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Abstract: We report on the formation of the field-effect transistor based on a polyyne–polyene
structure. Polyvinylidene chloride (PVDC) drop casting and its subsequent dehydrochlorination in
KOH solution allowed for the formation of porous polyyne–polyene material, which was analyzed via
transmission electron microscopy, Fourier-transform infrared spectroscopy, and Raman spectroscopy,
revealing the presence of sp- and sp2-hybridized chained fragments in the structure. The polyyne–
polyene-based field-effect transistor showed a transconductance of 3.2 nA/V and a threshold voltage
of−0.3 V. The obtained results indicate that polyyne–polyene-based transistors can be used as discrete
elements of molecular electronics and that subsequent studies can be aimed toward the development
of selective polyyne–polyene-based gas sensors with tunable sensitivity.

Keywords: polyvinylidene chloride carbonization; porous sp-based films; field-effect transistor;
dehydrochlorination; polyyne–polyene structure; mobility of charge carriers

1. Introduction

In recent years, the research of electronic components based on polymeric materials,
organic electronics, has been of immense interest in the scientific community. As organic
materials may combine flexibility, piezo-response capability, transparency, biocompatibility,
biodegradability, and various types of chemosensing and photo-induced response [1–4],
currently, multi-purpose polymer-based materials have been widely studied all over the
world as potential as electronic components. The application of polymers, due to the variety
of their properties, lies in a wide range of areas, e.g., light emitters, wearable biosensors,
photonic devices, etc. Yet, the most basic and, therefore, the most studied element acting as
a building block for most electronic devices is a transistor.

Despite the immense amount of research works dedicated to the improvement of
organic electronic components, there are still some principal difficulties in using polymer-
based components. For example, most organic transistors typically have poor environmen-
tal and operational stability [5,6], and their performance is affected by sufficient contact
resistance [7]. Stepping forward towards the solution of these problems, researchers
develop and investigate novel materials that can be potentially applied as transistor com-
ponents. Nowadays, the performance of such materials as electronic components has been
thoroughly analyzed in order to diversify the types of organic electronic devices.

Among the novel organic components, materials containing sp-hybridized carbon
(sp-based materials) have received noticeable attention in recent years. Carbyne material,
i.e., the material composed of sp-hybridized chains, has a tunable chain-length-dependent
bandgap [8], good mechanical strength, and thermal conductivity [9]. Additionally, the
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effects of ballistic conductivity [10], spin-polarized electronic transport [11], and strain-
induced metal-insulator transition [12] were theoretically predicted for sp–carbon struc-
tures. Novel effects, tunability, and promising properties of sp-based materials make them
potentially interesting for various applications in electronics and help focus the attention
toward their analysis. For example, DNA sensors and sequencers based on sp-chains have
been analyzed theoretically [13].

Aside from theoretical studies of the sp-based materials, experimental ones have
been carried out as well, revealing their potential applications in temperature sensing,
gas sensing, and fluorescent and colorimetric dual-function probing [14]. Transistors
based on cumulenes, i.e., (=C=C=)n carbon chain form, were analyzed in [15,16], while
optoelectronic properties of metal–polyyne structures were summarized in [17]. In our
previous paper [18], we reported on the formation of the resistive gas sensors based on
polyene–polyyne materials, i.e., structures with prevailing sp2-hybridization consisting of
the chains with alternating polyenic (–C=C–)n and polyynic (–C≡C–)n fragments. Although
the drop casting and subsequent dehydrohalogenation of the polyvinylidene fluoride
(PVDF) were shown to be a facile and scalable way to form a continuous porous structure,
in this current study, we have chosen to use a PVDC precursor rather than PVDF, as its
carbonization is more effective due to the C–Cl bonding energy being lower than the one of
C–F [19,20], which was suggested to facilitate the formation of sp–carbon, thus allowing
us to synthesize the material with quite different properties compared to conventional
polyenes.

In this current paper, we report on the manufacturing of the transistor and its channel,
which is synthesized by the KOH-driven dehydrochlorination of the drop-cast PVDC
precursor. We investigate the structure and the porosity of the obtained polyyne–polyene
material and analyze the characteristics of the resulting transistor; its parameters and foam-
like structure allowed us to suggest the potential application of polyyne–polyene-based
transistor as a basis for selective resistive gas sensors.

