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ABSTRACT: The aim of this work is to synthesize and characterize a
nanostructured material with improved parameters suitable as a chemiresistive
gas sensor sensitive to propylene glycol vapor (PGV). Thus, we demonstrate a
simple and cost-effective technology to grow vertically aligned carbon nanotubes
(CNTs) and fabricate a PGV sensor based on Fe2O3:ZnO/CNT material using
the radio frequency magnetron sputtering method. The presence of vertically
aligned carbon nanotubes on the Si(100) substrate was confirmed by scanning
electron microscopy and Fourier transform infrared (FTIR), Raman, and
energy-dispersive X-ray spectroscopies. The uniform distribution of elements in
both CNTs and Fe2O3:ZnO materials was revealed by e-mapped images. The
hexagonal shape of the ZnO material in the Fe2O3:ZnO structure and the
interplanar spacing in the crystals were clearly visible by transmission electron
microscopy images. The gas-sensing behavior of the Fe2O3:ZnO/CNT sensor
toward PGV was investigated in the temperature range of 25−300 °C with and without ultraviolet (UV) irradiation. The sensor
showed clear and repeatable response/recovery characteristics in the PGV range of 1.5−140 ppm, sufficient linearity of response/
concentration dependence, and high selectivity both at 200 and 250 °C without UV radiation. This is a basis for concluding that the
synthesized Fe2O3:ZnO/CNT structure is the best candidate for use in PGV sensors, which will allow its further successful
application in real-life sensor systems.

■ INTRODUCTION
As advanced materials with excellent physical, chemical, and
mechanical properties, one-dimensional nanostructures have
received incredible attention and applications in recent
decades.1,2 Among these structures, carbon-based nanostruc-
tures such as carbon nanocapsules, nanohorns, nanofibers,
nanospheres, and carbon nanotubes (CNTs) are preferred due
to their unique crystal structure and flexibility.3,4 Compared to
the structures listed above, CNTs are distinguished by their
typical characteristics, which, since their discovery in 1991,
have not lost their unique role in nanotechnologies.5 High
flexibility, elasticity, high surface area, excellent mechanical,
tunable electrical, and ballistic transport properties make them
the most promising nanostructures applicable in micro- and
optoelectronics, high-speed memory devices, storage battery
electrodes, sensor devices, and other related fields.6−10

CNTs are typically made up of hexagonal atomic layers of
graphene rolled into a hollow cylindrical shape, while multiple
tubes with slightly different diameters inserted into each other
form multiwalled CNTs (MWCNTs).11−16 The size and
chirality of CNTs are largely determined by the type of the
growing technology and its peculiarities, which in turn plays a
decisive role in the acquisition of various types of nanotubes,
such as metallic, semimetallic, or semiconducting proper-

ties.17,18 The grown nanostructured material does not always
contain the intended target structure in its entirety. In
particular, nanorods, nanowires, and certain amorphous
structures sometimes appear together with the grown CNTs.
These are of course undesirable species, but if they are more
closely related to CNTs, such as branched, coiled, bamboo-
shaped, and toroidal CNTs, then they may have useful
properties in specific applications, such as gas sensors,
biosensors, etc.19−24

To choose the right technology for growing nanotubes, it is
necessary to take into account the simplicity and cheapness of
the given method and the quality of the nanotubes obtained by
it. In the last decade, the growth of CNTs has been carried out
mainly using the following technological methods: laser
ablation, electric arc discharge (EAD), and chemical vapor
deposition (CVD).25−28 These methods have been well
studied and greatly improved over the years to present a
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high degree of crystallinity and purity. Despite all this, the
growth of nanostructures by the above-mentioned techniques
is accompanied by a low tunability and reproducibility of the
key parameters of the growing nanotubes.29−31 The high-
frequency magnetron sputtering method represents a favorable
alternative to obtaining CNTs as a simple and controllable
growing technology. The noble gases used here, such as argon
and nitrogen, as well as the graphite target for magnetron
sputtering, have a fairly low price, which firmly lead to a low-
cost technology. Furthermore, by using a two-head magnetron
system [DC (direct current) and radio frequency (RF)], it is
possible to perform both the catalytic element cluster
deposition and nanotube growth processes in the same
vacuum environment without additional oxidation risks.23,32,33

