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A B S T R A C T   

Hybrid thin film sensors based on semiconductor oxides and carbon nanostructures are promising materials to 
improve the sensing, thermomechanical and optical properties. In this study, a thin film based on a composite 
from ZnO nanoparticles, milled multiwalled carbon nanotubes, and conducting polymer was fabricated. The 
layer was spray-coated to the surface of amorphous polyethylene terephthalate substrate. The hybrid layer and 
components have been systematically characterized by transmission and scanning electron microscopy, dynamic 
light scattering and the optical absorption spectrum was observed by ultraviolet-visible spectroscopy. The change 
in glass transition temperature was measured by dynamic mechanical analysis. Gas sensing tests reveal that the 
ZnO/multiwalled carbon nanotube/ poly(3,4-ethylenedioxythiophene): polystyrene sulfonate film on amorphous 
polyethylene terephthalate has remarkably enhanced performance compared to the same layer on indium tin 
oxide /polyethylene terephthalate. It could detect ethanol vapor in a wide concentration range with good 
response, fast recovery, and repeatability at room temperature. The layer was also tested as an ultraviolet 
photodetector, showing a promising signal. These features indicate the composite usability in further sensor 
applications.   

1. Introduction 

In the past decade, thin conducting films have attracted extensive 
attention due to their application in solar panels [1], light-emitting di-
odes [2], photodetectors [3,4], and various gas sensors [5]. Gas and 
vapor sensors have numerous applications in detecting/monitoring 
toxic, pollutant, and harmful contaminants [6]. The concentration of 
VOCs (volatile organic compounds), especially ethanol, is an important 
parameter in human health, industrial and environmental applications 
such as the control of fermentation processes [7], testing of food pack-
aging [8], exhaled breath analysis (for monitoring driving under the 
influence of alcohol [9,10] or as a biomarker for lung cancer [11,12]). 
To detect ethanol, numerous sensors have been developed [13] based on 

manifold sensing methods [14,15]. Portability, low cost, and low power 
consumption always play significant roles [16]. Conductivity 
measurement-based sensors containing semiconductor metal oxide 
nanoparticles or carbon nanotubes have the ability of forming miniature 
sensing systems [17]. In these thin film devices, ITO (Indium Tin Oxide) 
is an often used transparent conducting layer. This n-type semi-
conductor, prepared with SnO2 doping of In2O3 has low surface resis-
tance and a wide band gap [18]. Besides being expensive, has very poor 
performance under mechanical stress due to its fragile nature which 
opens the way for ITO substituents [19]. In the last decade, the impor-
tance of metal oxide-based sensors was shown. In this field, ZnO is a 
particularly often characterized n-type semiconducting oxide with a 
wide band gap (3.37 eV) and high exciton binding energy (~60 meV at 
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room temperature), and low visible region absorption which makes it a 
promising material for UV (ultraviolet) photodetectors and sensor ap-
plications. In the case of ZnO photodetectors, in dark, O2

− is forming 
using the electrons from the ZnO surface, resulting a depletion region. 
Upon exposure to UV illumination, electron-hole pairs are photo-
generated, some holes desorb the adsorbed oxygen molecules from the 
ZnO surface to decrease the low conductivity depletion width. The un-
paired photogenerated free electrons with available holes contribute to 
photoconduction [20]. In chemiresistive sensors, upon exposure to 
reductive or oxidative gasses, the resistance will change [21]. Reductive 
gas molecules (such as ethanol) upon interaction with the adsorbed 
oxygen ions on the surface of pure ZnO nanostructures can release 
electrons back to the conduction band, narrowing the depletion width 
[22] causing a measurable decrement in resistance. Although ZnO-based 
photodetectors and gas sensors are common in practice [23], and 
reportedly used in ethanol sensing in the range of 20–100 ppm but the 
operating temperature of these devices is usually undesirably high 
[24–26]. 

Functionalization [27] or the preparation of hybrid 
organic-inorganic composites [28] are effective strategies to reach 
higher sensor sensitivity [29,30] and lower the working temperature 
[31]. To improve the thermomechanical, conducting, and sensing 
properties of these films [32], different composites from conductive 
polymers, metal/semiconducting metal oxide particles [33,34], and 
carbon nanostructures can be used [35]. 