2. Materials and Methods
2.1. Sample Preparation

The formation of polyyne–polyene films was carried out via the drop casting of dis-
solved polymer and its subsequent KOH-induced room-temperature dehydrohalogenation.
This route introduced in [18] was revealed to be a prominent way to deposit sp-containing
films with a desired morphology. As C–Cl bonding energy is lower than the one of C–
F [19,20], PVDC dehydrohalogenation is known to be a more effective process compared
with the one of PVDF. Therefore, in order to increase the fraction of sp–carbon in the
material structure, we chose a PVDC precursor polymer.

The studied samples and analyzed devices were manufactured in several stages.
PVDC powder (Aldrich Chemical Company, Inc., Milwaukee, WI, USA) was used as a
precursor. To obtain the films, in the first stage, 5 mg of the PVDC powder was dissolved
in 10 mL of the mixture of N,N-dimethylformamide (DMF, produced by LLC “Rushim.ru”,
Moscow, Russia), and acetone (LCC «CHIMMED», Moscow, Russia) in the 7:3 proportion at
70 ◦C. Afterward, the solution was poured into a 9 cm diameter glass Petri dish (LCC “MLC-
KLIN”, Klin, Russia) and dried until the evaporation of the solution, thus applying the
conventional drop-casting technique to obtain a polymer material of desired morphology.
As a result, thin translucent 100 nm thick PVDC films were formed.

In the second stage, a room-temperature dehydrochlorination of the PVDC films was
carried out. First, the solution of potassium hydroxide (Labtech LLC, Moscow, Russia) and
methanol (RCI LabScan Group, Bangkok, Thailand) was prepared. KOH crystals placed in
methanol were dissolved until the formation of the supersaturated solution. Afterward, the
KOH/CH3OH solution was diluted with acetone, with careful stirring, until the proportion
of 1:9 was reached. Subsequently, the obtained solution was poured into the Petri dishes
containing PVDC films ensuring the latter were entirely submerged.



J. Compos. Sci. 2023, 7, 264 3 of 13

The radicals of PVDC were removed via the dehydrohalogenation reaction (adopted
from [21]) as follows:

n(-CH2-CCl2-) + 2nKOH→ (-C≡C-)n + 2nH2O + 2nKCl (1)

The reaction proceeded for 24 h at room temperature. As a result of the reaction, the
film’s appearance changed from translucent to opaque black, and the film separated from
the surface of the Petri dish.

Afterward, the residual products were removed from the synthesized material by
cleaning it for 15 min in the ultrasonic cleaner (Wahluen electronic tools, Shantou, China)
filled with distilled water. After that, the film was placed into acetone. Distilled water was
purified on site via the electric medical water distiller DE-4-02 (“EMO”, Saint-Petersburg,
Russia). The thickness of the obtained material was 100 nm.

2.2. Device Fabrication Process

The transistor was deposited in several stages. At the first stage, a 50 nm thick layer
of SiO2 was formed via the annealing of p-doped Si plates (10 mm × 5 mm) at 1000 ◦C in
the oxygen atmosphere. The thickness of SiO2 layer was determined via scanning electron
microscopy (SEM) of the cleavage of the oxidated substrates. The annealing was performed
for an hour. In the second stage, aluminum tracks, subsequently used as a source and a
drain, were deposited by magnetron sputtering of the sample partially covered with the
special mask. The distance between the tracks was 1.8 µm. The obtained thin polyyne–
polyene film of 100 nm thickness submerged in acetone was deposited on the top of the
SiO2/Al structure in order to form a channel between the metal contacts. In Figure 1,
the scheme of the transistor deposition process is presented. The SEM image (Figure 2a)
shows the obtained structure prior to the deposition of the polyyne–polyene film. Figure 2b
presents the schematic image of the obtained transistor, which is a type of bottom-gate
bottom-contact transistor.
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2.3. Sample Characterization

The transmission electron microscopy (TEM) studies were carried out using an LEO
912 AB electron microscope (Carl Zeiss, Jena, Germany). The operating acceleration voltage
was 120 keV. The used electron microscopy grids consisted of copper frames with 40 µm
cells. To transfer the structure to the grids, the samples were mechanically pressed to the
polymer-coated side of the grids and removed after 5–10 s of grid–sample interaction. This
method was previously reported and tested in [22]. For TEM studies, we used the set of
non-irradiated films produced from the ~100 nm thick PVDC film. The conditions of its
dehydrohalogenation were the same as the ones reported in Section 2.1.