Propylene glycol (PG) is a colorless, water-soluble, and
hygroscopic liquid with a distinctive glycol smell, low
poisoning, low vapor pressure, and medium viscosity. PG
serves as a nontoxic antifreeze in brake fluids and dairies and a
substitute for ethylene glycol and glycerin. It is also used in
food products as a humectant or as a solvent for artificial
colorings and flavorings. PG is an important substance in the
production of cosmetics and in various pharmaceutical
formulations, including oral, injectable, or topical preparations.
Besides, PG is extensively used in e-cigarettes, and the precise
detection of its vapors can provide useful information on the
composition and concentration of cigarette smoke.34 This
substance is also present in the vapors emitted from different
types of food and drinks;35−37 therefore, in electric noses, that
determine the quality and freshness of food, the necessity of
high-performance PG vapor (PGV) sensors is quite important.
In e-nose systems, where dozens of sensors sensitive to
different gases are integrated into a single detecting system, it is
more important to apply sensors with high selectivity and a low
detection limit. Therefore, selective and rapid detection of

PGV and an accurate estimation of its low concentrations are
now major challenges in various industries.36−38

The pristine metal oxides traditionally used in chemo-
resistive gas sensors have been replaced by advanced
nanocomposites, which are far superior in terms of their gas-
sensing properties. Effective cooperation of carbon-based one-
dimensional structures with the metal oxide compounds leads
to their productive use in gas sensors, endowing them with a
high speed, stability, and flexibility.39−43

In this work, we report the growth and characterization of
vertically aligned CNTs synthesized by the RF magnetron
sputtering method. We also fabricated a gas sensor based on
Fe2O3:ZnO/CNTs material and studied its gas-sensing
properties toward PGV at temperatures ranging from 25 to
350 °C with and without UV irradiation. The Fe2O3:ZnO/
CNTs sensor showed a high performance toward PGV,
confirming its applicability in sensor systems.

The nonexpensive and controllable method of the growing
CNTs and the simple preparation technology of the
Fe2O3:ZnO/CNTs sensor are attributed to a novelty managed
to simultaneously have a high sensitivity to PGV, low detection
limit, high response/recovery times, and low operating
temperature, while there are now very few works in literature
dedicated to the fabrication and investigation of PGV sensors.

■ EXPERIMENTAL SECTION
Growth of the CNTs by RF Sputtering. As one of the

best physical vapor deposition techniques, the entire
technological process of CNT growth was carried out by the
factory-produced VTC-600-2HD DC/RF Dual-Head High-
Vacuum Magnetron Plasma System (Figure S1).

The system allows us to control almost all parameters of
growing nanotubes with high accuracy during sputtering. The
system has DC and RF power supply blocks for the sputtering

Figure 1. (a) Schematic illustration of the VTC-600-2HD DC/RF Dual-Head High-Vacuum Magnetron Plasma System and (b) representation of
the CNT growing process.
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of metal and semiconductor (or dielectric) targets, respec-
tively.

CNTs were grown as follows. First, Ni catalytic nano-
particles were deposited on the substrate surface by DC power
using a high-purity Ni target. After that, the high-purity
graphite target was placed in the vacuum chamber on the RF
head, which was bombarded with positive nitrogen ions. The
heavy nitrogen ions were accelerated by magnetic and electric
fields hitting the target. As a result, carbon atoms or
nanoparticles were removed from the target and deposited
on the substrate. The power of the magnetron sputtering
generator was reduced to a point where it can still be sputtered
as small particles as possible, or direct atoms were torn from
the target, which were transported in a vacuum environment
around deposited catalytic islands on the substrate growing
vertically as nanotubes. The availability of two heads for DC
and RF sputtering in the chamber allowed us to sputter metal
nanoparticles and graphite in the same vacuum process,
without transferring it through an air environment. The
oxidation tendency of catalyst particles in the air environment
sometimes leads to a stop or a decrease in the growth rate of
nanotubes.32 The schematic representation of the CNT
growing process is shown in Figure 1.