CNTs (carbon nanotubes) are often used to prepare composites [36] 
with polymers to reach better electrical/mechanical performances, uti-
lizing the following properties: good conductivity, large specific surface 
areas, molecular-sized pores, and high adsorption capacities [37]. 
MWCNT (multiwalled carbon nanotube) is a preferred material in the 
printed electronics industry since its affordable price, ease of modifi-
cation, mechanical stability, and electron mobility [38]. Due to its high 
aspect ratio, low dispersion ability, and high inter-tube van der Waals 
interaction energy, the layer preparation/printing of this material is a 
challenging procedure. These factors considerably restrain the stability 
of dispersions against aggregation-induced precipitation [39]. Different 
procedures can be used against aggregation such as planetary ball 
milling with optimized parameters to shorten MWCNTs [40] or ultra-
sonication, which induces defects in the nanotube’s stem and even may 
shorten them. Battie et al. [41] and our previous studies [42] showed 
that the adsorption of gas particles can be affected by the number of 
defects in the tubes or tube ends of the carbon nanotube wall, where the 
defect sites can provide additional adsorption places, which could 
improve sensing properties. Shalaan et al. showed that when in an 
ethanol sensor MWCNTs were used to detect 50 ppm of the target gas, 
upon the exposure of reducing molecules, electrons were injected at the 
effective sites of CNTs’ surface, then the electrons were released back 
when the gas was switched off. This caused first an increase and then a 
decrease in the measured resistance, showing the p-type behavior of 
CNTs [43]. Forming ZnO/CNT composite structure can increase the 
response dramatically and lower the optimum operating temperature for 
certain gasses [44]. The high aspect ratios of carbon nanotubes help to 
form conductive paths even at a very low concentration: CNT networks 
can be visualized as a network model with a tunneling effect between 
nanotubes [45]. Boscarino et al. prepared ZnO/CNT UV photodetectors, 
where the oxide is the sensitive photodetector component of the system, 
and CNTs play the role of the electrical transducer [46]. 

Conducting polymers such as poly(3,4-ethylene dioxythiophene): 
polystyrene sulfonate (PEDOT:PSS) [47], polyaniline, and polypyrrole 
have numerous advantageous properties: flexibility, conductivity, and 
transparency [48] which makes them combinable with semiconducting 
oxides and polymer substrates. PEDOT:PSS has attracted a lot of atten-
tion in recent years due to its outstanding properties such as stability, 
high conductivity, optical transparency in its doped state, and low band 
gap. PEDOT:PSS is more environmentally stable than other conducting 
polymers such as polypyrrole and polyaniline [49]. PET (polyethylene 

terephthalate) is a suitable substrate material for these thin layers due to 
its flexibility, transparency, and low cost [50]. The modifying effect on 
dielectric and thermomechanical properties of a ZnO nanorod layer on 
ITO-coated PET and amorphous PET (APET) substrates was previously 
investigated [51]. In a CNT/conducting polymer composite, percolation 
behavior could form conductive paths because of the interconnections 
between neighboring CNTs within the network [52]. Kim et al. showed, 
that in a PEDOT:PSS and MWCNT containing ethanol sensor, when the 
holes in the p-type semiconductor were depleted by the electrons from 
the reductive gas molecules, the decrement in conductivity was 
detectable [53]. 

During this study, utilizing the positive properties of the above- 
mentioned materials, the main goal was to prepare a room- 
temperature working and as transparent as possible sensoric thin film 
on a flexible polymer substrate with fast response. In this thin layer, ZnO 
nanoparticles were used in presence of MWCNTs and a conducting 
polymer (PEDOT:PSS) on a PET substrate to reach the above-mentioned 
properties and show an alternative to the relatively rare element con-
taining ITO-based films as a bifunctional layer: an ethanol sensor and 
photodetector. 

2. Materials and methods 

2.1. Synthesis of nanomaterials 

MWCNTs were synthesized with the CVD (chemical vapor deposi-
tion) technique [54]. To prepare CNTs, acetylene was used as a carbon 
source in a presence of Fe–Co/MgO catalyst. The synthesis went under 
an inert atmosphere for 2 h in a quartz reactor at a temperature of 
650 ◦C. 