Raman spectra were obtained via Sunshine GE-Raman spectrometer (Changchun New
Industries Optoelectronics Tech. Co., Ltd. (CNI), Changchun, China) coupled to a Leitz
Wetzlar microscope (Ernst Leitz GmbH, Germany, Wetzlar). The excitation wavelength
was 532 nm, and the laser power was 1 mW. The ×50 objective lens (N.A. = 0.85) was used
for the spectra acquisition. For each sample, spectra from 3 to 5 regions were analyzed by
selecting the most typical spectrum of each sample for subsequent procession.

Fourier-transform infrared spectroscopy (FTIR) studies were carried out via Brucker
IFS-66v/S FTIR spectrometer (Bruker Optics, Karlsruhe, Germany). The resolution of the
FTIR spectrometer is 0.5 cm−1.

The electrical properties of the transistor were measured at the custom measuring stand
equipped with three gold-coated probes. The set-up was based on the F-136 (“Vibrator”
factory, Saint-Petersburg, Russia) nanoampermeter and 16-digit ADC/DAC board NI PCI
6229 (National Instruments, Austin, TX, USA). The set-up was controlled via the program
for personal computers designed via LabView software (https://www.ni.com/ru-ru/shop/
labview.html, accessed on 10 June 2023; National Instruments, Austin, TX, USA).

3. Results
3.1. TEM

Figure 3 shows the TEM image of the polyyne–polyyne-based film. The TEM analysis
reveals that it features a foam-like structure with the ~60 nm sized pores separated from
each other by the material fragments of the ~5–15 nm width and ~1 nm thickness. Such a
structure may form as a result of the efficient dehydrochlorination, resulting in the potassium
chloride formation and the removal of the material from the structure, leading to mass loss
and shrinkage of the film. As a result, a monodisperse disordered foam-like structure formed.
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The KOH-induced formation of the 1–100 nm sized pores during the dehydrohalo-
genation of various polymers is not uncommon [23,24]. However, the demonstration of the
pore formation taking place after the alkali treatment of the continuous film is especially
promising for the manufacturing of functional coatings with prominent gas adsorption
capabilities.

In [25], it was reported that the PVDF-derived carbons obtained via high-temperature
annealing have smaller pore diameters compared to the PVDC-derived carbons, as the
release of smaller fluorine atoms takes place more efficiently than one of the larger chloride
atoms. In the studied case of the prolonged treatment, that effect does not seem to play a sig-
nificant role, as the pores size of the dehydrochlorinated PVDC is close to the one reported
for dehydrofluorinated PVDF [18]. However, the disruption of the continuous structure
resulting in the pore formation seems to be more prominent during PVDF treatment, which
is unsurprising due to the easier breakdown of C–F bonds.

3.2. FTIR Spectroscopy

The FTIR spectrum of the PVDC precursor powder is shown in Figure 4a. Nearly all
of the observed line positions and relative intensities are typical for amorphous PVDC [26].
The lines located at 290, 360, 450, 600, and 670 cm−1 are typical for the C–Cl2 vibrations.
The bands positioned at 750, 890, and 1350 cm−1 are related to C–H2 vibrations. The line at
530 cm−1 is assigned to the skeletal vibrations of the polyvinylidene chloride backbone,
while the prominent band centered at 1060 cm−1 is ascribed to the PVDC helix mode. The
line at 750 cm−1 is also typical for PVDC, and, although it is sometimes attributed to C–Cl
stretching [27], the authors of [26] have concluded it to be most probably ascribed to the
C–H2 rocking mode. The line at 880 cm−1 is also assigned to C–H2 rocking observed in the
PVDC. The lines located at 2850, 2920, and 2990 cm−1 are related to C–H stretching, and the
positions of such lines vary significantly with the chemical state of bonded carbon atoms.
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One prominent difference between the obtained FTIR spectrum of the studied PVDC
precursor and the spectrum of amorphous PVDC (Figure 4 in [26]) can be observed. The
intensity of the 1060 cm−1 band associated with the helical mode is relatively large. This
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effect may be caused by a relatively large length of the helix conformations in polymer
chains [28].

