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ARTICLE INFO ABSTRACT

Keywords: Carbon nanotube-Yttrium iron garnet (CNT-YIG) nanohybrid has been successfully synthesized
NaFOhYbrid using chemical vapor deposition (CVD) with yttrium iron garnet (YIG) nanopowders as catalyst,
Th‘“: film ethanol as carbon stock, and argon as carrier gas. Carbon nanotube (CNT) was observed to have
Patch antenna grown from the YIG nanopowders with bamboo-like structures of CNT at a synthesis temperature
Carbon . e . s
Ferrites of 900 °C. FESEM and RAMAN characterization indicated that the CNT-YIG nanohybrid exhibited

the growth of bamboo-like CNT with high graphitization. Further analysis of electrical properties
showed that the CNT-YIG nanohybrid has exhibited conductivity due to the CNT growth. The
nanohybrid in the form of powders was then mixed with an organic vehicle to produce thick film
paste and screen-printed onto a substrate as the working material for patch antenna application.
Initial measurements using VNA indicated that CNT-YIG nanohybrid gave significant results
regarding return loss and bandwidth, proving that the materials could have great potential to
enhance patch antenna performance due to their combined electrical and magnetic properties.

1. Introduction

Carbon-based materials are gaining popularity in research communities around the globe, particularly because of their exciting and
somewhat mysterious properties covering mechanical, chemical, electrical, and many others. Thousands of papers have been dis-
cussing and studying the properties of these materials, specifically those in the nanoscale region, for example, carbon nanotube (CNT),
graphene, and carbon quantum dot (CQD). Particularly for CNT, its excellent electrical properties, such as high conductivity, prompted
much research work on CNT-based antennas. Hanson explored the properties of CNT-based dipole antennas since the CNT can be
grown up to several centimeters in length [1,2]. Such small-scale antennas, or what is termed a nanoantenna, can be used for
microscopic or nanoscopic circuits and systems.

Later, a few researchers started to explore the use of CNT as the conductive material in the fabrication of microstrip patch antennas
[3-11]. Elwi et al. have demonstrated the fabrication of a multi-walled CNT (MWCNT) microstrip patch antenna by producing MWCNT
ink and using the inkjet printing method to print the conductive patch onto a substrate [3]. The results have exhibited that CNT-based
patch antennas can obtain good results on top of having a wider bandwidth due to their ability to conduct microwave energy via the
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structures of CNT itself. The most recent interesting work was the development of microcellular-structured CNT films with enhanced
microwave absorption capability, having an effective bandwidth of 11.5 GHz [12]. This proved that the work can be further explored,
specifically for harsh environments, due to its non-corrosive and non-oxidizing properties.

Meanwhile, ferrites have been proven to help in further improving the performance of the patch antenna, either as a substrate or as
a form of overlay film as part of the patch antenna [13-21]. Our previous work has demonstrated that the ferrite material can be
introduced as a thick film layer in between the conductive patch and the substrate using a screen-printing technique to widen the
frequency bandwidth, as well as improving the return loss of the patch antenna [22,23]. Based on this literature, there were possi-
bilities that when both conductive and magnetic materials were combined or mixed to form the patch of the antenna, better per-
formance could be observed and manipulated. Some researchers have successfully demonstrated that the idea can work in relation to
microwave applications [24-30]. Most of the work has produced the CNT-ferrite nanocomposite by mixing the two materials or using
other methods to combine them together, such as the chemical vapor deposition method (CVD) [31,32], melt bending process [33], in
the form of a three-dimensional hybrid aerogel [34], one-pot coprecipitation [35-37], and homogeneous precipitation [38].

Realizing the great potential of CNT-ferrite nanocomposite, we demonstrated the synthesis of CNT-YIG nanohybrid via the CVD
method by growing CNT onto YIG nanopowders. The novelty and advantage of this work is that, in theory, this nanohybrid material
would exhibit electrical, dielectric, and magnetic properties and can be further explored as a material for a fabricated screen-printed
microstrip patch antenna in hopes of improving the performance in terms of return loss and bandwidth. Particularly, the novelty of
utilizing CNT-YIG nanohybrid as the radiating patch antenna is that the enhanced properties of the nanomaterials by combining the
electrical conductivity of CNT and the low-loss magnetic properties of the YIG can increase the electrical and magnetic field of the
radiating patch, therefore improving the return loss and the bandwidth of the antenna.