With the CVD synthesis more than 1 μm long CNTs were prepared, 
which was undesirable because of the later used airbrush technique for 
thin film preparation: the long nanotubes could tangle and clog the 
equipment. Previously a wide investigation focused on the preparation 
of specified-sized MWCNTs by planetary ball milling [40,42]. FRITSCH 
P6 type ball mill was used to prepare shorter MWCNTs with more wall 
defects. 0.5 g of nanotubes were milled with different parameters 
(350/450 rpm, 20/40/60 min) in stainless steel reactor and 15, 10 mm 
diameter balls. 

ZnO nanoparticles were prepared by the solvothermal method [55] 
where the Zn-precursor was zinc-acetate (c(Zn-ac.)=0.2 M).: 

Zn(CH3COO)2 + 2 NaOH→Zn(OH)2 + 2 CH3COONa (1)  

Zn(OH)2 + heat→ZnO + H2O (2) 

During the synthesis methanolic media was used. Sodium hydroxide 
solution was prepared with a concentration of 0.4 M and was added 
dropwise to the zinc-acetate solution during stirring. A white precipitate 
formed instantly (Zn(OH)2) (1). The solution was thermally treated in a 
Teflon-lined autoclave for 6 h at 150 ◦C (2). Commercial amorphous PET 
(APET), ITO-coated PET substrates, PEDOT:PSS, reagents and solvents 
(purity. p.a. >99%) were pre-ordered from Sigma-Aldrich. 

2.2. Fabrication of thin films 

To find the best construction, different thin layers were prepared: 
only MWCNT, only PEDOT:PSS, MWCNT/PEDOT:PSS, and ZnO/ 
MWCNT/PEDOT:PSS. To prepare thin films, the following solutions 
were prepared: 10 mg of previously milled MWCNT was sonicated in 15 
ml of ethanol for 15 min. In the case of PEDOT:PSS containing samples, 
10 mg of polymer pellets were dissolved in 2 ml water, then 13 ml of 
ethanol was added and sonicated for 15 min. When the suspension 
contained another solid component, 5 mg of MWCNT and 5 mg of metal 
oxide nanoparticles were used. 

From these solutions, thin films were prepared on the surface of 
amorphous PET and ITO-coated PET as a reference. 20 mm x 20 mm 

I.Z. Papp et al.                                                                                                                                                                                                                                   



Thin Solid Films 778 (2023) 139908

3

squares were used from the substrates, the surface was cleaned with 
ethanol to remove contamination and dust. The substrate was fixed to a 
sample holder, which was able to move vertically with a well-defined 
speed. To prepare thin films, the airbrush technique was used with a 
fixed 100 kPa pressure N2 gas source. To reach uniform coating, the 
airbrush head was attached to a motor that was able to move it hori-
zontally. To prepare the sample, the coating method went for 10 min, 
and the weight of the layer was measured. This film preparation method 
needed brief optimization, but once good settings and parameters were 
reached, the prepared layers were quite uniform and homogeneous with 
a measured weight of 0.125 ± 0.025 mg/ 1 cm2 surface. Dried PEDOT: 
PSS coatings have an average density of 1.011 g/cm3, (for ZnO nano-
particles theoretical density is 5.606 g/cm3 [56], 2.15 g/cm3 for CNT 
[57]), which means the sample thickness is in the lower μm region or 
under. 

2.3. Optical, structural and thermal analysis 

Transmission electron microscopy (TEM) analysis was performed 
with an FEI Tecnai G2 20 X-TWIN instrument (operating voltage: 200 
kV) with a point resolution of 0.26 nm on the synthesized nanoparticles. 
Samples were placed on carbon-coated copper grids of 300 mesh. 
Quantitative image analysis was performed by ImageJ. Before thin film 
preparation, sedimentation was observed to find a compatible solvent 
and MWCNT length. Zetasizer Nano ZS type instrument was used with 
quartz cuvettes to measure the polydispersity indexes and Zeta poten-
tials of carbon nanotube samples. Morphological and structural analysis 
of the coatings was performed using a Hitachi S4700 scanning electron 
microscope (SEM) operated at 10 kV accelerating voltage and 10 μA 
emission current and a Thermoscientific Apreo C SEM (10 kV acceler-
ating voltage and 1 pA emission current). For transmittance analysis of 
coated and neat films, an Ocean Optics UV–Vis spectrometer with a USB- 
4000 type detector with a light source of DH-2000-BAL (deuterium- 

halogen lamps) was used. Dynamic mechanical measurements were 
performed on TA Instruments Q800 equipment. Glass transition tem-
peratures (Tg) were determined from tan δ curves using a Tension:Film 
clamp in a region of 25–150 ◦C with a heating rate of 3 ◦C/min applying 
a constant 1 Hz frequency (amplitude: 10 μm, preload: 0,01 N). 