The FTIR spectrum of the transistor channel material obtained via PVDC dehydrochlo-
rination is shown in Figure 4b. The set of lines at 460, 530, 600, 660, 750, and 880 cm−1

was also observed in the untreated PVDC precursor, indicating that fragments of non-
dehydrohalogenated polymer remain in the sample after chemical treatment, which may
be caused by an incomplete dehydrohalogenation of the deep layers of the structure, fea-
turing the suppressed interaction with KOH. For the chemically treated material, the line
at 660 cm−1 may also be attributed to the C–O–H twisting mode [29] and the vibrations of
cis-polyacetylenic fragments [30].

The series of wide lines located in the 900–1600 cm−1 range is typical for disordered
carbon components, showing a notably less straightforward assignment compared to one
of the PVDC-related bands. The lines observed at 1060 and 1210 cm−1 can be attributed
to C–C, C–O, and C–O–C bonds [18,31,32]. The line observed at 1350 cm−1 is ascribed to
C–O [31] and C–H [33] bonding. The band at 1420 cm−1 can be attributed to the vibrations
of C–H3 [34], C–H2 [35], and C–O bonds [36]. The line centered at 1620 cm−1 is ascribed
to C=C vibrations, featuring the position more typical for the olefinic groups rather than
for aromatic rings [31], confirming that the sp2-hybridized component of the structure is
present in the form of polyenic fragments rather than graphitic clusters or phenylic side
groups and capping groups. The intensive C=O stretching vibration band is observed at
1710 cm−1 [31]. Despite not being observed for carbonized PVDF, this line is typical for
PVDC dehydrohalogenated in alcoholic KOH solution [31], thus implicitly confirming that
PVDC dehydrohalogenation and subsequent saturation of the dangling bonds by oxygen
is more prominent than a similar process taking place in PVDF.

The line at 2160–2170 cm−1 is attributed to the stretching vibrations of C≡C
bonds [37–39]. Its emergence in the FTIR is related to the violation of the exclusion principle
between Raman and FTIR spectra, which is typical for long-bended chains [40], while the
observed peak position indicates that sp-hybridized fragments comprise a single C≡C
bond [41]. As suggested in [18], it indicates that obtained long chains consist of alternating
polyenic and polyynic fragments. In such structures, the emergence of the lines related to
C–C and C=C bonds in the FTIR spectra is possible due to the chain distortions and the
presence of polar cappings and side groups. These features lead to the variation of the
dipole moment of the structure, thus invoking its infrared response.

The chain-like structure of the material’s structural units is confirmed by the lines
related to C–H stretching positioned at 2930 and 2970 cm−1, which are typical locations
for aliphatic hydrocarbon fragments [42,43]. Similar to the C=C vibrations line observed
at 1620 cm−1, the location of the C–H band proves the predomination of non-aromatic
sp2-hybridized fragments, such as chains, in the sample. In its turn, the wide line at
3050–3710 cm−1 peaking at 3380 cm−1 is assigned to the O-H vibration of adsorbed
water [44].

3.3. Raman Spectroscopy

The Raman spectrum of the precursor PVDC powder is shown in Figure 5. It demon-
strates the lines typical for PVDC [26]. The lines at 240, 300, 350, 450, 600, and 650 cm−1 are
attributed to C–Cl2, while the lines at 870 and 1410 cm−1 are assigned to C–H2. The line
at 1070 cm−1 is ascribed to the helix mode, and the lines at 2870, 2940, and 2980 cm−1 are
typical for C–H stretching.
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The typical Raman spectra of the polyyne–polyene sample are shown in Figure 6a. Un-
like the FTIR spectroscopy, the Raman analysis shows no resemblance between the spectra
of the precursor and the resulting material. As the Raman spectroscopy has finite analysis
depth [45], a prominent variation between the spectra of precursor and the resulting mate-
rial may indicate the subsurface layers of the polyyne–polyene being dehydrohalogenated
better than deeper layers, thus confirming the studies of PVDF dehydrofluorination using
similar techniquea [18].

