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Abstract: Two new benzo[b]thieno[2,3-d]thiophene (BTT) derivatives, 2-(benzo[b]thiophen-5-yl)
benzo[b]thieno[2,3-d]thiophene (compound 2), and 2-(benzo[b]thieno[2,3-d]thiophene-2yl)dibenzo[b,d]
thiophene (compound 3) have been synthesized and utilized as solution-processable small molecular
organic semiconductors for organic field-effect transistors (OFETs). The physicochemical charac-
teristics of the recently created substances were analyzed using thermogravimetric analysis (TGA),
differential scanning calorimeter (DSC), and UV-vis spectroscopy. Subsequently, the above-mentioned
substances were employed as semiconductor layers in bottom-gate/top-contact OFETs through solu-
tion shearing methods for device fabrication, and their electrical performances were meticulously
evaluated. The outcoming OFET device displayed p-channel behavior, demonstrating hole mobility
of up to 0.005 cm2/Vs and a current on/off ratio higher than 106.

Keywords: organic thin film transistors; organic semiconductor; benzo[b]thieno[2,3-d]thiophene;
solution process

1. Introduction

Organic semiconductors (OSCs) have attracted considerable attention for their poten-
tial application in a range of electronic appliances thanks to their desirable characteristics,
inclusive of cost-effective fabrication, the capability to be processed at low temperatures
over large areas, and flexibility [1–8]. In particular, organic semiconductors have been
utilized in several electronic appliances, inclusive of organic field-effect transistors (OFETs),
organic photovoltaics (OPVs), organic light-emitting diode (OLED) displays, optical sen-
sors, and radio-frequency tags [9–17].

There are two major deposition methods for fabricating thin films of organic semi-
conductors: vacuum or solution process. Despite the fact that semiconductors devised for
vacuum vapor deposition generally exhibit high field-effect mobility, they have several
drawbacks. The main issues with the vacuum deposition method are its high cost and the
difficulty of large-area processing. Additionally, it requires a relatively long processing
time and high temperature [18,19]. Therefore, the solution process has risen as a highly
promising substitute for the vacuum process, offering cost-effectiveness, low-temperature,
and large-scale manufacturing [20,21].
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Great endeavors have been dedicated to the advancement of OSCs with exceptional
electrical performance as well as enhanced air solidity [22–26]. In particular, π-conjugated
small-molecule organic semiconductors have received significant attention compared to
polymeric materials due to their relative ease of synthesis and improved reproducibility,
solubility, and purity [27–32]. For instance, small-molecule OSCs based on oligothiophene,
tetracene, pentacene, and acene derivatives have demonstrated impressive electrical perfor-
mance and excellent air stability.

Fused thiophenes are favorable core units due to their inherent high-charge trans-
port characteristics. This can be accredited to the extensive π-conjugated system and
coplanar molecular structure resulting from π-orbital overlap [33–35]. Moreover, the
sulfur-rich nature of fused thiophenes leads to strong intermolecular interactions between
adjacent molecules, enhancing the efficient dimensionality of the molecule and improv-
ing charge transfer characteristics [36,37]. Additionally, fused thiophenes with a large
band gap have been utilized in diverse thiophene-based OSCs, demonstrating enhanced
air stability [38–40]. Among these, OSCs utilizing the BTT structure have shown reliable
electrical performance in ambient environments [41–46]. For instance, Huang et al. pro-
posed BBTT, a dimer of BTT semiconductors, and OFET based on BBTT exhibited decent
electrical properties with a hole mobility of 0.22 cm2/Vs [38]. Mathis group suggested
BTT compounds connected by a phenylene π-bridge spacer as p-type semiconductors, and
the fabricated devices demonstrated good charge carrier mobility of 1.0 cm2/Vs with no
deterioration even after several months [44]. Moreover, the Youn group suggested novel
BTT-based compounds in possession of various core sizes and investigated the correla-
tion between the electrical natures and the molecular structure of BTT composites with
maximum mobility of 0.34 cm2/Vs [46].