2.4. Sensor measurements 

Before testing the film as a sensor, drops of conductive silver paste 
were placed to the samples, 10 mm apart to provide the electric con-
ductivity between the electrodes and the surface. The sensing perfor-
mance was evaluated under laboratory conditions (25 ◦C, atmospheric 
pressure). To perform sensory measurements, LabJack UE9 for control 
with a Keithley A Tetronix Company 2401 Source Meter, GFC17 – 
AALBORG Mass Flow Controllers, an AALBORG Command Module and 
a cylindrical Linkam HFS600E test chamber (calculated volume= 150 
mL) were used. Further description of the sensor setup is provided later 
(Fig. 5). For photodetecting measurement, as a UV light source, a 
commercial UV LED (Light Emitting Diode) was used (Operating prop-
erties: 3 – 3.4 V, 20 mA, 300–400 mCd, 395–400 nm). 

3. Results and discussion 

3.1. Nanoparticle and thin layer characterization 

Fig. 1. illustrates the TEM pictures and quantitative particle size 
distribution analysis of the prepared nanostructures. During the sol-
vothermal synthesis of zinc-oxide NPs, sphere-shaped nanoparticles 
were formed with an average diameter of 12 nm (median: 12 nm). 
Transmission electron microscopy images show the differences between 
carbon nanotube samples milled with different parameters. The carbon 
nanotubes without milling had micrometer lengths. The milled nano-
tubes, when the cumulative milling energy was the smallest (350 rpm, 

Fig. 1. TEM image and size distributions of ZnO nanoparticles (A) and milled (450 rpm, 60 min) MWCNTs (B).  
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20 min) had an average length of around 450 nm. By varying the milling 
parameters, a change in the length of the nanotubes can be observed: 
with higher milling energy (450 rpm, 60 min) the resulting average 
nanotube length was 181 nm. The results are summarized in Table 1. 

For further applications, not just the proper CNT length was impor-
tant, it was needed to find a solvent that is compatible with the surface of 
the substrate, and can be used to prepare thin layers, besides avoiding 
aggregation which causes sedimentation/clogging during the film 
preparation. To ensure these properties, different types of solvents were 
tested. Based on the observations of sedimentation, ethanol was chosen 
for further preparations. This alcohol is compatible with the substrate 
and showed the best stability with milled nanotubes. The importance of 
nanotube length was also noticeable: while the non-milled sample 
settled rapidly, the 450 rpm/60 min milled nanotubes showed slower 
sedimentation. 

Zeta potential is a term for electrokinetic potential in the case of 
colloidal dispersions: the magnitude of this potential indicates the de-
gree of electrostatic repulsion between adjacent, similarly charged 
particles in a dispersion. If the particle size is small enough, a high zeta 
potential will predict stability, which indicates that the solution will 

resist aggregation [58]. In the case of ethanol, the best results were 
shown for the 450 rpm/60 min milled nanotubes, where the absolute 
value of the Zeta potential is the highest which suggests higher stability 
in the media, so for the preparation of films, 450 rpm/60 min milled 
MWCNTs and ethanol as a solvent were chosen. 

Scanning electron microscope images show a difference between the 
coated samples. The only zinc oxide-containing film has a homogeneous 
distribution of particles, samples with PEDOT: PSS and MWCNT showed 
larger aggregates on the SEM scans. 

The close-up SEM images showed that a part of the applied particles 
was aggregated, in the conducting polymer layer, metal oxide, and 
carbon nanoparticles can be observed. The surface of the aggregated 
particles is usually covered with nanotubes and ZnO (Fig. 2/A and /B). 
Characterization of ZnO/MWCNT/PEDOT:PSS film, prepared on APET 
by energy dispersive X-ray spectroscopy (EDS) showed the presence of 
C, O, Zn, S, and Au (Fig. 2/D) where artificial green coloring was used to 
show Zn (Fig. 2/C). Au signal originated from the previously prepared 
gold layer. 