The CNTs were grown by the RF sputtering method using
previously purchased sputtering targets. The nickel and
graphite targets (50 mm in diameter, N4 purity) were acquired
by Changsha Xinkang Advanced Materials Co, Ltd (China) for
the deposition of clusters of the catalytic element and the
growth of CNTs, respectively. A Si(100) (Prime-Grade 2″
Silicon Wafers, N-Type, ρ = 10, Alpha Nanotech Inc., Canada)
wafer was used as a substrate with a size of 10 × 12 × 1 mm.
CNTs were grown simultaneously on the Si substrate with
both smoothed and ragged sides during the same deposition
process for further comparison (to highlight the effect of
surface roughness on the CNT growth process). The silicon
substrates were precleaned by boiling them in distilled water
and in toluene for 2 and 3 h, respectively. Furthermore, they
were kept in a vacuum environment for 30 min at 400 °C to
remove surface oxygen species and other preabsorbed
impurities from air. The base pressure in the chamber
exceeded 9.5 × 10−4 Pa after 3 h of working of the
turbomolecular pump. First, Ni catalytic particles were
deposited onto the substrates using the DC head with a
sputtering time of 20 s. Unlike other works,23,33 in which
catalyst particles were obtained by depositing a continuous
metal layer on a substrate and then chemically etching them
into islands, we obtained them during a short sputtering time.
It is assumed that the extremely short sputtering time of Ni
deposition did not allow for the formation of a continuous film
but saturated the substrate surface with islands of metal
particles that served as catalytic centers. It is known that
among well-known catalysts (Fe, Co, Ni, Cu, etc.), nickel
shows higher activity at lower temperatures (400−600
°C),44−46 while we have grown CNTs at 400 °C. This
definitely justifies the use of nickel particles as catalysts during
the growth of CNTs, especially by the RF sputtering method.33

After that, the graphite particles were sputtered from the target
through the RF head using nitrogen gas, which ensured the
growth of nanotubes. It was confirmed33 that the use of other
gases, for example, argon, in the CNT growth process was not
as efficient and led to a worsening in the crystalline perfection
of the grown nanotubes. The whole sputtering regimes for the
CNT growing process are summarized in Table 1.
Gas Sensor Fabrication. To prepare a sensor structure,

Fe2O3:ZnO nanoparticles were deposited on the surface of the
grown CNTs as a composite material with high sensitivity to
PGV. The Fe2O3:ZnO nanoparticles were sputtered by the RF
magnetron plasma system using the presynthesized
Fe2O3:ZnO target.47 Pt interdigitated electrode structures
(IDEs) were deposited on the Fe2O3:ZnO/CNTs surface
using a DC sputtering head to effectively record resistance
changes in the sensitive film (Figure 2).

We used the following deposition regimes to obtain
Fe2O3:ZnO nanograins. The base pressure in the vacuum
chamber was 4.5 × 10−3 Pa, while during the deposition
process, the chamber pressure was reduced to 5 × 10−1 Pa
using an Ar gas flow of 30 SCCM. The substrate temperature
was kept at 200 °C with a 12 cm distance between the
substrate and the target. During the entire sputtering process
(2 min), the cathode current was fixed at 250 mA, ensuring an
uninterrupted deposition process. Finally, the sensor structure
was kept at 300 °C for 4 h to obtain stabilized sensor
parameters.
Gas-Sensing Setup. The gas-sensing behaviors of the

Fe2O3:ZnO/CNTs sensor were investigated using a factory-
designed GST PRO gas sensor testing system. The system has
a cylindrical stainless-steel test chamber, in which a ceramic
heater is attached keeping the sensor temperature from room
temperature (RT) to 500 °C (Figure S2a). The testing system

Table 1. Sputtering Regimes for the CNT Growing Process

process
sputtering
duration

generator
power

working pressure
(Pa)

sputtering
gas

substrate temperature
(°C)

cathode
current

base pressure
(Pa)

nickel sputtering (DC) 20 s 9.7 × 10−2 nitrogen 400 300 mA 9.5 × 10−4

graphite sputtering
(RF)

3 h 100 W 5.1 × 10−2 nitrogen 400 9.5 × 10−4

Figure 2. (a) Schematic representation and (b) actual photographs of
the Fe2O3:ZnO/CNT sensor.
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is equipped with two gas insert channels with two mass flow
controllers (MFCs) to mix and control gas flows (Figure S2b).
The temperature and humidity sensors in the test chamber
continuously monitor the actual temperature and humidity
during the test process. All sensing parameters were registered
by the PLC & HMI interface with a two-channel multimeter to
read and log the output of gas sensors (R, IV) and PC-based
software. A UV light-emitting diode (LED) (λ = 365 nm) is
located 1 cm from the sensor surface with an illumination of 3
mW/cm2. A liquid-phase vaporization system is also installed
next to the chamber, which allows liquid PG to be vaporized
and introduced into the chamber. The concentrations of PGV
within the chamber were estimated using the proposed
calculation method.48 The definition of a gas response is
given as follows: S = Rair/Rgas, where Rair and Rgas are the sensor
electrical resistances in air and in the presence of PGV,
respectively.

