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Sustainable green electronics is increasingly needed for a multitude of new applications that will fill daily
life in the coming decades. The search for new semiconductor materials that can be used in light,
flexible, ultra-thin and scalable devices has been given great attention, and especially directed towards
organic materials, such as small molecules or polymers. One of the main strengths in such materials lies
in those applications where it is not only important to achieve high performance in terms of electronic
mobility but it is essential to have low temperatures, solution-processable, and low-cost manufacturing
processes. We present the synthesis of novel, organic, solution-processable, small molecule
semiconductor materials based on key synthons (ADT and NT) obtained through sustainable processes.
Such p-type, m-conjugated molecular scaffolds have been obtained through cascade reaction
sequences involving, amongst others, direct arylation protocols and cross-aldol condensations, affording
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transistors with very good performances, and demonstrated their use as UV-VIS photodetecting
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Introduction

Thin-Film Transistors (TFTs) are among the basic components
in modern electronics, they have been widely adopted in
integrated circuits and enable the regulation and amplification
of electronic signals." Thin-film transistors based on molecular
and polymeric organic materials (Organic Thin Film Transis-
tors, OTFTs) have been proposed for a large number of applica-
tions, such as displays and radio-frequency identification
tags; this approach is driven by their lower cost and simpler
packaging when compared to conventional inorganic counter-
parts, and their compatibility with flexible substrates.>™°
Vapour phase deposition of the organic material thin film
was initially reported in the literature as the technique of
choice; solution-processable polymers, intrinsically possessing
suitable mechanical properties, linked to their macromolecular
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transistors with responsivity values matching currently available commercial detectors.

structure, allowed the use of more cost-effective fabrication
techniques for large-area, continuous roll-to-roll production.
Alongside with m-conjugated polymers, the development of n-
conjugated small molecules with similar and suitable film form-
ing properties and processability characteristics has been an area
of significant interest over recent years.""”** The discrete and well-
defined structures of such small molecule materials, which can be
prepared in high purity with excellent synthetic reproducibility,
avoid the batch-to-batch differences unavoidably related to poly-
mer synthesis. Furthermore, they can be models for the behaviour
of their polymeric analogues, for any of the “big three” of plastic
electronics: OTFTs, organic photovoltaics (OPVs) and organic
light-emitting devices (OLEDs).">™"”

Thienoacenes with ladder-type molecular structure are one
of the most promising classes of semiconducting hetero-
acenes.'®!® The presence of multiple intermolecular interac-
tions (including S---S, S---C and C/H---r) gives them high
charge transfer mobility and superior morphological and
optoelectronic properties.>’ The optical absorption in the UV-
VIS region is useful for the detection and sensing in many
applications, for which it is of great technological impact the
availability of devices capable of detecting light combined with
the mechanical flexibility of easily processable organic materi-
als, synthesized through sustainable processes.>'>*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structures of ADT- and NT-based synthons and their
implementation in solution-processable OTFT devices.

Among various thienoacenes, anthradithiophene (ADT) and
benzodithiophenes (BDT) derivatives have been previously used
for the fabrication of OTFTs as single molecules.”>*> In addi-
tion to linear-fused ADT systems (IADT), angularly fused ADT
(aADT) have been reported. Although highly performing in
terms of charge transport properties, the synthesis of I1ADT
has been achieved in not less than 5 synthetic steps, yielding
both the syn or the anti regioisomer (the sulfur atom of the
thiophene moieties pointing to the same or to opposite
directions).>**” The reactive thiophene a-positions at both ends
of the molecular framework make ADT and BDT-based com-
pounds suitable and versatile for their incorporation into
oligomers and polymer backbones.

In a series of papers, we have demonstrated the rapid, green,
and sustainable synthesis of the key n-extended synthons NT
(naphthothiophene) and ADT, shown in Fig. 1. The annulation
is regiospecific, avoiding the formation of multiple regioi-
somers difficult to separate and purify. The multi-gram scale
synthetic approach makes good use of a cascade annulative
protocol, performed by combining a sequence of three reac-
tions: intermolecular direct heteroarylation (DHA),”*™*" intra-
molecular cross-aldol condensation and, at last, alkylation of
the carboxylic acid functionalities installed onto the n-core, to
introduce flexible, alkyl chain to improve solubility and
processability.>>"*® The ester substituents have a key role, as
electron-withdrawing substituents adjacent to an enolizable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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methylene group, for our key annulation reaction, since they
activate the cross-aldol condensation. In our synthetic design
the carboxylic acid functionalities can be viewed as ‘“‘chemical
handles” for the introduction of solubilizing alkyl side chains,
although they represent a perturbation of the overall electron
donating character of the ADT core.