2. Materials and methods

CNT-YIG nanohybrid was prepared using YIG nanopowders purchased from Sigma-Aldrich (nanopowder, <100 nm particle size
(BET), 99.9 % trace metal basis) as the catalyst for CNT growth via CVD. They were initially characterized by using a Raman spec-
troscopy (Witec, Alpha 300R) and a field emission scanning electron microscope (FESEM) (FEI, Nova NanoSEM 450) as starting
powders. The nanopowders were put into an alumina boat at the center of the furnace with a starting weight of 0.5 g. The furnace was
then flushed with argon gas at 100 sccm. The furnace was then heated to the targeted temperature, which was 900 °C. The synthesis
temperature was chosen based on the maximum temperature of the CVD used and the range within which the carbon atoms can move
slowly and form non-hexagonal carbon rings [39]. After the furnace had reached the targeted temperature, ethanol was injected into
the furnace as the hydrocarbon source with a constant flow of 10 ml/h by using a syringe pump under argon gas flow. After the process
was completed, the furnace was then cooled down to room temperature before the samples were collected for further analysis. Samples
were characterized using a Raman spectroscopy, an X-ray diffractometer (XRD) (Rigaku, SmartLab 2 MiniFlex 600), and FESEM to
study the graphitization of the samples, phase formation, and morphological structures of the nanohybrid, while the structural analysis
of the CNT grown from the nanopowders was observed using a high-resolution transmission electron microscope (HRTEM) (JEOL JEM
2100F). The electromagnetic properties of the samples were then measured using a vector network analyzer (VNA) (Agilent, N5227A).

Later, the samples were used as the active element for thick film paste preparation. The CNT-YIG nanohybrid powders were mixed
with an organic binder with a powder-to-binder ratio of 30:70 wt%. The organic binder consisted of linseed stand oil, m-xylene, and
alpha-terpineol, with a composition as explained in Ref. [23], which was prepared beforehand. The powders and organic binder were
mixed using a magnetic stirrer at a speed of 250 rpm for 5 h continuously at a temperature of 40 °C to obtain a homogenous paste. The
paste was then left overnight to allow it to settle down, and then printed onto an alumina substrate, dried, and fired at 300 °C to
produce a 20 pm-thick film [40]. The I-V characteristics of the thick film samples were measured using a 2-point probe (Keithley 2450),
while the conductivity, resistivity, and sheet resistance were measured using a Mitsubishi Loresta GX (MCP-T700) resistivity meter,
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Fig. 1. Raman shifts of YIG nanopowders and CNT-YIG nanohybrid powders synthesized at 900 °C using CVD.
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which uses the 4-terminal, 4-pin method (4-point probe).

To investigate the resonance frequency and return loss of the material in the form of patch antenna , the antenna was fabricated
using the CNT-YIG nanohybrid thick film paste as the conductive patch and FR4 as the substrate. The antenna utilized the design
discovered in previous work [23,41] for comparison purposes. Once the fabrication was completed, the antenna was tested using VNA
to measure the frequency and return loss (S;; parameter) in the range of 2-14 GHz.