In this investigation, we propose the synthesis of newly developed solution-processable
small-molecule OSCs on the basis of the BTT unit: 2-(benzo[b]thieno[2,3-d]thiophen-2-
yl)dibenzo[b,d]thiophene (compound 2) and 2-(benzo[b]thiophen-6-yl)benzo[b]thieno[2,3-
d]thiophene (compound 3) (Scheme 1). Compound 2 has an extra fused benzene ring
compared to compound 3, allowing us to explore the impact of extended π-conjugation on
the physicochemical characteristics of the organic semiconductor. The newly synthesized
organic compounds were characterized using various techniques. Thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), UV-vis spectroscopy, and cyclic
voltammetry (CV) were used to measure their thermal, optical, and electrochemical proper-
ties. Density functional theory (DFT) calculations were applied to determine the frontier
molecular orbital structure and energy of the synthesized materials. Additionally, atomic
force microscopy (AFM) and X-ray diffraction (XRD) were utilized to examine the morphol-
ogy and microstructure of solution-processed thin films of the organic semiconductors. We
made up bottom-gate/top-contact OFETs using the solution-shearing method. Our results
demonstrate that both compounds exhibit p-type characteristics as small-molecule organic
semiconductors. Notably, OFETs incorporating compound 3 as the semiconductor layer
revealed a high carrier mobility of 0.005 cm2/Vs and an on/off current ratio exceeding 106.
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Scheme 1. Schematic representation of the synthesis process for compounds 2 and 3.

2. Experimental
2.1. General Substances and Procedures

To conduct air and/or moisture-sensitive reactions, a controlled environment was
created using an argon atmosphere. All glassware used was thoroughly dried in an
oven, and anhydrous solvents were employed. Unless stated otherwise, commercially
available compounds were utilized without additional purification. Solvents were either
freshly distilled or dehydrated by moving through an alumina column. Synthesized
composites were analyzed by following the previously reported method outlined in the
former work [47].

TGA was implemented in a nitrogen (N2) atmosphere by heating two compounds
from 40 to 700 ◦C. DSC was performed at a speed of 10 ◦C/min from 30 to 260 ◦C under
a nitrogen flow of 20 mL/min to characterize the thermal features of novel BTT-based
compounds. UV-Vis analysis using dilute chloroform solvent was done to investigate the
optical features of the two composites. Electrochemical features of the substances were
identified by CV utilizing tetra butyl ammonium perchlorate as the supporting electrolyte
and ferrocene/ferrocenium as the reference.
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2.2. Synthesis
2.2.1. Synthesis of Benzo[b]thieno[2,3-d]thiophen-2-yltributylstannane (1)

A solution containing 300.0 mg (1.58 mmol) of benzo[b]thieno[2,3-d]thiophene in
20 mL of tetrahydrofuran (THF) was cooled down to −78 ◦C in a nitrogen atmosphere, and
then 0.694 mL (1.73 mmol) of n-BuLi (2.5 M in n-hexane) was supplemented dropwise over
a period of 15 min to the reaction compound at −78 ◦C. The resulting blend was stirred
at −78 ◦C for 1 h, followed by stirring at −40 ◦C for 30 min. After returning to −78 ◦C,
0.428 mL (1.58 mmol) of tributyltin chloride was supplemented, and the solution was stirred
at room temperature for 24 h. The reaction was extinguished by the extra 10 mL of water,
and the organic compound obtained was extracted with CH2Cl2. The organic phase was
desiccated with anhydrous MgSO4 and concentrated at reduced pressure. The resulting
green oil was further refined through distillation under low pressure. Compound 1 was
used without further purification [41].

