the growth of CNTs because a partial amount
of Fe had initially diffused into the Zn vacancies. The reduced amount
of catalyst remaining could not completely decompose the large
amount of carbon particles; hence, low-quality CNTs were produced.
Meanwhile, only a faint ZnO characteristic peak located at

(2)

VACNTSs

437.90 cm™ ! was detected in the sample (Fig. 5(b)). The faint peak in-
dicates the low crystallinity of the synthesised ZnO, which is attributed
to the deformation of ZnO nanorods due to the high synthesis tempera-
ture of 800 °C applied during the synthesis of CNTs.

The D and G peaks of VACNT-ZnO sample were also slightly shifted
towards lower wavenumbers of 1346.23 and 1578.42 cm™ !, respec-
tively, resulting from the chemical interaction between the CNTs and
Zn0 nanostructures [40]. The value of Ip/Ig ratio was 0.90, which indi-
cates a significant reduction in the crystallinity of the CNTs. This reduc-
tion arises from the interactions between the ZnO precursor and the
VACNTs, which form bonds at the VACNT-ZnO interface, consequently
modifying the C-C bonds [31]. The phonon subsystem that creates addi-
tional number of defect states also contributes to the reduction of crys-
tallinity [41]. Higher intensity ZnO characteristic peaks of the VACNT-
ZnO sample were observed at 437.0 and 326.0 cm ™! (Fig. 5(c)) com-
pared to the ZnO-VACNT sample in Fig. 5(b), indirectly implying that
this sample contains a larger amount of ZnO. A peak of E; (LO) at
567.6 cm™ ! associated with the local vibration of impurities in the
ZnO sample was also detected, which implies that the ZnO nanorods
synthesised on the VACNT array contain structural defects [7]. Note
that there was a peak detected at approximately 480 cm™ ' (indicated
by the red arrow in Fig. 5(b) and (c)) in both nanocomposite samples.
This peak is the result of the interface phonon mode [42], as further con-
firmed through the absence of this particular peak in the pristine ZnO
sample.

3.4. Field electron emission performance

Fig. 6(a) show the J-E curves for all samples. The turn-on and thresh-
old field of the VACNTs sample was found to be 2.66 and 3.18 Vum ™' at
the current density of 1.00 and 10.00 yA cm™?2, respectively. Meanwhile,
the turn-on field of pristine ZnO was 5.18 V um ™!, twice that of the
VACNTs. However, the threshold field of the ZnO could not be deter-
mined because the maximum current density of the sample was only
1.19 pA cm™? at an applied field of 5.40 V um™~". In the case of the
ZnO-VACNT nanocomposite sample, the turn-on and threshold field re-
duced to 1.60 and 2.03 V um~!, respectively. Meanwhile, for the
VACNT-ZnO sample, the turn-on and threshold field is the lowest
among the others, with values of 0.49 and 1.41 V um ™!, respectively.

In terms of the current density, on one hand, the ZnO-VACNT nano-
composite resulted in 259.80 uA cm ™2 and was slightly higher than the
pristine VACNTSs (212.85 pA cm™2). On the other hand, the maximum
current density from VACNT-ZnO nanocomposite is significantly higher
than that of the other samples, with a value of 2090.00 pA cm~2. The
tremendous increase in the emission current demonstrates that the cur-
rent enhancement is primarily contributed by the field emission of the
VACNT-ZnO nanocomposite structure. The reductions in turn-on and
threshold fields as well as the increase in the current emission for
both nanocomposite samples demonstrate the improvement of the
field FEE properties of the VACNTs. Therefore, it can be deduced that
the addition of ZnO as a composite material to the pristine VACNTSs
can significantly improve the field emission properties of VACNTSs.

/n0O

Fig. 8. Schematic plot of the equipotential lines of the electrostatic voltage for VACNTs and ZnO nanorods, demonstrating the screening effect as a result of dense VACNTSs.
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Fig. 9. Schematic band diagram of the VACNTs-ZnO nanocomposite (a) before and
(b) after annealing, illustrating the reduction of the Schottky barrier height and the ZnO
band gap, and the formation of the CNT-ZnO alloy at the VACNT-ZnO interface.

For the ZnO-VACNT nanocomposite sample, the enhancement of
FEE was due to the presence of the conductive layer under the VACNTS,
as illustrated by the band diagrams in Fig. 7. This layer generally assists
the transfer of electrons from the substrate to the VACNTSs. Basically, the
barrier d, i.e., the SiO; layer between the VACNTs and the substrate
(Fig. 7(a)) was concurrently reduced with the addition of the ZnO
layer. Due to the high synthesis temperature of the VACNTs (800 °C), co-
valent bonds were introduced between the Fe:ZnO layer and the VACNT
interface [43], thereby forming a conductive alloy layer of Fe:ZnO-C
(Fig. 7(b)). The presence of this conductive alloy reduces the barrier
thickness between the VACNTSs and the substrate, thereby facilitating
an easier electron transfer. In addition, the underlying conductive
alloy layer also has good thermal conductivity, which induces a rapid re-
lease of the heat introduced by high current emission, hence preventing
the VACNTs from burning [44] and enhancing the FEE properties.