3. Results and discussion
3.1. Raman spectroscopy analysis

When the CVD process was carried out at a temperature of 900 °C, three distinctive peaks were observed using Raman spectroscopy
(see Fig. 1). The first peak was the D band, which originated from the defects in the sidewalls and ends of CNT and was identified at
1341 cm'. The second peak, which was the G band, was derived from the tangential stretching of the carbon-carbon band located at
1574 cm™!. Meanwhile, a G’ band located at 2700 cm™! was an overtone of the D peak [42]. The sharp and distinctive peaks of the D
band and G band, with the G band peak being higher than the D band, indicated that the CNT was graphitic, which showed good
growth of the CNT. The ratio of D/G peak intensities (Ip/Ig) was conventionally used to estimate the degree of defectiveness of
graphene layers in CNT. The Ip/Ig ratio of CNT-YIG synthesized was 0.75, indicating that the CNT-YIG produced had fewer defects,
which therefore hypothetically favored the electron mobility in the materials. The G’ band, sometimes referred to as the 2D band, was
also visible, with a distinctive peak showing that the CNT had fewer walls. The radial breathing mode (RBM) was not detected, hence
indicating that the samples were multiwalled CNT.

3.2. Phase and microstructural analysis

XRD analysis was performed to investigate the phase formation of the synthesized CNT-YIG nanohybrid (Fig. 2). The XRD spectrum
of YIG nanopowders revealed that there were two types of YIG phases that existed in the powders: orthorhombic YIG with the chemical
formula Y3FesO12 (DB card no. 00-021-1450), and cubic YIG with the chemical formula YsFey(FeO4)s (DB card no. 00-018-1472).
Distinctive peaks at 20 = 33.78, 43.96, 48.58, and 57.71 referred to hkl of (112), (122), (023), and (132) for orthorhombic YIG;
while distinctive peaks at 20 = 20.54 and 29.21 referred to hkl of (220) and (400) for cubic YIG [43]. Meanwhile, the diffraction peaks
at 20 = 26.37 and 43.96 referred to the hkl of (002) and (101) for multi-walled CNT [44]. The phase analysis could also provide the
ratio of grown CNT and YIG in the nanohybrid. Based on the Whole Powder Pattern Fitting (WPPF) method, the weight fraction could
be calculated from information about the crystal system and lattice constants of the materials. Analysis results using the WPPF method
for the nanohybrid were tabulated in Table 1. The weight fraction of CNT was calculated to be 86.0 %, while the remaining 9.6 % and
4.4 % were the weight fractions of orthorhombic and cubic YIG respectively, that served as catalysts.

Fig. 3(a) displayed the micrographs of the YIG nanopowders as the catalyst. The average of the nanoparticles’ sizes in the starting
powders of YIG was 27 nm, as shown in the particle size distribution from Fig. 3(b). Due to the nature of the particles, which were on
the nanometer scale and were known to have magnetic properties, some agglomeration can be observed as well. It can also be
concluded from Fig. 3(c) that the morphological structures of CNT synthesized at 900 °C were a mixture of straight, coiled, and twisted
tubes with different tube diameters, which was related to the catalyst particles’ size and agglomeration [45]. CNT formations depended
on the strong catalytic anisotropy of carbon deposition between different crystal faces [39]. The commonly proposed mechanisms for
the growth of carbon nanotubes involved the absorption and dissociation of a carbon precursor on the catalyst particle’s surface,
followed by the dissolution of carbon into the catalyst particle [46]. Although nanotube-like formation can be observed, further
characterization using HRTEM was deemed important to investigate the inner structure of the materials and to confirm the CNT
growth by observing tube walls and hollowness.

From the HRTEM image in Fig. 4(a), it was observed that the diameter of the smallest nanotube measured was 17.61 nm for CNT-
YIG, while the graphitic structure of the grown CNT was displayed in Fig. 4(b). The HRTEM image of CNT-YIG sintered at 900 °C
showed the formation of bamboo-like structures of CNT, indicating complete growth of CNT at the said temperature. The sintering
temperatures required to form a pure garnet phase for YIG nanoparticles were mentioned as 750 °C for SG (Sol-Gel) and 1000 °C for SS

1 # : Orthorhombic YIG
+: Cubic YIG
* ICNT

Intensity, counts

20 30 40 50 60 70 80
20, °

Fig. 2. XRD spectrum of the synthesized CNT-YIG nanohybrid.