2.2.2. Preparation of 2-(benzo[b]thieno[2,3-d]thiophen-2-yl)dibenzo[b,d]thiophene (2)

A solution containing 177.0 mg (0.37 mmol) of compound 1, 81.0 mg (0.12 mmol) of
2-bromodibenzo[b,d]thiophene, and 7.1 mg (0.006 mmol) of Pd(PPh3)4 in 30mL of toluene
was stirred at 120 ◦C for 16 h in a nitrogen atmosphere. After returning to room temperature,
the blend was extracted with CH2Cl2 and desiccated using anhydrous MgSO4. The solvent
was then subjected to vacuum evaporation, and the resulting residue was refined by
crystallization employing hexane to yield compound 2 as a yellow solid (36.3 mg, 79.2%).
1H NMR (400 MHz, CDCl3): δ 8.40 (d, J = 1.8 Hz, 1H), 8.24–8.19 (m, 1H), 7.88–7.81 (m,
4H), 7.77–7.74 (m, 1H), 7.63–7.60 (m, 1H), 7.52–7.46 (m, 2H), 7.45–7.32 (m, 2H). 13C NMR
(101 MHz, CDCl3): δ 147.2, 142.3, 140.1, 139.2, 138.8, 136.3, 135.3, 133.8, 132.9, 131.2, 127.2,
124.9, 124.8, 124.7, 124.5, 124.0, 123.4, 123.1, 121.8, 121.0, 118.8, 116.3. HRMS-EI (m/z): [M +
H+] calculated for C22H13S3, 373.0174; found, 373.0176 (Figure S1).

2.2.3. Preparation of 2-(benzo[b]thiophen-6-yl)benzo[b]thieno[2,3-d]thiophene (3)

A solution containing 331.3 mg (0.69 mmol) of compound 1, 147.2 mg (0.69 mmol) of
6-bromobenzo[b]thiophene, and 39.9 mg (0.03 mmol) of Pd(PPh3)4 in 30 mL of toluene was
stirred at 120 ◦C for 16 h in a nitrogen atmosphere. After returning to room temperature,
the blend was extracted with CH2Cl2 and desiccated employing anhydrous MgSO4. The
solvent was eliminated under vacuum conditions, and the resulting residue was refined by
crystallization employing hexane to yield compound 3 as a yellow solid (101.9 mg, 45.6%).
1H NMR (400 MHz, CDCl3): δ 8.16 (t, J = 0.9 Hz, 1H), 7.83 (t, J = 8.9 Hz, 3H), 7.68 (dd,
J = 8.5, 1.6 Hz, 1H), 7.58 (s, 1H), 7.48–7.46 (m, 1H), 7.43–7.31 (m, 3H). 13C NMR (101 MHz,
CDCl3): δ 147.2, 142.3, 140.7, 139.4, 138.8, 132.9, 130.9, 129.1, 127.4, 124.9, 124.5, 124.1, 123.9,
123.8, 122.8, 121.0, 119.6, 116.3. HRMS-EI (m/z): [M+H+] calculated for C18H11S3, 323.0017;
found, 323.0022 (Figure S1).

2.3. Theoretical Calculation

The synthesized compounds underwent DFT calculations utilizing the B3LYP (Becke’s
3 parameters, the Lee-Yang-Parr) method with a 6–31 G(d) basis set, which was performed
in the Gaussian 09W program.

2.4. Device Production

The bottom-gate/top-contact architecture utilized highly n-doped (100) silicon wafers
with a resistivity of less than 0.005 Ω cm as substrates. These substrates had a ther-
mally grown SiO2 gate dielectric layer that was 300 nm thick with an areal capacitance of
11.4 nF/cm2. Prior to the fabrication process, the substrates underwent a 15 min sonica-
tion in acetone and isopropyl alcohol (IPA) and a 10 min exposure to O2 plasma using a
Harrick Plasma system operating at 18 W in succession. The gate dielectric layers were
treated with a hydroxyl-functionalized polystyrene (PS-brush) treatment. A solution of
toluene containing 0.5 wt% PS-brush with a molecular weight of 32,000 g/mol was applied
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to Si/SiO2 substrates utilizing spin-coating at a rotation rate of 3000 rpm for a duration
of 30 s. Afterward, the substrates underwent thermal annealing in a vacuum oven at a
temperature of 70 ◦C for a duration of 48 h. Subsequently, they were cleaned with toluene
and annealed at 100 ◦C for 24 h. [47]. The active layers based on BTT were developed
using the solution-shearing (SS) technique with diverse solvents, shearing speeds, and
annealing temperatures to enhance semiconductor performance. After the solution process,
the solution-sheared films underwent annealing at an identical temperature to that of the
shearing temperature to get rid of any residual solution. The source and drain electrodes
were produced via thermally evaporating a 30 nm layer of gold at a deposition speed of
0.2 Å/s through a shadow mask with a channel length of 100 µm and a width of 500 µm.

