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Abstract: Single-walled carbon nanotube (SWCNT) thin films were synthesized by using a floating
catalyst chemical vapor deposition (FCCVD) method with a low flow rate (200 sccm) of mixed gases
(Ar and Hz). SWCNT thin films with different thicknesses can be prepared by controlling the collec-
tion time of the SWCNTSs on membrane filters. Transmission electron microscopy (TEM) shows that
the SWCNTs form bundles and SWCNTs have an average diameter of 1.46 nm. Raman spectra of
the SWCNT films did not show the D-band indicating that the synthesized SWCNTs are very well-
crystallized. Although the electrical properties of SWCNTs have been widely studied so far, the Hall
effect of SWCNTs has not been fully studied to explore the electrical characteristics of SWCNT thin
films. In this research, Hall effect measurements have been explored to investigate the important
electrical characteristics of SWCNTs such as carrier mobility, carrier density, Hall coefficient, con-
ductivity, and sheet resistance. The samples with transmittance between 95-43% showed a high car-
rier density of 10-10% cm=. SWCNTs were also treated using Brensted acids (HCl, HNOs, H250x)
to enhance their electrical properties. After the acid treatments, the samples maintain their p-type
nature. The carrier mobility and conductivity increased and the sheet resistance decreased for all
treated samples. The highest mobility of 1.5 cm?/Vs was obtained through sulfuric acid treatment at
80 °C while the highest conductivity (30720 S/m) and lowest sheet resistance (43 ohm/square) were
achieved through the nitric acid treatment at room temperature. Different functional groups were
identified in our synthesized SWCNTs before and after the acid treatments using Fourier Transform
Infrared Spectroscopy (FTIR).

Keywords: SWCNTs; FCCVD method; Raman spectroscopy; Hall effect measurements; Acid treat-
ments; FTIR

1. Introduction

Carbon nanotubes (CNTs) are cylindrical molecules made of rolled-up sheets of sin-
gle-layer carbon atoms (graphene) [1]. SWCNTs have diameters in the range of 1-2 na-
nometers (nm), double-walled carbon nanotubes (DWCNTs) have diameters in the range
of 2-4 nm, and multi-walled carbon nanotubes (MWCNTs) have diameters in the range of
few nanometers to hundred nanometers. MWCNTs consist of many concentrically
stacked nanotubes with lengths of several micrometers or millimeters [2]. The credit for
discovering MWCNTs and SWCNTs is given to Ijima [3,4]in 1991 and 1993, respectively.

Due to their lightweight and one-dimensional structure, SWCNTs show unique me-
chanical, electrical, optical, and thermal properties [5,6,7]. For example, their electrical
conductivity is estimated theoretically as 108 S/m and they exhibit a high thermal conduc-
tivity of 3500 W/k.m. The theoretical tensile strength of the individual SWCNTs is around
100 GPa with Young's modulus of 1 TPa [8,9]. Because of these distinctive properties,
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SWCNTs can be utilized in a wide range of applications, such as flexible and transparent
microelectronics, energy storage and conversion devices, multifunctional composites, aer-
ospace devices, electric conductors, etc. [10,11].

Compared to other methods like arc discharge or laser ablation, chemical vapor dep-
osition (CVD) is one of the most favored techniques to synthesize SWCNTs due to its high
yield, low impurity, and gentle synthesis conditions [12]. So far, different CVD processes
have been introduced to fabricate SWCNTSs, such as aerosol-assisted CVD [13], microwave
plasma-enhanced CVD [14], hot-filament CVD [15], oxygen-assisted CVD [16], FCCVD,
etc. Compared to the other CVD techniques, FCCVD is more appropriate for the mass
production of SWCNTs because of its low cost, good flexibility, scalability, and controlla-
bility [17,18]. The properties of the SWCNT films strongly depend on the morphology of
the SWCNTs' bundles, like their length, diameter, density, etc. [19], which can be effi-
ciently controlled in the FCCVD technique.