■ RESULTS AND DISCUSSION
Characterization. To confirm the influence of the surface

roughness of the silicon substrate on the nanotube growing
process, we used both smoothed and ragged sides of Si
substrates in the same vacuum process [both sides of the Si
substrate had (100) crystal orientation]. Scanning electron
microscopy (SEM) images of the ragged surface of the
substrate show that in this case, no nanotubes had grown on
the substrate, but only an amorphous layer of graphite was
deposited (Figure 3).

The morphologies of the grown nanotubes on the Si(100)
substrate and the undeposited surface were also investigated
and compared using the SEM technique (Figure 4). Here, the
presence of vertically aligned nanotubes is evident, which are
believed to have a bamboo-like appearance.32 The grown
CNTs are quite homogeneous, which is attributed to the
homogeneous distribution of the nickel catalyst particles on
the Si(100) substrate. The diameters of the nanotubes do not
differ significantly from each other and are in the range of 15−
25 nm.

The CNTs/Si(100) structure was characterized by Raman
spectroscopy using a DXR microscope (Figure S3). The
presence of D (1367 cm−1) and G (1580 cm−1) bands was a
typical characteristic of the formation of CNTs which were
attributed to the disorder-induced active mode (D) and the
graphite mode (G), respectively.49 The appearance of the 500
cm−1 peak was a typical characteristic of a silicon substrate.50

The well-pronounced intensity peaks of 1608 and 1192 cm−1

in the Fourier transform infrared (FTIR) spectrum of the
CNTs/Si sample coincided with the G and D bands,51

respectively, unequivocally confirming the formation of CNTs
(Figure S4). The pronounced peaks below 900 cm−1 were
attributed to the different types of C−H bonds.52

The length (height) of the grown nanotubes was measured
using the Ambios XP- 1 Stylus Profiler. By scanning the
transition edge of grown nanotubes on the substrate, the length
of the CNTs was recorded to be about 49 nm, corresponding
to 3 h of the duration of the growth process (Figure S5). The
growth rate corresponding to these values was 0.27 nm·min−1,
which was slow enough to obtain nanotubes with a length of
micrometers. The length value of the nanotubes directly
depends on the duration of the growth process when all the
typical growth parameters are kept constant, or the growth rate
can also be increased by increasing the power of the generator
over a certain range (up to 200 W).

The CNTs/Si sample was investigated by the elementary
EDX analysis. The well-appearing peaks of the C, O, and Si
elements are reflected in Figure S6, presented in their weight
and atomic percentages. The actual concentrations of C and O
materials in the CNTs/Si sample were 9.22 and 4.11 wt %,
respectively. It is clear that the presence of a large amount of
silicon (86.67 wt %) was due to the silicon substrate because,
in the case of the very small thickness (height) of nanotubes,
the electron beam penetrated the substrate during the EDX
measurement. The presence of oxygen was believed to be due
to the prior adsorption of certain oxygen species from the
environment onto the silicon surface.

Figure 3. SEM images of the ragged side of the undeposited (a,c) and
graphite-deposited (b,d) Si substrate.

Figure 4. SEM images of the smoothed side of the undeposited (a,c)
and CNT-grown Si(100) surface (b,d).
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Elemental mapping analysis was also carried out for the
CNTs/Si sample by EDX spectroscopy. The e-mapped images
with a clearly uniform distribution of C, O, and Si elements
differing in their colors and distinctive characteristic lines of X-
ray intensity are presented in Figure 5.

For the sensitization of the grown CNTs toward PGV, the
Fe2O3:ZnO composite material was deposited onto the CNTs/
Si(100) surface; therefore, the characteristics of this material
were also investigated by the transmission electron microscopy
(TEM) technique. The hexagonal shape of the ZnO material
and the interplanar spacing in the crystals are clearly visible
(Figure 6).

Elemental mapping analysis was also performed for the
Fe2O3:ZnO composite material, confirming the nearly uniform
distribution of Fe, Zn, and O elements (Figure S7).
Gas-Sensing Studies. The gas-sensing characteristics of

the Fe2O3:ZnO/CNTs sensor were carefully investigated

toward PGV, considering also the possible influence of UV
irradiation on them. First, the effect of operating temperature
on the sensor response was studied combined with UV light.
From RT to 100 °C, the sensor did not show sensitivity to
PGV with and without UV rays, while at 150 °C the sensor
response was quite noticeable (Figure 7a). The sensor showed
a maximum response to 60 ppm PGV at 300 and 250 °C with
and without UV light, respectively. Although the maximum
response value (60) obtained under the influence of UV at 300
°C was more than 1.6 times higher than that at 250 °C without
UV light (37), we chose the 200−250 °C interval as the
optimal operating temperature range without UV assistance. In
this temperature range, UV rays hardly improved the sensor
characteristics and their application to the active surface of the
sensor was not justified. Furthermore, the sensor operation at
300 °C combined with UV irradiation requires a higher power
consumption, which is not very beneficial for this type of
sensor. Sensor performance indicators attributed to recovery
and response times were also evaluated with and without UV
light. UV exposure did not significantly improve the sensor’s
performance; instead, the increase in temperature resulted in a
significant reduction in response and recovery times (Figure
7b,c).