2.5. Device and Film Characterization

The transfer and output characteristics of OTFT devices were evaluated by employ-
ing a Keithley 4200 model semiconductor parameter analyzer in ambient environments.
Hole mobilities in the saturated region (µsat) were calculated via following equation,
µsat = (2IDSL)/[WCi(VG − VT)2], where IDS represents the current flowing between the
source and drain electrodes, L means the channel length, W means the channel width, Ci
means the capacitance per area of the gate dielectric (11.4 nF/cm2), VG means the gate
voltage, and VT means the threshold voltage. The surface morphology and microstructure
of the thin films were evaluated utilizing an atomic force microscope (AFM), specifically
the Park System XE 7 model in non-contact mode, and an X-ray diffractometer (XRD),
specifically the Bruker D8 Advance model.

3. Results and Discussion
3.1. Synthesis

Benzo[b]thieno[2,3-d]thiophen-2-yltributylstannane (1) was synthesized through stan-
nylation and used immediately. Then, Stille coupling of compound 1 with a compatible aryl
bromide resulted in the formation of 2-(benzo[b]thieno[2,3-d]thiophen-2-yl)dibenzo[b,d]thiophene
(2), and 2-(benzo[b]thiophen-6-yl)benzo[b]thieno[2,3-d]thiophene (3) as illustrated in Scheme 1.

3.2. Thermal, Optical, and Electrochemical Features of Synthesized Compounds

TGA and DSC were performed to obtain the thermal characteristics of novel synthe-
sized materials (Figures S2 and S3). For compounds 2 and 3, TGA plots exhibited the onset
temperatures of 5% weight loss to be 281 ◦C and 248 ◦C, respectively, representing excellent
thermal stability of BTT compounds (Table 1). Compound 3 features a benzothiophene func-
tional group added to the BTT unit, while compound 2 incorporates a dibenzothiophene
functional group into the BTT unit. The dibenzothiophene functional group introduces
additional C-C bonds, which may require supplementary thermal energy for their break-
age [48,49]. As a result, compound 2 exhibited higher thermal decomposition temperature
compared to compound 3. The melting temperatures (Tm) of both composites were de-
termined to be similar to 194 ◦C and 191 ◦C, respectively, based on DSC measurements
(Table 1).

Table 1. Physical and electrochemical characteristics of BTT composites.

Td
(◦C) a

Tm
(◦C) b

λmax (nm) c
λonset
(nm) c

Egap
(eV) c

Eox
onset

(V) d
EHOMO
(eV) d

ELUMO
(eV) e

Solution Film

2 281 194 335 311 384 3.23 1.16 −5.49 −2.26
3 248 191 350 328 385 3.22 1.18 −5.51 −2.29