In the FCCVD method, the appropriate choice of growth parameters plays an im-
portant role in controlling the growth of SWCNTs. Thiophene is commonly used to deliver
sulfur components to the SWCNTs synthesis [20]. Sulfur plays a vital role in nucleation,
renucleation, surface chemistry, and the aerogel formation of the catalyst nanoparticles.
On the other hand, the catalyst affects the SWCNTs' morphology and helps the growth of
the SWCNTs by reducing the synthesis energy [21]. Because of the low bonding energy
between the sulfur and carbon atoms, thiophene decomposes earlier than ferrocene in the
initial phase of the FCCVD reaction. The results of this process are hydrocarbon species
and liberated sulfur atoms. A thin layer of coating is formed on the surface of the metallic
catalyst by these liberated sulfur atoms. This is advantageous to the growth of SWCNTs
because the sulfur surfactant can prevent the encapsulation of carbon particles. Moreover,
it can stop the agglomeration between the sulfur-coated catalyst particles [22].

The type, morphology, and crystallinity of the synthesized SWCNTSs can be deter-
mined by the carbon precursors such as ethanol. The carbon precursor is dissociated after
being absorbed on the surface of the catalyst. A SWCNT cap is formed by the transfor-
mation of a closed carbon network. The SWCNT growth continues by generating carbon
precipitation from the catalyst below the SWCNT cap. The growth stops after the termi-
nation of the catalysts [23] by the complete sulfur coverage on the surface of the catalyst
particle [22,24]. SWCNT's diameter distribution is known to be affected by the composi-
tion of carrier gases. As an example, it was observed that increasing Ar as a carrier gas
leads to a decrease in the SWCNTs diameter distributions [25]. A small diameter distribu-
tion is favorable for the reproductivity and consistency of SWCNT products.

Hydrogen is commonly used as a carrier gas in the FCCVD system. This gas is found
to be very beneficial to the synthesis of SWCNTs. It can help the breakdown of the hydro-
carbon precursors [26] and preserve the catalyst's lifetime [27]. SWCNTs can show either
semiconducting or metallic behaviors depending on their chiral vector. The electronic
properties of SWCNTs can be improved by doping using acid treatments. Bronsted acids
(HCL, HNOs, H2S0Os, ...) have been known to have electrochemical effects on graphite
leading to acceptor doping [28,29].

In this work, we report the mass production of clean SWCNT films using the FCCVD
method. We followed a process similar to Zhang et al.' [30] to synthesize SWCNTs with
some changes in the type of carrier gases, their total flow rate, and the synthesis proce-
dure. Our synthesis process with a total flow rate of the carrier gases at 200 sccm can be
considered a low-cost procedure leading to the mass production of CNTs. In this research,
thiophene (C4sHsS) was used as a growth promoter, ferrocene as the catalyst, ethanol as
the carbon precursor, and argon and hydrogen as the carrier gases. The morphology and
characteristics of the thin films were examined through scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Raman spectroscopy was used to
show the quality and crystallinity of the SWCNT films. The transmittance of the synthe-
sized SWCNT films was obtained for the thin film samples with collection times of 5, 10,
15, 20, and 25 minutes and the electronic properties of the synthesized SWCNTs were
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investigated using the Hall effect measurements. The SWCNT films showed a high carrier
concentration of 1021-102 cm= which is in good agreement with the theoretical prediction
[31,32]. H2SOs, HCL, and HNOs were used for the treatment of the thin films, and the
effect of different acid treatments on the mobility, conductivity, and sheet resistance of
samples was studied. Fourier Transform Infrared Spectroscopy (FTIR) was employed to
determine the functional groups in SWCNT films before and after the acid treatment.

2. Experimental
2.1. Materials

Ferrocene (98%, Aldrich) was used as a catalyst precursor. Thiophene (99+%, Acros
Organics) and ethanol (89-91%, Fisher Chemical) were used as the growth promoter and
the carbon source, respectively. Argon (AR UHP300, Airgas) and hydrogen (HY UHP300,
Airgas) were employed as carrier gases. Millipore Express membrane filters (0.45 pm PES
Membrane) were used to collect the SWCNTs. SWCNT thin films were doped using sul-
furic acid (H2S04, 96.1 w/w %, Fisher Scientific), nitric acid (HNOs, 69.4 w/w %, Fisher
Scientific ), and hydrochloric acid ( HCL, 37.2 w/w %, Fisher Scientific).