Fig. 3/A shows a complete cross-sectional view of the substrate and 
the prepared thin film embedded in epoxy, to stabilize the sample for 
cutting. On the surface of the APET substrate (thickness: 248 μm), when 
a line scan for Zn was performed, the measured thin film thickness was 
1.25 μm. It is important to notice, that it only shows the distance, where 
Zn signal is detectable, which is originated to ZnO nanoparticles, but 
bigger aggregates could cause a difference in layer thickness. The pre-
pared composite thin film and components are observable on Fig. 3/B, C 
and D. 

UV–Vis transmittance measurements showed that pristine APET 
substrate has a transmittance of around 80%, for ITO coated PET sub-
strate (ITO/PET) this value is a bit lower. For each coated sample, it can 

Table 1 
Results of DLS (Dynamic Light Scattering) measurements and average nanotube 
lengths from TEM.  

Milling time of 
MWCNTs 

Average nanotube 
length (nm) (TEM) 

Polydispersity 
index 

Zeta potential 
(mV) 

350 rpm 20 min 449 0.418 − 23.9 
350 rpm 40 min 274 0.878 2.47 
350 rpm 60 min 268 0.795 − 24.8 
450 rpm 60 min 181 0.686 − 33.1  

Fig. 2. SEM images of the ZnO/MWCNT/PEDOT:PSS layer surface with 10 kV (A, B), color mapping of the surface where green color corresponds to Zn, with 20 kV 
(C) and the EDS spectrum of the ZnO/PEDOT:PSS/MWCNT layer on APET (D). 
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be stated that the coatings reduced transparency. The measured trans-
mittance only in two cases exceeded the substrate’s value. Among these 
thin films, besides the thin ZnO film, which closely approximated the 
transmittance of neat APET, the APET-based ZnO /MWCNT/PEDOT:PSS 
composite still had outstanding properties, as its transmittance exceeded 
60% (Fig. 4). 

Oscillatory DMA (Dynamic Mechanical Analysis) measurements 
provide information about the viscoelastic properties of a material. The 
glass transition temperatures were determined from the tan δ peak 
maximum at a specific frequency. The measured values are presented in 

Table 2. When the APET substrate was used, all the thin films caused an 
increment in the glass transition temperature. However, in the case of 
ITO/PET-based samples, there is not such a positive difference between 
the substrate and the film-containing samples: only the ZnO/PEDOT:PSS 
layer caused higher Tg values. About the APET-based samples, it is 
visible that we were able to increase the Tg in all cases, so we improved 
this thermal-mechanical property compared to the neat substrate. In 
addition, it is observable that the APET substrate has a lower Tg value 
than ITO/PET, caused by its level of amorphicity. 

3.2. Sensing properties 

Before placing the samples into the test chamber, conductivity was 
always tested by placing the multimeter electrodes on the silver drops. 
The chamber temperature was set to 25 ◦C, the constant flow rate was 
200 mL/min. The first step was to obtain the I-V characteristics between 
− 5 and + 5 V, with 25 measuring points. The ITO/PET substrate obvi-
ously showed a linear I-V curve. The linear I–V characteristics indicate 

Fig. 3. Cross-sectional SEM image from the whole APET substrate and layer, embedded in epoxy (A), the ZnO/MWCNT/PEDOT:PSS thin film on APET surface (B), 
cross section SEM image from the thin film and the substrate (C, D) and line scan results for ZnO. 

Fig. 4. Transmittance spectra of APET-based thin films compared to neat APET 
and ITO/PET substrates. 

Table 2 
The measured Tg values (DMA precision: ±1%).  

Sprayed-on layer Tg (◦C) ITO/PET substrate Tg (◦C) APET subsrate 

neat substrate 127.9 91.9 
ZnO 125.5 96.4 
MWCNT 127.6 100.2 
PEDOT:PSS 126.1 102.5 
MWCNT/PEDOT:PSS 125.6 101.4 
ZnO/PEDOT:PSS 130.4 99.9 
ZnO/MWCNT/PEDOT:PSS 125.4 100.0  
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good ohmic contacts with no interfacial barrier or traps between the 
sensing film. None of the samples prepared on the ITO/PET surface 
exceeded its good conductivity, however, PEDOT:PSS/MWCNT, and 
ZnO/MWCNT/PEDOT:PSS layers approached it. APET is basically a 
non-conducting material, but when PEDOT:PSS, MWCNT/PEDOT:PSS, 
and ZnO/MWCNT/PEDOT:PSS films were present, promising I-V char-
acteristics were shown. Fig. 7/A. shows the I-V curves for ZnO/MWCNT/ 
PEDOT:PSS layer compared to the neat substrate, APET. The ohmic 
behavior of contacts ensures that each surface resistance change is due 
to the tested target. 