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW  8  of  13 
 

 

1000 1500 2000 2500 3000

In
te

n
si

ty

Raman shift, cm−1

1

G-line and 2

sp-chains

×1

1+cis-1

  D-line
and cis-1

1+2
2×2

(a)

1200 1400 1600 1800 2000 2200

1160 cm−1

In
te

n
si

ty

Raman shift, cm−1

1315 cm−1
1523 cm−1

1548 cm−1

2165 cm−1

2092 cm−1

(b)

 

Figure 6. (a) Raman spectra of the polyyne–polyene film. Fundamental lines, their overlapping (“x 

and y”), and overtones (“x+y”) are indicated. (b) Decomposition of the Raman spectra in the range 

of fundamental lines. The violet line is a sum of the peaks, and black line shows experimental results. 

The line at 2160 cm−1 is attributed to the vibration of sp‐hybridized chains [37–39], 

while the lines at higher wavelengths of 2330, 2470, 2670, and 3070 cm−1 are related to the 

overtones of  the discussed  fundamental  lines, corresponding  to  the second order of ν1 

(denoted as 2×ν1), a weak overtone of ν1 and cis‐ν1 (indicated as ν1+cis‐ν1), an overtone of 

ν1 and ν2 (ν1+ν2), the second order of ν2 (2×ν2), respectively. The location of ν1 at 1160 cm−1 

and ν1+cis‐ν1 positioning at 2470 cm−1 indicates that the contribution of cis‐ν1 is centered 

at approximately 1310 cm−1, which  is somewhat distant  from  the position of 1250 cm−1 

observed for cis‐polyacetylene [49], though, the position can be shifted to higher wave‐

lengths for short and defected chain fragments. The cis‐ν1 line centered at 1310 cm−1 con‐

firms that  it  is the cis‐ν1 peak  that contributes to the plateau centered at 1315 cm−1 and 

shifts its position to the wavenumber atypical for the D‐line. 

In Figure 6b,  the  fitting of  the Raman spectra  in  the range of  fundamental  lines  is 

presented. The  cumulative  line  that  comprise  the G‐peak and v2  is  fitted by  two  lines 

peaked at 1523 cm−1 and 1548 cm−1. However, as these lines are not resolved, we cannot 

directly attribute them  to G‐peak or v2. Moreover,  the G‐line position within the 1520–

1600 cm−1 range depends on  the sp2/sp3 ratio and graphite clustering [50], and v2 shifts 

with  the variation of  the chain  length within  the 1490–1660 cm−1 range  [51]. Therefore, 

their resolution is hindered for the studied spectra. Thus, the presence of the two lines in 

the spectra fitting depicted in Figure 6b shows that the 1400–1700 cm−1 range‐ spectra in 

are poorly fitted by a single C=C‐related line, providing little insight into the clustering of 

sp2–carbon in the substructure of the studied material. As shown in Section 3.2, the C=C 

and C‐H line positions in the FTIR spectrum indicate that the samples have predominantly 

chained structure, allowing us  to suggest  that a graphitized‐carbon‐related G‐line pro‐

vides only a significant contribution to the observed lines. Chain‐like structure of the ma‐

terial and the presence of both polyyne (–C≡C–)m and polyene fragments (–CH=CCl–)n, 

allows us to confirm the polyyne–polyene structure of the dehydrohalogenated samples. 

Interestingly, the sp–carbon‐related line at 2160 cm−1 can also be fitted by two com‐

ponents centered at 2092 and 2165 cm−1 (Figure 6b). The two lines were observed in the 

Raman spectra of sp‐based carbon  in  [38,52], while multiple bands  located  in a similar 

range were observed in [53]. As shown in [38], the multi‐peak fitting of the C≡C line may 

reflect the presence of polyynic and cumulenic carbyne forms, chain capping by various 

end groups as well as the formation of kinks and the distortion in the chain structure of 

other types. 

3.4. The Properties of the Field‐Effect Transistor with a Polyyne–Polyene Gate 

During the studies of the transport properties of the transistor, the source‐drain volt‐

age varied from 0 to 5 V, with the gate voltage ranging from 0 to 15 V. The investigations 

were carried out  in ambient conditions at room  temperature with no external  lighting. 

Figure 6. (a) Raman spectra of the polyyne–polyene film. Fundamental lines, their overlapping (“x
and y”), and overtones (“x+y”) are indicated. (b) Decomposition of the Raman spectra in the range of
fundamental lines. The violet line is a sum of the peaks, and black line shows experimental results.