2.2. SWCNTs Synthesis

The precursor solution was prepared by dissolving ferrocene (0.4 wt %) and thio-
phene (molar ratio of S/Fe=0.3) in 10 milliliters of ethanol. A syringe pump was used to
inject the precursor solution into a heating line kept at 140 °C. The feeding rate of the sy-
ringe pump was adjusted at 6 pl/min. The precursor solution was evaporated in the heat-
ing line and carried into a vertical furnace by argon and hydrogen gases, each with a flow
rate of 100 standard cubic centimeters (sccm). The temperature of the furnace was kept at
1000 °C during the experiment. During the growth time (30 minutes) valvel is kept open
while valve2 and 3 are closed, so residual air in the reaction chamber and any initially
produced materials during this time are exhausted through the oil trap (Fig.1). After that,
valve 2 is opened and valve 1 is simultaneously closed to collect the pure and clean
SWCNTs on a membrane filter, which is kept in a collection tube at room temperature. To
increase the mass production of the CNTs, we added an extra valve (valve 3) (Fig.1). The
SWCNT films can be removed from the collection tube after being purged with argon at
100 sccm, and a new membrane filter would be installed and purged with argon to get rid
of the air inside the collection tube. Then, valve 2 would be opened and valves 1 and 3
closed to collect the SWCNTs again. This procedure can be repeated several times without
stopping the experiment to produce several CNT thin films in one experiment.
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Figure 1. Schematic illustration of the FCCVD experimental setup for the SWCNT synthesis.

2.3. SWCNT Characterization

The overall morphology of CNT networks and bundles was characterized using scan-
ning electron microscopy (SEM FS100) under 1 KV. The Energy-dispersive X-ray spectros-
copy (EDS) technique was used to determine the elemental composition of the samples.
Transmission electron microscopy (TEM), performed on a monochromated and aberra-
tion-corrected FEI Titan operating at 300 keV, was used to analyze the crystallinity of the
CNTs, and Image] software was employed to determine the distance between the fringes
in the bundles. Raman spectroscopy (633.8 nm He-Ne Laser and 514 nm Argon ion laser)
was used to obtain the Raman spectra of SWCNTs. A UV-visible spectroscopy system
(Hewlett Packard 8453) was used to obtain optical absorption spectra from SWCNT films
on glass substrates. Hall effect measurement system (Ecopia HMS-5300) was employed to
measure the carrier concentration, hall coefficient, sheet resistance, and carrier mobility of
the synthesized SWCNT films at the temperature of T= 300K and a magnetic field of
B=0.518T. Cary 670 FTIR Spectrometer was used to identify the functional groups in
SWCNT thin films.

3. Results and Discussions

SWCNTs were synthesized using the FCCVD method with ferrocene (CiwHaiFe) as
the catalyst precursor, thiophene (CsHiS) as the growth promoter, ethanol (C2HsOH) as
the carbon source, and a mixture of argon (Ar) and hydrogen (Hz) as the carrier gases with
a total flow rate of 200 sccm. The growth temperature and the growth time were 1000 °C
and 30 minutes, respectively. Fig.2(a) Shows the optical images of samples with collection
times of 5, 10, 15, and 20 minutes. As the collection time increases the color of the depos-
ited film changes from light gray to dark brown because of the increase in their thickness.
Fig. 2(b) illustrates a typical SEM image of SWCNT bundles that are connected and form
a continuous 2-D weblike structure [33,34]. Fig.2 (c) shows that the deposited SWCNTs
mainly contain C (carbon) and Fe (iron) elements. Fe is the catalyst nanoparticle coming
from the catalyst precursor ferrocene and carbon is from the SWCNTs.
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Figure 2. (a) Optical images of the samples with collection times of 5, 10, 15, and 20 minutes. (b)
SEM image of SWCNT thin films. (c) EDS of the deposited SWCNTs.

Fig.3 shows the TEM images of SWCNT bundles. The morphology of the network
structure of the SWCNTs and bundles can be seen in Fig.3(a). Fig.3 (b-d) are high-resolu-
tion TEM images of the SWCNTs. Using Image] software, the average diameter of
SWCNTs in the bundles for the selected areas is measured as 1.54 nm, 1.45 nm, and 1.38
nm, respectively. The average diameter is 1.46 nm comparable with the reported values
between 1-2 nm for SWCNTs’ diameters [35,36,37].