Mass flow controllers (MFCs) were used to set the flow rate of dry air, 
Argon, the carrier gas, and ethanol vapor, the target, respectively. A PC 
was connected to the testing circuit to monitor and record the electrical 
resistance (Fig. 5). The vapor concentration in the test chamber was 
controlled by the MFCs and valves where controllers were set to the 200 
mL/min flow rate. The accuracy of the flow adjusting reported by the 
manufacturer is ±1%, so the precision of the concentration is ±1 ppm in 
the case of the maximum added ethanol vapor, respectively. A switch-
able commercial UV LED on the top of the test chamber was used as a UV 
source. 

As Fig. 6. shows, by repeatedly turning the UV source on and off, a 
detectable signal was reached, proving the photosensitive properties of 
the ZnO/MWCNT/PEDOT:PSS layer. In absence of UV light, the sur-
rounding oxygen molecules adsorb to the ZnO surface, removing the free 
electrons, creating a depletion region, resulting a reduced conduction. In 
the presence of UV light, electron-hole pairs are forming by the ab-
sorption of photons and flowing through the depletion region, an 
increment in current is observable. Holes are attracted to oxygen ions to 
neutralize them, after that, when an oxygen molecule is released, free 
electrons cause the increment in conductivity (Fig. 8/A.). Choi et al. 
showed how the addition of MWCNTs could improve photodetecting. 
With the formation of p-n heterojunction (hole depletion and enriched 

electrons between ZnO and CNTs), the stability of free electrons and the 
electric transport through a highly conductive CNT matrix [59] could 
improve, which effectively guides the photocarrier movement which in 
our case was supported by the PEDOT:PSS, as a hole transporter. 

During the ethanol sensor measurements, ZnO/MWCNT/PEDOT:PSS 
coating on APET substrate was tested under the following circum-
stances: 90 s exposure time was followed by 15 min recovery time. The 
same concentration (49.4 ppm ±1%) of ethanol vapor reached the 
surface three times in a row, to follow recoverability. It is visible that the 
ITO layer is not needed at all: the prepared composite layer is suitable 
for detection, the prepared thin layer with high transparency showed 
good results (Fig. 7/B.). The sensor response can be defined as Ra/Rg for 
reducing gasses or Rg/Ra for oxidizing gasses, where Ra is the resistance 
of gas sensors in the reference gas (usually the air or inert gas) and Rg 
stands for the resistance in the target gasses [60]. The response time and 
recovery time were defined as the time to reach 70% of the total resis-
tance change [61]. 

The following set of measurements was made by changing the 
ethanol vapor concentration per cycle, so 100% (98.8 ppm ±1%) EtOH 
flow was added to the sample for the first 90 s, then 75% (74.1 ppm 
±1%) after a 15-minute break, again for 90 s, 50% (49.4 ppm ±1%) 
again after 15 min. only 25% (24.7 ppm ±1%) in the last cycle (Fig. 7/ 
C.). 

Fig. 7/D. shows the concentration dependence of the signal: from 
integrated peak areas, using a calibration set, the unknown ethanol 
concentration on the sample is predictable (R2=0.9898). The prepared 
thin ZnO/MWCNT/PEDOT:PSS layer showed linear sensitivity in the 
measured region. The increment of sample thickness is not necessary: it 
causes non-linear characteristics and a signal shift. Response time was 
7.2 s for the thin ZnO/MWCNT/PEDOT:PSS on APET with a recovery 
time of 32.1 s with a sensitivity of 122 μΩ/ppm (and S%=2.3% to 98.8 
ppm ethanol). (The same layer on ITO/PET substrate -which was 
measured for comparison- had a response time of 24.8 s and recovery 
time of 121 s, with high noise level and low sensitivity). Sensitivity was 
defined as the ratio between the changes in sensor response over a 
change in vapor concentration (3): 