The narrow peak at ~1160 cm−1 is attributed to the C–C bonds of trans-isomeric
polyenic structures [46] and will be subsequently referred to as ν1. The most intensive
narrow peak at 1540 cm−1 is typical for C=C vibrations and can be observed both in
polyenes [47] (will be referred to as ν2) and in disordered carbon [48] (G-line). Its asymmet-
ric shape shows the contribution of both of these lines to the spectra in the 1520–1560 cm−1

range. The plateau between ν1 and ν2 is centered at ~1315 cm−1, which is somewhat
lower than expected for an amorphous-carbon-related D-line located in the 1320–1360 cm−1

range [48]. We suggest that the relatively low wavelength and significant width of this
“line” are attributed to the contribution of cis-isomeric C–C fragments (indicated as cis-ν1),
which is similar to the Raman spectra of polyene–polyynes reported in [18].

The line at 2160 cm−1 is attributed to the vibration of sp-hybridized chains [37–39],
while the lines at higher wavelengths of 2330, 2470, 2670, and 3070 cm−1 are related to
the overtones of the discussed fundamental lines, corresponding to the second order of ν1
(denoted as 2×ν1), a weak overtone of ν1 and cis-ν1 (indicated as ν1+cis-ν1), an overtone
of ν1 and ν2 (ν1+ν2), the second order of ν2 (2×ν2), respectively. The location of ν1 at
1160 cm−1 and ν1+cis-ν1 positioning at 2470 cm−1 indicates that the contribution of cis-ν1
is centered at approximately 1310 cm−1, which is somewhat distant from the position of
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1250 cm−1 observed for cis-polyacetylene [49], though, the position can be shifted to higher
wavelengths for short and defected chain fragments. The cis-ν1 line centered at 1310 cm−1

confirms that it is the cis-ν1 peak that contributes to the plateau centered at 1315 cm−1 and
shifts its position to the wavenumber atypical for the D-line.

In Figure 6b, the fitting of the Raman spectra in the range of fundamental lines is
presented. The cumulative line that comprise the G-peak and v2 is fitted by two lines peaked
at 1523 cm−1 and 1548 cm−1. However, as these lines are not resolved, we cannot directly
attribute them to G-peak or v2. Moreover, the G-line position within the 1520–1600 cm−1

range depends on the sp2/sp3 ratio and graphite clustering [50], and v2 shifts with the
variation of the chain length within the 1490–1660 cm−1 range [51]. Therefore, their
resolution is hindered for the studied spectra. Thus, the presence of the two lines in the
spectra fitting depicted in Figure 6b shows that the 1400–1700 cm−1 range- spectra in are
poorly fitted by a single C=C–related line, providing little insight into the clustering of
sp2–carbon in the substructure of the studied material. As shown in Section 3.2, the C=C
and C–H line positions in the FTIR spectrum indicate that the samples have predominantly
chained structure, allowing us to suggest that a graphitized-carbon-related G-line provides
only a significant contribution to the observed lines. Chain-like structure of the material
and the presence of both polyyne (–C≡C–)m and polyene fragments (–CH=CCl–)n, allows
us to confirm the polyyne–polyene structure of the dehydrohalogenated samples.

Interestingly, the sp–carbon-related line at 2160 cm−1 can also be fitted by two com-
ponents centered at 2092 and 2165 cm−1 (Figure 6b). The two lines were observed in the
Raman spectra of sp-based carbon in [38,52], while multiple bands located in a similar
range were observed in [53]. As shown in [38], the multi-peak fitting of the C≡C line may
reflect the presence of polyynic and cumulenic carbyne forms, chain capping by various
end groups as well as the formation of kinks and the distortion in the chain structure of
other types.

3.4. The Properties of the Field-Effect Transistor with a Polyyne–Polyene Gate

During the studies of the transport properties of the transistor, the source-drain voltage
varied from 0 to 5 V, with the gate voltage ranging from 0 to 15 V. The investigations were
carried out in ambient conditions at room temperature with no external lighting. Figure 6
shows the input characteristics of the transistor, demonstrating that the application of
the positive bias to the gate electrode allows effective adjustment of the source-drain
voltammetries. The output characteristics reveal the behavior typical for the n-type channel.
The n-type conductivity of the investigated structure confirms previously reported data on
the resistive sensing response of the polyyne–polyene structure to various electron-doping
vapors [18].