Figure 3. TEM images of deposited SWCNTs (a) The overall morphology of the SWCNTs and bun-
dles. (b-d) different selected areas of the deposited film with the estimated average diameter of
SWCNTs in the bundles as 1.54 nm, 1.45 nm, and 1.38 nm, respectively.

Raman scattering processes and specific phonon modes can identify many character-
istics of SWCNTs. Examples of these specific features are carbon materials' electronic and
phonon structures. Besides that, Raman spectroscopy can provide information about im-
perfections (defects) in SWCNTs. In general, comprehensive information about the char-
acteristics and structure of SWCNTs can be obtained through Raman spectra because
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phonons can also affect their mechanical, thermal, and elastic properties. In the Raman
spectra, the intensity of the scattered light is measured as a function of its frequency down-
shift which can show a precise measure of the phonon frequencies in the material [38].
Fig.4 (a) shows the Raman spectra for the three samples with collection times of 10, 15,
and 20 minutes employing a 633.8 nm He-Ne Laser, and Fig.4 (b) shows a zoomed image
for the Raman spectra of the sample with collection time of 20 minutes using a 514 nm
Argon ion laser. No peak appeared in the range of the D band indicating that our synthe-
sized SWCNT films are highly crystallized. The emergence of a D band (usually around
1350 cm™) is related to the defects of crystalline sp? carbon structures [39]. Raman spec-
troscopy on graphene structures reveals that the D mode origin is from the edge defects
[40]. The edge area in the well-crystallized SWCNTs is trivial because of the higher aspect
ratio (>1000) and their atomic thickness. Therefore, they should not reveal the D band [41].

The G and G'bands at 1606 cm™ and 2642 cm!, respectively, (Fig.4(a)), are comparable
to the previously published values of 1585 cm™ and 2700 cm™ [47,37Error! Bookmark not
defined.]. The G band specified to all the sp? carbon materials is related to the in-plane
bond stretching mode of the C-C bonds in the hexagonal lattice [42]. G' (or 2D) band is a
peak in the spectra of most sp? carbon materials. The origin of this peak can be ascribed to
a vibrational mode identified by the breathing of six carbons related to a hexagon in the
graphene lattice. By increasing the collection time no change was observed in the position
of the peaks (Fig.4(a)). Because of the electron-phonon coupling or strain effect in
SWCNTs, the G band splits into G* and G- peaks. The split between the G* (at 1594 cm)
and the G- (at 1571 cm) picks can be seen in Fig.4(b). The G- peak is usually unseparated
from the G* peak, however, it can be varied in shape [43]. The signal related to the G- peak
is attributed to the SWCNT's curvature (i.e., diameter) which is specified to their electronic
characteristics [44]. A small peak that appeared at 1156 cm! (Fig.4(b)) is related to the in-
termediate frequency modes (IFM mode). These modes which are usually reported
around the range of 600-1100 cm™ are considered weak and insignificant features existing
in all graphene-related materialsError! Bookmark not defined. and are assigned to sec-
ond-order, two-phonon, or one-phonon and one-elastic scattering double resonance Ra-
man processes [45,46].
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Figure 4. (a) Raman spectroscopy of the three samples with collection times of 10, 15, and 20 minutes
using a 633.8 nm He-Ne Laser. (b) A zoomed image of the sample with 20 minutes of collection
time using a 514 nm Argon ion laser.