Our design scheme for the synthesis of green, sustainable
organic small molecule semiconductors relied on the following
key points: (a) naphthothiophene (NT), possessing a single a-
thiophene position, can act as an endcapping unit, whereas
difunctional ADT can serve as the n-core; (b) the use of a BDT
derivative for comparison of performance; (c) the exploitation
of branched or linear alkyl chains, with different steric hin-
drance and packing effects, to exploit possible segregation and
planarization effects of the organic materials in the solid-state.

Here, we report the synthesis and the evaluation of small
molecule semiconductors (compounds 6-8) as low-cost organic
and flexible OTFTs electronic devices. Compound 6 has been
previously reported,® but not evaluated in OTFTs. We char-
acterized the electrical performances of the devices and we
compared them with the morphology of the semiconductor
films, studied through atomic force microscopy (AFM) mea-
surements. Among the possible applications, we propose and
effectively demonstrate the competitiveness of these materials
as the key components of an organic phototransistor (OPT),
capable of detecting low intensity light in a controlled way.

Results and discussion

1. Synthesis and characterization of the molecular organic
semiconductors

The synthetic routes to the new semiconductors are shown in
Fig. 2. The synthesis of compound 3, already reported,***® was
substantially improved during this study, as reported in the
ESLT using the alkyl iodide 2 as alkylating agent, in the
presence of potassium carbonate as base and tetrabutylammo-
nium iodide (TBAI) as a phase transfer agent, resulting in an
overall yield of 73%. The improvement in the yield resulted in
an improvement of the corresponding E factor®® from 18%® to 16
(Fig. 1). The E factor, defined as the ratio of the mass of waste
per mass of product, is probably the most widely used green
metric to characterize organic synthesis. Our E factor calcula-
tions do not take into account the solvent of the reaction, which
could be entirely recovered by distillation, and of the solvents
used in the device preparation. The stannylation reaction of
compound 3 to afford compound 4a was again further opti-
mized (the new protocol is reported in the ESIf) and 4a was
obtained with a yield of 94%.

As previously mentioned, we were interested in introducing
both linear and branched alkyl chains within the conjugated
backbone. The stannylation of the ADT analogue of 3 bearing
linear octyl alkyl chains failed under all conditions attempted,
presumably because of the marked reduction of solubility of
the analogue in the optimal stannylation conditions of solvent
and temperatures. The variability in introducing branched or

Mater. Adv.,, 2023, 4, 4590-4597 | 4591
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linear alkyl chains was therefore addressed using either NT
derivatives 5a and 5b. Subsequent Stille reactions with either 4a
or 4b, using Pd(PPhs;), as catalyst in toluene at reflux, afforded
compounds 6-8, after purification by flash chromatography, in
similar yields (around 70%). The chemical structures and
purity of the new compounds were confirmed by "H NMR,
C NMR, bidimensional experiments (COSY and HSQC) and
MALDI-TOF mass spectrometry (ESIt).

The comparison between the "H NMR spectra (see Fig. 2 left)
of compounds 6 (blue) and 8 (black) in their aromatic region
revealed marked differences (>0.3 ppm) in the proton reso-
nances for the two compounds. The doublet and triplet of
terminal benzene rings in NT moieties in green and purple,
respectively, are particularly affected. Such differences, given
that the NT terminal units are the same in both 6 and 8, must
be attributed to differences in the extent to which the differing
central n-cores distribute m-charge through conjugation (see
also below). The homologue 7, instead, in CDCl; solution at
room temperature, showed already the tendency to aggregate
(See ESIY), demonstrating how the change from branched to
linear alkyl chains had a marked effect on the possibility of the
n-cores to stack, even in solution.