By heating the sensor from 150 to 350 °C, the recovery time
essentially improved in both with and without UV irradiation
conditions. Recovery time decreased from 40.3 min to 47 s and
from 44.1 min to 23 s with and without UV irradiation,
respectively, by sweeping the sensor temperature from 150 to
350 °C. Response time was also improved in both UV-on and
UV-off regimes after the sensor heating in this interval. From
the obtained measurements, the range of response and
recovery times of the sensor without UV irradiation can be
attributed to 13−114 and 140−2600 s at 250 and 200 °C,

Figure 5. EDX elemental mapping analysis of C (a), O (b), and Si (c) elements and X-ray intensity of characteristic lines (d).

Figure 6. Low- (a) and high- (b) resolution TEM images for the
Fe2O3:ZnO material.
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respectively, which were quite satisfactory values. Choosing as
optimal operating temperatures, all additional measurements
were recorded at 200 and 250 °C without UV rays. The real-
time resistance curve of the sensor toward 60 ppm PGV
representing the response and recovery time without UV
irradiation at 250 °C is presented in Figure 7d providing an
accurate estimate of the sensor’s speed. The response and
recovery times of the sensor were 13 and 140 s, respectively,
presenting a fairly fast performance characteristic. The long
response time is assumed to be due to the slowing down of the
desorption of the gas molecules from the intergranular area
and CNTs.

In order to reveal the low detection limit of the sensor and
the entire range of detecting concentrations, the characteristics
of the baseline resistance change of the sensor at different
concentrations of PGV were investigated. The real-time
response curves of the sensors were extracted toward PGV in
the range of 1.5−140 ppm, exhibiting fairly clear recovery/
response characteristics at both 200 and 250 °C (Figure 8a,b).
The sensor response increased linearly from a value of 2.5−30
at 200 °C when the PGV concentration was increased from 1.5
to 140 ppm, showing an extremely low gas detection limit (1.5
ppm). Almost the same behavior was manifested at 250 °C,

while at this temperature, the response values were found in
higher ranges (5−105). At higher PGV concentrations, the
stabilization of the sensor in a gas environment was somewhat
difficult since the adsorption of a large number of gas
molecules on the sensing surface tends to take a longer
response time.

The linearity of the sensor results in a linear dependence of
the sensor response on the gas concentration, which allows the
sensor to be used in detectors as a sophisticated gas alarming
system. In the case of seven different concentrations of PGV
(in a range of 1.5−140 ppm), the sensor response was
recorded and its dependence on the gas concentration was
removed, presenting nearly linear characteristics at both 200
and 250 °C (Figure 8c). This will allow the Fe2O3:ZnO/CNTs
sensor to be more easily used as a device for measuring PGV
concentrations and making approximations over a wider range
of concentrations.

The repeatability of the sensor response is critical for long-
term sensor performance and reliable signal generation in
safety control systems. The repeatability tests of the sensor for
PGV at 200 and 250 °C are presented in Figure S8a,b,
respectively. At both temperatures, the sensor showed almost
the same characteristic of the dynamic resistance curves

Figure 7. (a) Sensor response vs operating temperature with and without UV irradiation at 60 ppm PGV, dependences of response and recovery
times on operating temperature with (b) and without (c) UV irradiation at 60 ppm PGV, and (d) real-time resistance curve of the sensor at 60 ppm
PGV representing the response and recovery times.
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measured in six different experiments, providing high
repeatability of the sensor response. The slight deviation of
the sensor baseline resistance to a lower range of resistances is
assumed to be related to the incomplete desorption of
preabsorbed gas molecules after exposure to the gas. This
process is also facilitated by the slow desorption rate of gas
molecules diffused within the pores and CNTs of the sensitive
film. The cross-sensitivity of the sensor to other types of gases,
such as toluene, ammonia, water, ethanol, hydrogen peroxide
vapor (HPV), acetone, and dimethylformamide (DMF), was
also tested. The sensor response to 60 ppm PGV was
compared to that of 320 ppm toluene, 130 ppm ammonia,
3300 ppm water, 675 ppm ethanol, 225 ppm HPV, 400 ppm
acetone, and 340 ppm DMF at both 200 and 250 °C (Figure
S8c,d). The response values of the nontarget gases were in the
ranges of 1.4−4 and 1−4.4 at 200 and 250 °C, respectively,
which are definitely incomparably lower than those of PGV for
a much lower concentration (60 ppm). This is truly a
testament to the high selectivity of the sensor, making it
suitable for use in real and natural environments.