Hall effect measurements are considered a precise method to determine the charge
carrier density and type of the carriers in the crystalline material [47,48]. We carried out
the Hall effect measurements on the SWCNT films with different collection times (5, 10,
15, 20, and 25 minutes). Important electrical properties such as carrier concentration (car-
rier density), mobility, Hall coefficient, and the sheet resistance of SWCNT films were ex-
plored through these measurements. The magnitudes of carrier concentration were ob-
served between 4.6x10?' and 1.3x10% cm. These values are comparable to the carrier den-
sity of 102-102 cm™ for the purified SWCNTs synthesized through a high-pressure CO
conversion process (HiPCO CNTs) or laser ablation method (LA CNTs) and chemically
treated by SOCI2[31]. Compared to the values of 10%-10" cm which were earlier reported
for the CNT films [49] and bundles [50], our results are closer to the theoretically predicted
value of ~10%2 cm3, calculated for the aligned metallic CNTs [32]. The higher carrier den-
sity of our SWCNTs can be attributed to the advances in the synthesis method of SWCNT
films and their purity [31]. For example, the dry FCCVD method allows for producing
films with longer CNTs and exceptional optoelectronic properties by resolving the
tradeoff between CNT length and solubility during film fabrication [19]. The mobility of
the synthesized SWCNTs was in the same order of magnitude for all the collection times
with an average value of ~ 0.034 cm?/Vs. This mobility is very close to the one observed
for pristine HIPCO SWCNTs (0.04 cm?/Vs) reported by Lee et al [31]Error! Bookmark not
defined.. The limitation factors in Hall mobility were claimed to be random networks of
CNTs and barriers at inter-tube junctions of the CNT films [51,52,31].

In Fig.5 (a), the carrier concentration, Hall coefficient, and mobility are plotted versus
the collection time of the SWCNT films. The carrier concentration increased from 4.6x102!
to 1.3x10% cm=?by increasing the collection time from 5 to 25 minutes while the Hall coef-

ficient decreased from 1.35 x 10" to 4.6 x10°” (also see Table. 1). However, the decrease in
mobility was trivial. Eq. 1 shows that an increase in carrier concentration will lead to a
decrease in the Hall coefficient as we can see in Fig.5 (b). Also, by increasing the carrier
concentration, a slight decrease was observed in the mobility of the SWCNT thin films
(Fig.5 (b)). After reaching a certain value of thickness (around 800 nm for 25 minutes of
collection time), the further increase did not significantly change the carrier concentration
of our thin films meaning the carrier concentration became independent of the thickness.
The Hall effect measurements for the samples with collection times of 5, 10, 15, 20, and 25
minutes are summarized in Table. 1. The sign of the Hall coefficients was positive for all
samples showing that the synthesized SWCNTs are p-type materials.

Ru=1/me (1)
where Ruis the Hall coefficient (cm3/C), n is the carrier concentration (cm=3), and e= 1.6 x
10 (C).

Figs 6(a) and 6(b) show the transmittance versus collection time and sheet resistance.
By increasing the collection time from 5 to 25 minutes, the transmittance and sheet re-
sistance of the samples decreased from 95 % to 43 % and 370 to 21 ohm/square, respec-
tively. Increasing the collection time leads to an increase in the thickness of the thin films,
which will lead to a decrease in the sheet resistance of the materials as indicated by Eq. 2.
The observed sheet resistance and transmittance magnitudes are comparable with the
ones reported for the SWCNT thin films [30,35,53].

Rep/t (2)
where Rsis the sheet resistance (ohm/square), p is resistivity (ohm.cm), and t is the thick-
ness of the thin film (cm).



Nanomaterials 2024, 14, x FOR PEER REVIEW

8 of 17

(a)

—~
oY)
~

Carrier density-Hall coefficient-Mobility

Transmittance at 550 nm (%)

100

—=— Carrier density (x10%2 cm®)
—e— Hall coefficient (x 10 cm?/C),
—a— Mobility (x 102 cm?/Vs)

90 +

80+

70 4

60

50 4

40 4

Collection time (minutes)

Hall coefficient-Mobility

—e— Hall coefficient (x 10 cm®/C)
—a— Mobility (x 102 cm?/Vs)

Carrier density (x 102 cm™®)

Figure 5. Graphs of (a) carrier density, Hall coefficient, and mobility versus collection time of
SWCNT films and, (b) Hall coefficient and mobility versus carrier density.
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Table 1. Hall effect measurements for the samples with collection times of 5, 10, 15, 20, and 25
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Controlling the electronic properties of CNTs can develop their technical applications
in different fields. Transferring charges (electrons or holes) to the nanotube through inter-
calation and/or functionalization processes is one way to change the carbon nanotube's
electronic and vibrational characteristics [54,55,56]. Therefore, it is important to study the
effect of doping on CNTs’ electrical properties.