LH. Hasan et al. Heliyon 10 (2024) 39966

Table 1

WPPF analysis results of the CNT-YIG nanohybrid.
Phase/Dataset CNT Orthorhombic YIG Cubic YIG
Weight fraction, wt% 86.0 9.6 4.4
a, A 2.495 5.011 12.2183
b, A 2.495 5.653 12.2183
¢, A 6.753 7.498 12.2183
a, © 90.000 90.000 90.000
B, ° 90.000 90.000 90.000
Y, © 120.000 90.000 90.000
Lattice volume, A3 36.397 212.384 1824.044
Strain, % 0.090 0.227 0.235

(b)
Average size (D) = 27.4nm
- Std. deviation (ap) = 1.19
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Fig. 3. FESEM micrographs of (a) YIG nanopowders as the starting powders, (b) particle size distribution, and (c) CNT-YIG synthesized at 900 °C.

NPs (Solvent Synthesis Nanoparticles). It was important to note that the sintering temperature was not the same as melting point but
was related to the process of forming solid material under heat without melting it to the point of liquefaction [47].

The melting point of nanoparticles can be different from that of micrometer-sized or bulk materials due to the size-dependent
properties exhibited at the nanoscale. The phenomenon known as "melting point depression" occurred in nanoparticles, where the
melting point of the material decreased as the particle size decreased. This was due to the higher surface area-to-volume ratio in
nanoparticles, which altered the thermodynamic stability of the particles, making them melt at lower temperatures compared to their
bulk counterparts. Therefore, in this situation, the YIG nanopowders trapped inside the nanotubes were melted, producing the solid,
elongated particles in the nanotubes.
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Fig. 4. HRTEM images of CNT-YIG nanohybrid: (a) diameter of CNT, (b) graphitic structure of CNT, (c) bamboo-like structures of CNT at 25,000
magnifications, and (d) bamboo-like structures of CNT at 50,000 magnifications.

Meanwhile, the thermodynamic stability of the CNT also played an important role in their formation. It was understood from
Ref. [48] that the shape formation energy was dependent on the formation temperature and catalyst. If the shape formation energy
deviated downwards below the threshold conditions, the formation of CNT became unstable and resulted in shape deformation (coil or
spiral shape). The synthesis temperature for the previously reported work was 750 °C-800 °C, resulting in coil shaped CNT. As for this
work, the temperature was increased to 900 °C; therefore, the formation of straight CNT could be observed as it was closer to 1500K

(approximately 1200 °C) [39].

Complex permeability, u,

AN

4" CNT-YIG 900°C

—— 4 " CNT-YIG 900°C
—°— u'commercial YIG

—° " commercial YIG

—o— 4" ONT-YIG 700°C

——— 4" CNT-YIG 700°C

v Fr

T T T T quency (Hz)

T T T T
12.0G 14.0G 16.0G 18.0G

Fig. 5. Complex permeability of (a) commercial YIG, (b) CNT-YIG 700 °C and (c) CNT-YIG 900 °C.
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3.3. Complex permeability, complex permittivity, and loss tangent

Generally, the real parts (¢’ and ) exemplify the storage capability of magnetic and electric energy, while the imaginary parts (u”
and ¢”) indicate the loss of magnetic and electric energy [49]. The permeability spectra of commercial YIG, YIG-CNT 700 °C (for
comparison purposes), and YIG-CNT 900 °C in the frequency range from 8 to 18 GHz were exposed in Fig. 5. The relative permeability,
ur, was written by using Eq. (1):

He=p —ju” (Eq. 1)

The values of 4’ and y’’ were about 1.07-1.27 and 0.10 to 0.19, showing a decreasing trend from the low-frequency band to the
high-frequency band. The decrease in ;' and u” values was explained by the magnetization relaxation due to the displacement of the
magnetic domain wall at low frequencies and spin rotation at high frequencies in the sample.