S =

[(
Ra
Rg2

)

−
Ra
Rg1

)

]/(c2 − c1) (3) 

The prepared highly transparent ZnO/MWCNT/PEDOT:PSS hybrid 
layer on a flexible APET substrate showed a lower response time than 
pure ZnO-based sensors (Table 3.) but its sensitivity in the measured 
composition was lower, however, the device worked without any 
heating. The measured concentration range is comparable with the 
literature. Recovery times are lower than in MWCNT/PEDOT:PSS sam-
ples and the results are closer to the previously reported CNT/ZnO 
composites. Room temperature usability is advantageous in low-power 
consumption applications. 

Fig. 5. Instrumental setup for sensor measurements.  

Fig. 6. Measured UV photoresponse characteristics of ZnO/MWCNT/PEDOT: 
PSS layer on APET substrate. 
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3.3. Ethanol sensing mechanism 

According to Yamazoe [67], a gas sensor consists of two basic 
functions: receptor and transducer. The receptor function includes the 
recognition of the target substance, transducer function is needed to 
convert the chemical change into a detectable electrical signal. Sensor 
response and recovery are based on the mechanism when target gas 
molecules adsorb onto or desorb from the sensor material surface, which 
causes its change in resistivity. Semiconductor nanomaterials have the 
required high surface-to-volume ratio and high mobility of electrons 
which is beneficial for the sensing mechanism [68]. It is known, when 
only n-type ZnO is used as sensor material, at higher working temper-
atures, and reducing molecules reach the surface, the previously formed 
oxygen species would react with the reducing target [69], decreasing the 
potential barrier and allowing electrons flow more easily, causing the 

decrement of the measured resistance. 
In contrast, MWCNTs behave as a p-type semiconductor, upon 

exposure to a reductive target, the transferred electrons will recombine 
with hole carriers, reducing the concentration of charge carriers, 
increasing the depletion layer and the potential barrier height causing 
an increment in electrical resistance [70]. PEDOT:PSS is a heavily 
doped, also p-type semiconductor, where holes on the PEDOT+ chains 
are compensated by sulfonate anions on the PSS− chains (dopant) [71] 
and have been proposed for their use as hole transporters. ZnO is proven 
to be able to form p-n heterojunctions with MWCNT which can improve 
the electrical properties [72]. Numerous p-n type junctions have been 
formed previously: Talib et al. fabricated ZnO nanorod/polyaniline p-n 
junctions on flexible substrates which showed a high sensitivity of 85% 
whereas the photodetectors showed quantum efficiency as high as 12% 
[73]. Ghushe et al. suggest that in MWCNT-doped ZnO/organic p-n 

Fig. 7. (A) I-V curves of ZnO/MWCNT/PEDOT:PSS layers. (B) Dynamic response curves of the ZnO/MWCNT/PEDOT:PSS layer on APET for ethanol. (C-D) Dynamic 
response curves and integrated peak areas of the ZnO/MWCNT/PEDOT:PSS on APET substrate, exposure to different ethanol concentrations at room temperature. 

Table 3 
Sensing properties compared with different ethanol sensors from the literature.  

Sample Working temp. ( 
◦C) 

Operating voltage 
(V) 

Measured concentration or range 
(ppm) 

Response time (t70% or 
t90%, s) 

Recovery time 
(s) 

ZnO NPs [62] 200 – 200 35 29 
ZnO/SnO2 [63] 300 – 0.5–100 72 120 
MWCNT/PEDOT:PSS [53] RT. 5 400 18 59 
CNT-ZnO/PS [64] RT. – 500 18 29 
MWCNT [43] 30–60  50 40 – 
ZnO2/PAA/ZnO2/SF [65] RT. – 0.48–11.9 40 80 
ZnO2 hybrid [66] RT. – 10–100 50 110 
ZnO/MWCNT/PEDOT:PSS on ITO/PET RT 5 49.4 25 121 
ZnO/MWCNT/PEDOT:PSS on APET (This 

work) 
RT. 5 24.7–98.8 7 32  
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heterojunctions, MWCNTs facilitate the charge transfer at the interface 
resulting in lowering barrier heights as compared to other hetero-
junctions [74]. At the interface, holes from p-type polymer and MWCNT 
nanocomposite and electrons from n-type ZnO nanoparticles could take 
place during junction formation. Sinha et al. reported a 
ZnO/MWCNT-based n-p switchable sensor, where they proved that in a 
lower temperature range the layer showed p-type characteristics [75]. 
Similar results were reported in the case of ZnO-doped MWCNT gas 
sensors [76] and other n-p heterojunctions [77,78]. In these junctions, 
upon exposure to reductive gas, the target molecule reacts with the 
previously formed O2