Different acid treatments were done on the SWCNT films with the same collection
time to investigate the effect of doping on their electrical properties. The conclusion ob-
tained from treating one sample can be applied to the samples with different collection
times. The samples with 10 minutes of collection time (transmittance of 80%) were treated
with sulfuric, nitric, and hydrochloric acids with different acid concentrations (Table. 2).
All the samples were rinsed with deionized (DI) water after being treated with acids while
in some cases (Case C in Table. 2) the samples were first rinsed with ethanol followed by
DI water. In Case B, the samples were heated at 80 °C during the time of the treatment (30
minutes). The Hall effect measurements were applied to the samples after the treatments
to study the change in their electrical characteristics.

All the samples maintained their p-type characteristic after being treated with acids.
Acceptor-type doping of the SWCNTSs was observed by other researchers using Brensted
acids (like sulfuric, nitric, and hydrochloric acid) [28,57,58,59]. Compared to the sample
without any treatment (Case G), the hole mobility increased in all acid-treated samples,
the hole concentration of all sulfuric acid and hydrochloric acid treated samples de-
creased, but the hole concentration of the nitric acid-treated sample increased. Experi-
mental results showed that nitric acid treatment can improve the SWCNT film’s mobility
and carrier concentration (Case F). The corresponding conductivity was calculated for the
samples using Eq. 3.

o=pne 3)

Here o is the conductivity due to holes in a unit of Siemens per meter (S/m) or {)'m-
1, n and e stand for electronic carrier concentration and electron charge respectively, and
1 is hole mobility.

Despite a slight decrease in hole concentration, the conductivity increased in all kinds
of acid treatments while the sheet resistance decreased as can be seen in Table. 2. Alt-
hough the sample treated with sulfuric acid at 80°C (Case B) showed the highest hole
mobility, the highest conductivity (30720 S/m) is related to the nitric acid treatment (Case
F). Additionally, there was a significant decrease in sheet resistance of the nitric acid-
treated sample (Case F) to 43 ohm/square compared to the untreated sample with a sheet
resistance of 243 ohm/square (Case G). The second and third highest conductivity are
14060 S/m and 12096 S/m for the films with the hydrochloric acid treatment and DI water
rinsing (Case E) and the sulfuric acid treatment with ethanol as well as DI water rinsing
(Case C), respectively. All the calculated conductivities were in the reported range (on the
order of 102 to 106 S/cm) for SWCNT [60]. Improvement in the conductivity of the SWCNT
films can be related to the downshifts in the Fermi level toward valence bands of SWCNTs
leading to the reduction in the Schottky barrier height and increasing the conductivity of
the films [61,30].

The bar graphs (Fig. 7) show the comparison between the electrical properties of
SWCNT thin films under different acid treatments according to the data in Table. 2. Over-
all, we can see the enhancement in the electrical properties of SWCNT films after the acid
treatments with the increase in hole mobility and conductivity as well as the decrease in
the sheet resistance in all cases. Out of all the samples, the ones treated with sulfuric acid
at a temperature of 80°C (Case B) showed the greatest hole mobility of 1.5 cm?/Vs (Figure
7(b)). However, the sample treated with nitric acid (Case F) demonstrated the highest car-

rier conductivity of 30720 S/m (Figure 7(e)), the highest carrier density of 1.2 x 10 cm?
(Figure 7(a)), and the lowest sheet resistance of 43 ohm/square (Figure 7(d)).
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Figure 7. Bar graphs showing the effect of different acid treatments on (a) carrier density, (b) hole mobility,
(c) Hall coefficient, (d) sheet resistance, and (e) conductivity of the SWCNT thin films.