The relative permittivity, ¢, was defined and given by Eq. (2):

&=¢€ —je’ (Eq. 2)

The complex permittivity spectra of commercial YIG, YIG-CNT 700 °C and YIG-CNT 900 °C were presented in Fig. 6, indicating the
positive ¢’ value in the measured frequency ranged from 8 to 18 GHz. The ¢’ decreased with increasing frequency, as shown in Fig. 6,
and the positive ¢’ indicated that they were equivalent to micro-capacitors. The interface area increased with increasing carbon content
in YIG-CNT 700 °C and YIG-CNT 900 °C, which resulted in the equivalent micro-capacitors, hence increasing the permittivity value
[50]. The & value for commercial YIG resulted from electron hopping where energy was required, hence giving a certain value. For the
YIG-CNT 700 °C and YIG-CNT 900 °C samples, however, the ¢” value increased due to the increase in energy through higher electron
hopping in the presence of multi-walled carbon nanotube (MWCNT) material. The ¢” values of YIG-CNT 700 °C and YIG-CNT 900 °C
also specified a decreasing trend versus frequency changes, which was due to the orientation/dipolar polarization mechanism.

Fig. 7 demonstrated the dielectric loss tangent (tan 6,) and magnetic loss tangent (tan §,) of commercial YIG, CNT-YIG 700 °C and
CNT-YIG 900 °C, respectively. The value of tan . lied within the range of 0.04-0.25, while tan 6, had an average value of 0.075-0.12.
The loss tangents were obtained by calculating the ratio of imaginary to the real part of permittivity and permeability, as can be
defined with Eq. (3):

” ”

tan 5, :% and tan §, = Z— (Eq. 3)

where yu’ is real permeability, u” is imaginary permeability, ¢’ is real permittivity, and ¢” is imaginary permittivity.
The CNT-YIG 900 °C retained a higher tan 6, compared to tan §, at 8-12 GHz, which indicated that the electromagnetic wave
absorption was contributed by a dielectric loss mechanism rather than a magnetic loss mechanism.

3.4. Electrical conductivity

IV measurement was conducted using a Keithley 2450 2-point probe to measure the change in electrical current related to the input
voltage. Based on the results shown in Fig. 8 and prior characterization of the materials, it can be concluded that the CNT-YIG
nanohybrid with high growth temperature (900 °C) showed notable IV characteristics, which confirmed that the material was
semi-conductive, although not as conductive as pure CNT. This is due to the composition of the nanohybrid, which consisted of CNT
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Fig. 6. Complex permittivity of (a) commercial YIG, (b) CNT-YIG 700 °C and (c) CNT-YIG 900 °C.
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Fig. 7. Dielectric and magnetic loss tangent of (a) commercial YIG, (b) CNT-YIG 700 °C and (¢) CNT-YIG 900 °C.
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Fig. 8. I-V characteristics of the CNT-YIG nanohybrid.

and the remaining YIG nanopowders, which were still embedded in the materials. Therefore, the material was a non-ohmic conductor,
which referred to a material that does not follow Ohm’s law of having linear resistance or a consistent relationship between voltage and
current. Instead, as can be observed from the graph, the material had high resistance at low voltage, but when it exceeded 6 V, it
became a low-resistance material. One example of an application for this type of material is a varistor, which is used for the protection
of line transients.

Meanwhile, measurements of other electrical properties such as resistivity, conductivity, and resistance sheet were carried out
using a resistivity meter that utilized the 4-point probe method. The CNT-YIG nanohybrid with a growth temperature of 900 °C had a
resistance (R) of 2.02 x 10% Q, a resistance sheet (Rs) of 8.11 x 10° Q/sq, a resistivity (Ry) of 16.23 Q cm and a conductivity (S) of 6.17
x 1072 §/cm. The low conductivity result was expected, as indicated by the IV graph and semiconductive behavior, apart from having
YIG nanoparticles in the nanohybrid.

3.5. Potential application as a patch antenna

Based on the characterization and analysis performed on the nanohybrid, it was hypothesized that the materials could be used as
the radiating patch of a microstrip patch antenna (MPA) due to their electrical, dielectric, and magnetic properties. Fig. 9 showed the
measurement of fabricated MPA using the CNT-YIG nanohybrid with a CNT and YIG antenna as comparison, while Table 2 summarized
the measured results of the MPA samples.