a Decomposition temperature (5% weight loss) and b melting temperature. c Calculated from UV-vis spectra.
d Calculated by CV in dichloromethane at room temperature (using ferrocene/ferrocenium as internal standard)
and Eox = oxidation potential. e ELUMO = EHOMO + Egap.
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To investigate the optical characteristics, UV-Vis absorption spectra of compounds 2–3
in diluted chloroform solution were acquired. The onset absorption wavelengths (λonset)
of compounds 2 and 3 in the chloroform solution were determined as 384 and 385 nm, re-
spectively (Figure 1). Therefore, the band gaps (Eg) of the organic semiconductors obtained
from the onset of the UV-Vis absorption spectra were almost the same (3.22–3.23 eV). The
maximum absorption wavelengths (λmax) of compounds 2–3 in chloroform solution were
observed at 335 nm and 350 nm, respectively. On the other hand, when deposited as thin
films on a glass substrate, the maximum absorption wavelengths (λmax) of compounds 2–3
revealed a blue shift, with peak values at 311 nm and 328 nm, respectively (Figure S4). This
observed blue shift in the thin film absorption spectra, in comparison with their solution
absorption spectra, can be attributed to the formation of H-aggregation within the thin
films [50].
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Figure 1. (a) UV-Vis absorption spectra of compounds 2–3 dissolved in chloroform and (b) CV curves
of compounds 2–3 using dichloromethane as the solvent at room temperature.

CV experiments were implemented in a dichloromethane solution at room temperature
to evaluate the HOMO and LUMO levels of compounds 2–3 (Figure 1). The oxidation
peaks of compounds 2 and 3 were found at 1.16 and 1.18 V. The HOMO level was estimated
utilizing the ferrocene/ferrocenium internal standard and the regular equation:

EHOMO(eV) = 4.8eV − e(Eox
onset − EFC/FC+

onset) (1)

where Eox
onset represents the onset of oxidation potential. Thus, the HOMO energy levels

were measured as −5.49 and −5.51 eV for compounds 2 and 3, respectively. The LUMO
levels were obtained from the variation between the HOMO levels and the band gap energy
estimated from UV-Vis spectroscopy, affording −2.26 and −2.29 eV for compounds 2 and 3,
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respectively. Although compound 2 contains an additional benzene ring, both compounds
showed similar HOMO/LUMO energy levels.

3.3. Theoretical Calculation

DFT calculations were implemented employing the Gaussian 09W program (B3LYP
with 6-31 G(d) basis sets) to identify the HOMO/LUMO energy distribution of the newly
synthesized materials. Figure 2 illustrates that the HOMO and LUMO orbitals of compound
3 are distributed throughout the BTT unit, whereas those of compound 2 do not cover
the terminal benzene ring. This result is in accordance with the experimentally obtained
HOMO/LUMO energy levels (vide supra). Hence, the estimated theoretical HOMO and
LUMO levels of the two composites were similar as −5.34/−1.54 eV for compound 2
and −5.33/−1.64 eV for compound 3. The estimated theoretically optimized molecular
constitutions of compounds 2–3 exhibited dihedral angles of −180◦, obviously indicating
the planarity of these organizations (Figure S5).
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3.4. Characterization of the Microstructure and Morphology of the Thin-Films

The microstructure and surface morphology of the fabricated thin films were character-
ized using θ-2θ XRD analysis and AFM analysis. Figure 3 represents the XRD profile of the
thin film of compound 3, revealing multiple diffraction peaks with significant peak inten-
sity, which demonstrates the highly ordered microstructure of films [51] compared to those
of compound 2. In contrast, XRD profiles of a thin film of compound 2 displayed feeble
(001) reflection, suggesting a relatively lower degree of crystalline ordering in comparison
with that of compound 3 [52,53]. In addition, we could estimate the film microstructures of
compounds 2–3 by comparing the full width of half maximum (FWHM) values of their XRD
profiles. The (001) peak FWHMs for compounds 2 and 3 were 0.13◦ and 0.07◦, respectively,
which indicates that the grain size of compound 3 is larger than compound 2. This outcome
represents that the intermolecular ordering was reduced by the additional benzene ring,
which might increase the steric hindrance that undermines intermolecular van der Waals
interactions [54]. The prominent primary diffraction peaks in the thin films of compounds
2 and 3 were observed at 2θ = 5.66◦ and 5.90◦, consistent with calculated d-spacings of
1.56 nm and 1.50 nm. Notably, the theoretical molecular lengths of compounds 2 and 3
are 1.59 nm and 1.51 nm. This implies that both compounds exhibit a vertically aligned
molecular arrangement on the film surface, as their d-spacing values closely match their
respective molecular lengths [38,46].
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compounds 2–3.