Fourier Transform Infrared Spectroscopy (FTIR) was utilized to analyze the chemical
structure of sulfuric acid-treated SWCNTs at 80°C (Case B) and nitric acid-treated
SWCNTs (Case F) in comparison to pristine SWCNTs (Case G). The analysis was con-
ducted by identifying functional groups and comparing any changes observed in the three
cases. Fig.8 shows FTIR of pristine SWCNTs (Case G), HNOs-treated SWCNTs (Case F),
and H2SOs-treated SWCNTs heated at 80°C (Case B) in the wavelength ranges of 500-1600
cm! (Fig.8(a)) and 1600-4000 cm (Fig.8(b)). The peaks at 630, 701, 719, 797, 837, and 1010
cm’! in all three samples are related to the C=C bending of the alkene functional group
[62,63], while the peak at 872 cm! comes from the bending of the C-H for the benzene
derivative functional group [64]. Hydrogen exists in the precursor solution for the synthe-
sis of SWCNTs and is also used as a carrier gas during the synthesis process. A new peak
appeared at 1046 cm for the sulfuric acid-treated sample, which represents the S=O
stretching of sulfoxide [65] and is attributed to the sulfuric acid treatment. The peaks at
1073, 1106, 1153, 1244, and 1297 cm™, common in all three samples, are related to the C-O
stretching mode of the primary alcohol, secondary alcohol, tertiary alcohol, and alkyl aryl
ether functional groups [62,66]. Ethanol is a primary alcohol that is used in the precursor
solution. Secondary and tertiary alcohols can form by attaching the hydroxyl group (-OH)
to a carbon atom that is bonded to two and three alkyl groups (or hydrocarbon chains)
respectively [67]. Ether is formed when an oxygen atom is attached to two alkyl or aryl
groups (aromatic hydrocarbons) [68]. For all samples, the peak at 1322 cm ! represents the
S5=0 stretching mode of the sulfone, and the peak at 1409 cm™is related to the 5=O stretch-
ing mode of the sulfate functional group [69,62Error! Bookmark not defined.]. Sulfur
comes from thiophene which is used in the precursor solution.

The 1488 and 1578 cm! peaks appearing in all three samples originate from the C-H
bending of alkane and the C=C stretching of cyclic alkane functional groups, respectively
[70]. The peak at 1735 cm-! for pristine and nitric acid-treated SWCNTs corresponds to the
C=0 stretching mode in carbonyl or carboxylic acid groups [71]. This peak (1735 cm™) is
downshifted to 1633 cm! for the sulfuric acid-treated sample representing the C=C stretch-
ing of alkene [72]. This change in wavelength may be related to increased energy from
heating, leading to an increase in frequency and a decrease in the wavelength. The sulfuric
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acid-treated sample also shows a new peak at 2113 cm related to the C=C stretching of
the alkyne functional group. This peak can be compared to the one at 1909 cm! for the
pristine SWCNT sample showing the C=C=C stretching of the allene functional group [62].
This change in the bond formation from double-bond carbon in the pristine SWCNTs into
triple-bond in the sulfuric acid-treated sample can also be attributed to the heating during
the acid treatment. Wong et al. [73] conducted simulations on the distribution of chemical
bonds in carbon chains. Their findings suggest that as the temperature rises, carbon atoms
in a compound may transition from a double bond to a single or triple bond. This transi-
tion is dependent on energy minimization and the Octet rule. The Octet rule dictates that
an atom's valence shell can only accommodate a maximum of eight electrons and no lone
pair electrons are permitted.

In the range of 1600-4000 cm!, two new peaks appeared at 2031 and 2169 cm for the
nitric acid-treated sample. These peaks can be related to N=C=S stretching of isothiocya-
nate and S-C=N stretching of thiocyanate, respectively [62]. Sulfur exists in the precursor
solution coming from thiophene. The peaks at 3092 and 3647 cm™ appeared for pristine
and nitric acid-treated SWCNTSs corresponding to the O-H stretching of alcohol (hydroxyl
functional group). The peak at 3382 cm for the sulfuric acid-treated sample is also related
to the O-H stretching of alcohol [74]. These peaks are usually broad and strong in the 3200-
3550 cm! range [62], as seen in Fig.8 (b). The disappearance of one of the peaks related to
O-H stretching and also the peak related to C=O stretching (at 1735 cm™) for the sulfuric
acid-treated sample might be a reason for the increase in the hole mobility of this sample.
Studies have shown that polar groups such as hydroxyl and carbonyl functional groups
can form deep traps that can capture electric charge carrier [75,76]. Scattering and capture
of free charges by deep traps can lead to the energy loss of the charge carriers and a de-
crease in their mobility [76]. Therefore, the reduction in the number of polar groups such
as carbonyl and hydroxyl functional groups in the sulfuric acid-treated sample might play
a role in improving its mobility. Compared to the sulfuric acid-treated sample, the FTIR
spectra of the nitric acid-treated one are more similar to the pristine SWCNTs’ spectra.
However, the improved electrical properties of the nitric acid-treated SWCNTs might be
related to the existence of two new picks (2031 and 2169 cm™) in this sample representing
the isothiocyanate and thiocyanate functional groups. Polymers containing thiocyanate
have been widely reported to be used as hole-transporting layers in optoelectronic appli-
cations (such as solar cells) due to the improvement in the charge extraction efficiency
related to increased conductivity [77,78].