The temporal stability of the sensor was consistently tested
for 3 months from the initial measurements. The experiment
showed that during this testing period, not only the response
but also the baseline resistance and the response/recovery
times of the sensor did not have any significant changes from
their initial values. The response to 60 ppm of PGV decreased
from its preliminary value by 0.8% reaching a value of 36.7
from 37. The sensor baseline resistance was decreased by 1.4%,
and response and recovery times were increased by
approximately 2 and 1.5%, respectively, at 250 °C operating
temperature.

Sensors based on pristine CNTs and Fe2O3:ZnO have also
been fabricated. The sensitivities of the CNTs/Si(100) and
Fe2O3:ZnO sensors to PGV were extremely low, which proves
the need for a composite combination of these two materials as
an advanced sensor structure, especially useful for PGV
detection.

In earlier published work,36 the MWCNTs/SnO2 PGV
sensor showed a significantly higher low detection limit (13
ppm) and a lower sensitivity (S = 1.5 for 13 ppm), while our

Figure 8. Dynamic resistance curves of the sensor to different concentrations of PGV at 200 °C (a) and 250 °C (b) and PGV response vs
concentration at 200 and 250 °C (c).
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Fe2O3:ZnO/CNTs sensor exhibited a response of 15.8 toward
15 ppm PGV.

The sensing mechanism of chemoresistive gas sensors is
mainly the result of chemical reactions between the gas
molecules and the semiconductor lattice on the sensitive
surface. Typically, oxygen species are adsorbed from the
atmosphere onto the semiconductor surface and chemisorbed
under sufficient temperature conditions. This is accompanied
by the transformation of neutral oxygen species into ions,
which are localized on the active surface. As a result, a
sufficient number of electrons are taken from the lattice and an
electron depletion layer of near-surface area is formed. When
the target gas molecules (C3H8O2) reach the active surface,
they dissociate mainly due to the availability of thermal energy
around the spillover zones and the resulting species react with
the localized oxygen ions. As a result, oxygen ions are
withdrawn from the surface, and previously absorbed electrons
return to the semiconductor. This leads to a decrease in the
resistance of the sensor under the influence of the target gas,
which is the signal of the sensor itself.53−55

The effective combination of CNTs and Fe2O3:ZnO
material resulted in the high sensitivity of the Fe2O3:ZnO/
CNTs sensor to PGV, as the nanotubes mainly increase the
effective surface area of the sensing material and the metal
oxide nanoparticles are generally responsible for the gas/solid
film interaction effects.56,57

■ CONCLUSIONS
In summary, we have used the RF magnetron sputtering
method to synthesize vertically aligned CNT arrays. Unlike the
ragged sides of the Si substrates, vertically aligned CNTs were
successfully grown on the smoothed surface of the Si(100)
substrate confirmed by the SEM images. The diameters of the
homogeneously distributed CNTs were in the range of 15−25
nm, with 49 nm in height (length). The presence of D (1367
cm−1) and G (1580 cm−1) bands as a typical characteristic of
the formation of CNTs was confirmed by Raman spectroscopy
almost coinciding with well-pronounced intensity peaks of
1192 and 1608 cm−1 in the FTIR spectrum, respectively. We
also manufactured and investigated a PGV sensor based on the
Fe2O3:ZnO/CNTs material with the Pt interdigitated electro-
des. The presence of UV rays did not significantly affect the
gas-sensing behavior, even in combination with thermal
heating. The sensor response increased linearly from 5 to
105 at 250 °C when increasing the PGV concentration from
1.5 to 140 ppm, demonstrating an extremely low PGV
detection limit (1.5 ppm). The Fe2O3:ZnO/CNTs sensor
with a response time of 13 s and a recovery time of 140 s
demonstrated high selectivity and response repeatability,
strongly justifying the use of this structure as a PGV sensor.
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