To assess the film morphology, a non-contact mode AFM analysis was conducted on
thin films of organic semiconductors (OSCs) utilizing compounds 2 and 3 (Figure 3). The
surface morphology of the compound 2 film revealed the presence of small, rod-shaped
grains with a substantial number of grain boundaries. It is noteworthy that the presence of
large grain boundaries and small grains is indicative of limited interconnectivity, which
can lead to compromised charge transport characteristics within the film [55,56]. Surface
morphology analysis of thin films of compound 3 revealed larger grains and featured
continuous terraced layers and relatively smooth surface coverage, which could lead to a
better electrical performance in comparison with compound 2 (vide infra) [57,58].

3.5. Field-Effect Transistor Characterization

OFETs were fabricated utilizing the solution-shearing technique employing two newly
developed BTT-based compounds as active layers. The devices were tested under at-
mospheric conditions to evaluate their electrical performance. To optimize the solution-
shearing process several parameters inclusive of a solvent kind, concentration, substrate
annealing temperature, and shearing rate were adjusted. The resulting electrical perfor-
mance parameters, inclusive of average hole mobilities, current on/off ratio, and threshold
voltages, were recorded and tabulated in Table 2 for comprehensive analysis and summary.
Among the devices, the OFET utilizing compound 3 as the semiconductor layer revealed
the highest electrical performance, with carrier mobility as high as 0.005 cm2/Vs and a
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current on/off ratio > 106 (Figure 4), consistently with film microstructure and morphology
analysis (vide supra). Compound 2 displayed lower electrical performance with carrier
mobility ~ 10× lower than that based on compound 3 (Figure S6).

Table 2. OFET performance employing thin films of BTT composites.

Compound µavg (cm2/Vs)
(µmax (cm2/Vs))

Ion/Ioff Vth (V)

2 0.0003± 0.0001
(0.0003) (1.0 ± 0.3) × 105 −3 ± 1.0

3 0.0045 ± 0.0005
(0.005) (1.7 ± 0.5) × 106 −5 ± 1.0

µ: charge carrier mobility, Ion/Ioff: current on/off ratio, Vth: threshold voltage. The average values of each
parameter were estimated from 12 devices in ambient conditions.
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4. Conclusions

In brief, we have successfully synthesized and described fresh derivatives of benzo[b]thieno[2,3-
d]thiophene (BTT). Comprehensive analyses, including TGA, DSC, UV-vis spectroscopy, CV,
and DFT, were performed to investigate their physicochemical properties. The fabricated
field-effect transistor devices demonstrated p-channel behavior in the ambient environment.
Particularly, compound 3 exhibited the highest mobility, reaching up to 0.005 cm2/Vs, and
a current on/off ratio exceeding 106 in the ambient condition. Moreover, XRD and AFM
measurements of compound 3 displayed highly crystalline films with well-defined ter-
raced layers. Our research involves the synthesis of BTT-based compounds with different
structures and aims to systematically screen their properties. Through this study, further
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research on the development of fused thiophene derivatives with various substituents is
underway.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/coatings13081417/s1, Figure S1: (a) H NMR, (b) C NMR, (c) Q-TOF MS
spectra of compound 2, (d) H NMR, (e) C NMR, (c) Q-TOF MS spectra of compound 3; Figure
S2: Thermogravimetric analysis of (a) compound 2 and (b) compound 3; Figure S3: Differential
scanning calorimetry of (a) compound 2 and (b) compound 3; Figure S4: UV-vis absorption spectra of
compounds 2–3 as thin films on glass substrate; Figure S5: Optimized conjugated backbone planarity
of compounds 2–3 obtained by DFT calculation (dihedral angle = −180◦); Figure S6: Transfer curve
including the hysteresis of scanning of the OFETs based on (a) compound 3 (b) compound 2.
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