In summary, among the different acid treatments, the sample treated with sulfuric
acid at a temperature of 80°C (Case B) exhibited the highest hole mobility value of 1.5
cm?/Vs. And, the sample treated with nitric acid (Case F) demonstrated the highest carrier
conductivity of 30720 S/m, the highest carrier density of 1.2 x 10 cm® and the lowest
sheet resistance of 43 ohm/square. These improvements in the electrical properties of both
samples make them suitable for electronic applications such as thin film transistors or so-
lar cells.
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Table 2. Hall effect measurements of the SWCNT film of collection time of 10 minutes after acid
treatments.

30 mins H,SO, 77x10° 0.7 8x10° P-type 9240
65 wiw % )
treatment + DI

water rinsing

B 30 mins H,SO, 32x10®° 15 2x02 P-type 163 7680
65 wiw %)
treatment at 80
°C + DI water
rinsing
C 30 mins H,50, g84x10* 0.09 77x10™* P-type 107 12096
65 wiw %)
treatment + DI
water rinsing +

ethanol rinsing

D 30 mins H,SO, 5y 10* 0.08 14x10° P--type 228 6400
treatment (4 M)
+ DI  water
rinsing

E 30 mins HCL g88x10* 0.1 88x10™ P-type 115 14060
treatment (4 M)
+ DI water
rinsing

F 30mins HNO; (4 12x102 0.16 58x10™ P-type 43 30720
M) + DI water
rinsing

G Without 9.5x10>" 0.035 6.6x10* P-type 243 5320

treatment
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Figure 8. FTIR spectra of pristine SWCNTs, HNOs-treated SWCNTs, and H2SOs-treated SWCNTSs
heated at 80°C in the wavelength ranges of (a) 500-1600 cm™ and (b) 1600-4000 cm-.

4. Conclusion

High-yield SWCNT films were synthesized through a floating catalyst chemical va-
por deposition method using a low flow rate of 200 sccm as the total flow rate of the mixed
argon and hydrogen gases. The structural properties of the thin films were investigated
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by SEM, TEM, FTIR and Raman spectroscopy. The Raman spectra of the synthesized
SWCNTs showed no peak in the range of the D-band confirming that the SWCNT films
are highly crystallized. Significant electrical characteristics of the SWCNT films such as
carrier concentration, carrier mobility, Hall coefficient, and sheet resistance were investi-
gated through the Hall effect measurements. The samples showed a high carrier concen-
tration of 102-10% cm= with the transmittance between 95-43%. The effect of different acid
treatments was explored using nitric, sulfuric, and hydrochloric acids. In all the treat-
ments, an increase was observed in carrier mobility and conductivity while their sheet
resistance decreased. The samples remained p-type after the acid treatments showing that
the treatments led to the p doing. Samples treated with sulfuric acid at 80 °C showed the
highest mobility of 1.5 cm?/Vs. On the other hand, the highest carrier conductivity (30720
S/m) and the lowest sheet resistance (43 ohm/square) were obtained from the samples
treated with nitric acids. The presence of multiple functional groups in our synthesized
SWCNTs may increase their potential for various applications since each functional group
exhibits distinct characteristics and reactivity, enabling participation in various types of
reactions and increasing functionality. Improving the electrical properties of SWCNTs can
lead to a great enhancement in their electronic applications. Since the synthesized SWCNT
films maintained their p-type nature after the acid treatments, the enhancement in their
electrical characteristics makes them suitable candidates for hole-transporting layers in
solar cells.
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