Meanwhile, for the VACNT-ZnO nanocomposite sample, the signifi-
cant improvement of the FEE properties is mainly due to the geometrical
shape of the emitters. As shown in the FESEM image depicted in Fig. 3(d),
the as-grown ZnO nanorods protruding from the surface of the VACNT-
Zn0 have smaller diameters at the tips, thereby resulting in a high aspect
ratio and consequently leading to a local field strengthening at the tip re-
gion, where Ejc, = BE [7]. Moreover, the ZnO array are in multifarious di-
rections and have an optimal density for preventing the screen effect,
which often occurs for the dense tips of a VACNTSs emitter (Fig. 8) [2].

It is revealed that the improvement of the FEE is also correlated with
the tunnelling effect of electrons through the VACNT-ZnO nanocom-
posite, as illustrated in Fig. 9. The VACNT-ZnO junction can be consid-
ered as a metal-semiconductor junction due to the narrower band
gap of the CNTs (approximately a few hundred milli-electron volts at
room temperature) [45] in comparison to ZnO. Because ZnO has a
higher work function (¢) value than CNTs, with values of 5.3 and
5.0 eV, respectively, the junction formed is of an Ohmic nature. The elec-
trons from the Fermi level of the VACNTSs are injected to the conduction
band of ZnO through tunnelling due to the existence of the Schottky
barrier at the VACNT-ZnO junction (Fig. 9(a)).

However, the height of the Schottky barrier was reduced through
the use of the high annealing temperature of 500 °C during the synthesis

of ZnO on top of the VACNTs. The annealing process decreases the band
gap of the ZnO [46], thus increasing the tunnelling probability. In addi-
tion, annealing at high temperature also introduces the formation of a
conductive alloy at the VACNT-ZnO interface, which facilitates the elec-
tron transfer from the VACNTS to ZnO. The reduction of the ZnO band
gap and formation of the VACNT-ZnO alloy at the interface is shown
in Fig. 9(b). The VACNT array under the ZnO layer also play a significant
role on the improvement of FEE by providing large connection areas be-
tween the ZnO to the Si substrate. This VACNT conductive layer does not
limit the support to electron transfer, while helping to transfer the heat
from the ZnO tips to the substrate, thereby protecting the emission tips
from being destroyed by extensive heat generated through the high
electric field [2].

The corresponding F-N plots of the samples were shown in Fig. 6(b).
This plot was obtained according to the classical F-N equation:

In (1/52) — In (ABZ/¢>—B¢3/2/BE

where ] is the current density, E is the applied field, and ¢ is the work
function (5 eV for carbon), A and B are constants (A =
1.54 x 107®AeV V2 and B = 6.83 x 109 eV 32 V/m) and S is the
field enhancement factor, which can be calculated using the slope of
the linear part of the F-N plot. The calculated values of 3, which were es-
timated from the F-N plot in the high field region, were found to be
6941, 1930, 6140, and 9977 for VACNTs, ZnO, ZnO-VACNT, and
VACNT-ZnO, respectively. The significant increase in 3 for the VACNT-
Zn0 sample was attributed to the high aspect ratio and the optimal den-
sity of ZnO nanorods on the surface of the VACNT array, which reduced
the screening effect [2]. The significant increase in (3 for the VACNT-ZnO
sample was proportional to the geometrical parameters of the field
emitter, being mainly related to its surface morphology and optimal
density of the substrate [7].

The F-N plots of all the samples were found to demonstrate some
deviations at the low electric field region, hence resulting in two linear
segments. These deviations are attributed to several factors including
surface adsorption in the low electric field region [47] or activation of
abnormally active emission sites at the high electric field [48]. The devi-
ation of the F-N plot that led to the existence of two linear segments
also can be explained by using the double-barrier model [49], as illus-
trated by the band structure of the cathode in Fig. 10. Generally, there
is a barrier between the VACNTs and the substrate [50]. The double-
barrier model describes the process of electron transportation as occur-
ring in two steps. First, an electron tunnels through the barrier between
the Si substrate and VACNTSs; second, the electron tunnels from the
VACNTS to vacuum.