Figure 7a shows source-to-drain current Ids as a function of the drain-source voltage
at various gate voltages Ug. In Figure 6b, the transfer characteristic of the transistor is
plotted in the Ids

0.5 and Ug coordinates. These characteristics are measured at the constant
source-drain voltage of 4 V. The extrapolation of the transfer characteristics to the Ids = 0 A
value allows us to estimate the value of the threshold voltage (Ut) of the current initiation
as Ut = 0.8 V. The source-drain current modulation via the variation of the gate bias is
shown in Figure 7b. The device exhibits good saturation characteristics at 18 V operation
voltage. The quantitative characteristic of such modulation, Ion/Ioff ratio (the ratio of
the drain current Ion in the “ON” state (Ug = 18 V) to the current Ioff in the “OFF” state
(Ug = 0 V) at Uds = 4 V), was estimated to be 104 for the studied structure. This is a decent
result, as various types of the organic transistors show Ion/Ioff value varying in the 103–105

range [54–57]. The gate leakage current was 12 pA.
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Figure 7. (a) Output characteristics of polyyne–polyene structure-based FET at different steps from
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voltage ranging from 0 to 18 V at Uds = 4 V.

Our estimation of the field effect mobility µf of the charge carriers was based on the
equation describing the Ids dependence on Ug as follows [55,56,58]:

Ids = µf(
W
2L

Cd)(Ug −Ut)
2 (2)

where specific capacity Cd is evaluated as an electrical capacitance of a planar layer Cd =
ε0εd/hd (ε0 is a vacuum permittivity, εd is a relative dielectric constant of SiO2, and hd is a
layer thickness).

In Equation (2), W and L are the width and length of the transistor channel, Cd is the
capacitance of the dielectric layer, and the Ut is a threshold voltage.

For the studied transistor, the geometrical parameters are W = 1.8 µm and L = 1 mm,
and Cd was estimated for a 50 nm thick dielectric layer with ε0 = 3.9. Its value was evaluated
to be 69 nF/cm2.

The charge carrier mobility µf was assessed to be 3.07 × 10−4 cm2/(V×s). This value
is relatively small in comparison to the one reported for organic transistors [1,59,60]. For
the polythiophene derivatives with side chains, the mobility of 10−5−10−3 cm2/(V×s)
was reported, and it was suggested that the solution processing and field-effect device
operation in a dry box environment would beneficially affect the mobility [61]. For the
studied structures, a low µf value does not play a significant role when transistors are used
as active elements of gas sensors, as their response times are limited by the gas adsorption
and desorption dynamics and are typically in the order of minutes.

Notably, polyenic systems, such as carotenoids [62], demonstrate p-type of the con-
ductivity and low mobility of the carriers (10−6–10−8 cm2/(V×s)). For the studied channel
material, polyyne–polyene, n-type conductivity, and higher mobility are observed, which
may be related to the presence of polyynic fragments in the structure [18].



J. Compos. Sci. 2023, 7, 264 10 of 13

4. Conclusions

In this current paper, we have investigated the field-effect bottom-gate bottom-contact
transistor and its channel, which is based on a polyyne–polyene structure. The polyyne–
polyene component was prepared via PVDC drop casting and its subsequent dehydrochlo-
rination in a KOH-based solution. KOH-induced dehydrochlorination allowed us to create
the foam-like disordered material based on (–CH=CCl–)n and (–C≡C–)m chain fragments
(i.e., polyyne–polyene material) containing various side groups and capping groups. The
pores of ~60 nm diameter formed by the material release induced by dehydrohalogenation
were observed.

The possibility of the formation of the transistor with a polyyne–polyene channel was
demonstrated. The studied transistor consisted of the Si substrate with a SiO2 layer and
aluminum contacts deposited on top of it. On top of the contacts, a 100 nm thick polyyne–
polyyne film was formed in order to act as a transistor channel. The study of the transistor’s
properties showed that the transistor has n-type conductivity and the threshold voltage
Ut = 0.8 V. The Ion/Ioff~104 is a promising result demonstrating that current modulation in
the investigated structure is entirely possible. However, the µf = 3.07 × 10−4 cm2/(V×s) is
a relatively low value of charge carrier mobility. The obtained characteristics, especially the
combination of the porosity and significant Ion/Ioff amplification parameter, show that the
investigated structure can potentially be applied as a transistor-based resistive gas sensor.
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