Return loss or S1; parameter of antenna refers to the power being reflected back from the antenna to the port. It is calculated by
using the equation below:
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Fig. 9. Return loss measurement of the CNT-YIG patch antenna.

Table 2
Summary of CNT-YIG nanohybrid MPA measurement results.
MPA Sample Center frequency, f. (GHz) Return loss (RL), S1; (dB) —10dB Bandwidth (GHz) Fractional Bandwidth, FBW (%)
CNT 8.790 —-12.16 1.14 12.96
YIG 8.885 —8.66 n/a n/a
CNT-YIG 8.505 —20.86 3.01 34.22
P;
RL (dB)=10 logw[T 4
r

Where P; is the incident power and P, is the reflected power.

Meanwhile, the —10 dB bandwidth is calculated from the upper frequency (f;) and lower frequency (f2), where the return loss is
—10dB.

Then, the fractional bandwidth (FBW) can be calculated using the equation below:

FBw (%) =% 100 ©)
fe

Since CNT-YIG had lower conductivity than CNT, the center frequency (f.) of CNT-YIG MPA was slightly shifted to a lower fre-
quency, of which the measured result is 8.505 GHz. This result indicated that the antenna design can be further miniaturized to shift to
higher frequencies, especially for those researchers who aim to work in the terahertz region but cannot execute them due to the re-
striction of the materials used.

The CNT-YIG hybrid, functioning as the radiating patch, demonstrated that the material’s combination of electric, dielectric, and
magnetic characteristics was what caused the larger fringing fields. Compared to the MPA utilizing CNT as the radiating patch, the
combined qualities enabled the antenna to look bigger in terms of electric fields, hence widening the bandwidth.

The result obtained supported this theory, of which the —10 dB bandwidth of CNT-YIG MPA is wider than the CNT MPA, resulting
in a higher fractional bandwidth (FBW) of 34.22 % for CNT-YIG MPA. The result also agreed with other literature reported data
involving the use of CNT-ferrite nanohybrid [46,51-53] with reported bandwidth ranging from 1 GHz up to 3 GHz.

In terms of the return loss, the CNT-YIG MPA sample exhibited superior return loss in comparison to the CNT MPA, which was the
control sample. MPA using CNT-YIG synthesized at 900 °C displayed a better return loss or reflection coefficient, which was
contributed by the conductivity of the sample, and the amount of CNT growth hybridized with YIG as a catalyst. It has been concluded
that CNT-YIG samples with high sintering temperatures promoted better or longer CNT growth. This result could lead to better
continuity of power transmission and higher reflected power. The results also indicated that the improved return loss and wider
bandwidth were influenced by the impedance matching attributed to magnetic and dielectric coupling derived from the nanohybrid
and the high values of dielectric and magnetic loss tangents of the CNT-YIG nanohybrid.

4. Conclusion

This paper demonstrated the success of CNT-YIG nanohybrid powder synthesis using the CVD method. The results indicated that
the growth of CNT from YIG nanopowders as catalysts with a synthesis temperature of 900 °C exhibited graphitization, leading to
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increased conductivity of the nanohybrid material as compared to the starting ferrite catalyst. The nanohybrid also exhibited improved
electromagnetic properties, with the nanohybrid having higher permittivity, dielectric, and magnetic loss tangents. The CNT-YIG
nanohybrid thick film paste produced was then used as the radiating patch of the MPA by utilizing the screen-printing technique.
According to the results of the antenna measurement, the CNT-YIG nanohybrid’s combined electrical, dielectric, and magnetic
properties greatly increased the antenna’s bandwidth to 3.01 GHz, demonstrating a greater bandwidth than the control sample, which
only has a 1.14 GHz bandwidth. The results showed that the enhanced conductivity of the CNT grown from the ferrite catalyst, as well
as its improved dielectric and magnetic properties, demonstrated that the CNT-ferrite nanohybrid can be further investigated as an
element in patch antenna fabrication or any other application involving electromagnetic parameters because of its exceptional and
distinctive properties.
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