In equilibrium condition (without external bias), the Fermi levels are
lined up (Fig. 10(i)). There are two barriers presented, namely (1) the Si
substrate-VACNT interface barrier and (2) the VACNT-vacuum barrier.
The finite separation between the Si substrate and VACNTSs is due to
the SiO, layer, which acts as an insulator. When an external voltage is
applied, the Fermi levels are no longer lined up consistently. The
Fermi levels shift with a magnitude that is a function of the applied volt-
age. The field penetration generated by the applied electric field induces
the surface charge and causes the band bending of the SiO, conduction
band [51].

At a low electric field, such that 0 < qVjunction < $o, Where ¢y is as-
sumed to be the barrier height of the junction, most electrons must tun-
nel through Barrier 1, i.e,, the SiO; layer with width d. In this low electric
field range, the contact resistance would be approximately constant as
the voltage increases, and therefore, the tunnelling probability would
hardly increase [52]. This behaviour could correspond to the occurrence
of direct tunnelling [13], as the conduction band of the SiO, is higher
than the Fermi level of the VACNTSs (Fig. 10(ii)). Meanwhile, at Barrier
2, which is the VACNT-vacuum barrier, the electrons tunnel through
the barrier by means of F-N tunnelling.
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Fig. 10. Band structure of the cathode, illustrating the double-barrier model under differ-
ent bias conditions. (a) In equilibrium condition i.e., without external bias; (b) at a low
electric field, in which direct tunnelling occurred at Barrier 1, while F-N tunnelling oc-
curred at Barrier 2; and (c) at a high electric field, in which F-N tunnelling occurred
through both Barriers 1 and 2.

As the applied voltage increases further, i.e., ¢Vjunction > ¢o, the con-
duction band of the SiO, continuously bends, resulting in the conduc-
tion band being lower than the Fermi level of Si (Fig. 10(iii)). Hence,
as the voltage increases, the effective barrier width d for the electron
tunnelling becomes narrower. The contact resistance was therefore de-
creased rapidly, resulting in the increase in the tunnelling probability. At
this point, F-N tunnelling occurs. This F-N tunnelling continues to occur
at Barrier 2. Therefore, the tunnelling mechanism throughout the entire
voltage range can be simplified with the following condition: at the low
voltage range, the electron tunnels through the barrier between the Si
substrate and VACNTSs through direct tunnelling and tunnelling through
the VACNTSs to vacuum via F-N tunnelling; for high voltage, an electron
tunnels through F-N tunnelling throughout all the barriers.

The deviating points in the F-N plot for all the samples (Fig. 6(b)) are
denoted by * symbols. The * symbol indicates the critical field, which
characterises the barrier thickness of the insulator layer between the
structure and the substrates [13]. The F-N plot of the VACNTSs, ZnO

and VACNT-ZnO shows a deviation at closely spaced electric field values
of 3.4,3.8, and 3.5 Vum™ !, respectively. These similar values are attrib-
uted to the same barrier, i.e., SiO,, existing between the substrate and
the structure. Meanwhile, the ZnO-VACNT sample shows a deviation
at 2.0 Vum ™!, which indicates a smaller barrier thickness of the insula-
tor layer between the substrate and the VACNTs. This smaller barrier
thickness is a result of the existence of the Fe:ZnO-C conductive layer
between the substrate and VACNTS, as illustrated in Fig. 7. Furthermore,
the small barrier thickness indicates a lower contact resistance and
hence enables easier electron transfer. The enlarged J-E plot of Fig. 6
(c) demonstrated dramatic increase in current from 1 pA cm™2 at
1.6 Vum ™! to 260 pA cm~2 at 3.0 V um ! for the ZnO-VACNT sample.
Under the same conditions, the emission current density of pristine
VACNTSs was only approximately 6 pA cm™2, which indicates that the
field emission of ZnO-VACNT nanostructure increased by a factor of
40. Therefore, it is proven that the Fe:ZnO-C conductive layer plays an
important role in improving the field emission of VACNTSs.

4. Conclusion

In summary, the FEE properties of the VACNTSs from waste chicken
fat were successfully enhanced by fabricating the VACNTSs with ZnO
nanostructures. This work revealed that the VACNT-ZnO nanocompos-
ite configuration tremendously improved the FEE properties of the
VACNTSs by lowering the turn-on and threshold fields to approximately
0.49 and 1.41 V um™!, respectively and increased the emission current
from 212.85 to 2090.00 pAcm ™2 Meanwhile, the ZnO-VACNT nano-
composite also successfully reduced the turn-on and threshold fields
of VACNTS to 1.60 and 2.03 V um™ ', respectively and the emission cur-
rent increased from 212.85 to 259.80 pAcm 2. It is concluded that the
order of the composite configurations plays a significant role in enhanc-
ing the FEE properties of VACNTSs.
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