− ions on the ZnO surface, providing free electrons, 
widening the depletion region resulting in a decrement of conductivity. 

Since the addition of reducing gas to our test chamber reduced the 
conductivity, two possible reaction routes could take place. Besides at 
room temperature the CNT surface behaves like a p-type semiconductor 
(its resistance increases upon exposure to reducing gas due to lone pair 
electron transfer from ethanol to the valence band causing the decre-
ment of hole carrier concentration [53]) it is also possible that a p-n 
heterojunction formed between ZnO nanoparticles and MWCNTs where 
PEDOT:PSS helped the conductivity as a flexible conducting matrix and 
a hole transporter (Fig. 8/B.). Overall at room temperature, the thin film 
exhibits p-type semiconducting behavior and is dominated by positive 
charge carriers (holes), whereas the adsorbed reducing molecules on the 
film surface serve as electron donors [79], causing the reduction of 
holes, increasing the film resistance. That means the observed sensoric 
properties for reducing organic vapor are mostly based on the p-type 
CNT gas sensor characteristics, which is a typical behavior for 
CNT/ZnO-based sensors at room temperature [80,81]. Septiani et al. 
also showed that in the lower temperature region, ZnO/MWCNT het-
erojunctions showed p-type behavior while sensing reductive target, 
suggesting that the primary sensing mechanism in this region is mainly 
based on the physisorption of the target gas on the MWCNT surface [82]. 

In this mechanism, the specific surface area is an important factor, so 
during the sample preparation, the milling of MWCNTs not just made 
easier the spray coating of films, but provided more adsorption position 
for target molecules. 

In our composite layer, the other phenomenon which could reduce 
the response time is the previously mentioned percolation effect be-
tween the PEDOT:PSS and MWCNT-ZnO heterojunctions. This could 
help form conductive paths between neighboring CNTs within the 
network [52]. Since in p-type semiconductors the behavior is dominated 
by the positive charge carriers, the addition of the conducting polymer, a 
typical hole transporter could provide a faster sensor response. 

4. Conclusions 

In summary, hybrid thin layers of ZnO nanoparticles, milled carbon 
nanotubes, and conductive polymer (PEDOT: PSS) were prepared on 
amorphous polyethylene terephthalate (APET) and ITO-coated PET 
substrates. As a first step, carbon nanotubes and ZnO nanoparticles were 
synthesized. Before the film preparation, the optimal solvents and 
milling parameters of nanotubes were determined by using TEM and 
DLS measurements to avoid aggregation and provide defects on nano-
tubes to increase the number of adsorption places. SEM/EDS images 
showed the surface characteristics and layer integrity of airbrush- 
prepared thin films. UV–Vis measurements showed that the ZnO/ 
MWCNT/PEDOT:PSS layer on the APET substrate exceeded more than 
60% transmittance in the visible region. The change in glass transition 
temperatures (Tg) was investigated by dynamic mechanical analysis. 
Results showed, that all the prepared thin layers on APET substrates 
caused an increment in Tg values, which indicates a higher resistance of 
the material against thermomechanical effects. ZnO/MWCNT/PEDOT: 
PSS thin film on APET substrate showed good response to UV light as a 
photodetector and also to ethanol vapor: the films were recoverable and 

Fig. 8. Schematic illustration of UV photodetecting (A) and ethanol sensing (B) mechanism.  
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the signal was concentration-dependent. During UV irradiation, the 
conductivity increased, indicating an n-p heterojunction formation 
whilst the interaction with reductive target gas caused an increment in 
resistance, proving a p-type sensing mechanism where the conducting 
polymer as a hole transporter helped to reduce the response time. 
Although more parameters await refinement, these results suggest the 
room temperature sensor applicability of this bifunctional composite 
material. 
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