The photophysical properties in solution and film of com-
pounds 6 and 8 are compared in Table 1.
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(a) Synthetic scheme of compounds 6-8. (b) Stacked spectra of compounds 6 (blue) and 8 (black) in CDCls.

In the case of compound 7, the absorption and emission
spectra were superimposable to those of analogue 6. Both
compounds exhibited strong absorption in the 250-500 nm
region with a maximum extinction coefficient of around 4.5 x
10* M~ em ™" at the Aay (444 nm and 417 nm, respectively).
The absorption bands are broad for 6-8 testifying their flexible
structures, induced by the aryl-aryl bonds, around which free
rotation, cross-talking and conjugation between the differing
chromophores are allowed (Fig. S1, ESIt). The photolumines-
cent spectra (PL) of compound 8 (Fig. S2, ESIT), similarly to 6
and 7, exhibits broad emission bands, typical of conjugated
oligomers with substantial degrees of conformational freedom,
with a PLQY of 8% (vs. 3% for 6). Compound 8 displays large
Stokes shift in solution, measured as 73 nm (3570 cm™ ') vs.
80 nm (3440 cm ™) for 6. In thin films substantially red-shifted
profiles with respect to solution for all compounds could be
observed. The optical bandgaps in film, estimated from the
absorption edges (538 nm and 542 nm), are 2.31 eV and 2.29 eV
respectively.

Compounds 6-8 have a shelf life exceeding one year in the
solid state, when stored under ambient conditions in the dark.
They exhibit good solubility (up to 90 mg mL™"') in common
solvents (DCM, CHCl;, toluene and THF), enabling convenient
device fabrication via solution processing.

Table 1 Photophysical properties in solution and thin films for compounds 6 and 8°

Compound Zaps (nm, solution) & x 10* M™* em™) Jem (NM) QY? (%) Labs” (nm, film) ESP* (eV, film) HOMO? (eV) LUMO? (€V) Jem® (nm, film)

6° 444
8 417

4.49
4.47

524 3
490 8

471
421

2.31
2.29

—5.03
—5.22

—2.81
—-2.97

766
627

“ In CHCI; (10~° M). ? Fluorescence quantum yield (CHCI; solutions). ¢ Obtained by casting of CHCl; solutions (ca. 10~ M) of the chromophores.
¢ Obtained by cyclic voltammetry in solution. ¢ Data taken from ref. 34.
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Atomic force microscopy analysis. The analysis of the mor-
phology of the semiconductor thin films was performed using
non-contact mode atomic force microscopy (AFM) in air at
room temperature. The 5 x 5 um AFM measurements shown
in Fig. 3 were performed on the films of the semiconductor
materials obtained by spin coating and then used for the OTFT
devices discussed in the following sections.

The AFM analysis of compound 6 (in Fig. 3a is shown the
error signal measurement, the corresponding topography
image is reported in Fig. S4b, ESIT) reveals that the surface is
rather flat. The film appears to be layered as an overlap of many
sheets whose thickness is between 2.5 and 3 nm, as shown in
Fig. 3b, where the height profiles measured in the topographic
image are shown in correspondence with the coloured seg-
ments drawn in Fig. 3a. The measured thickness of the layers is
compatible with the size of the central core of ADT of com-
pound 6, about 2.8 nm.*°

This suggests that the molecules are aligned with their
central core oriented upright with respect to the underlying
PMMA substrate.>* Fig. 3¢ and d show 5 x 5 um topographic
AFM images of the surface of the films of compound 7 and 8,
respectively. The film of compound 7 does not appear to have
any large defects and there are no large holes or unevenness.
The RMS roughness is 1.95 nm over the whole image data. The
film of compound 8 does not show large defects as well, and in
this case the relative roughness RMS calculated is 0.61 nm.
However, unlike the film of compound 6, both compound 7 and
8 samples do not show a layered structure, suggesting a
different alignment of the molecules in the film.

Compound 6 b)

Height (nm)

T T T
0 200 400 600 800
distance (nm)

Compound 8
3
e

c) d)

Fig. 3 (a) AFM error signal 5 x 5 um image of compound 6 OTFT device;
(b) line profile acquired from topography image corresponding to Fig. 3a,
reported in Fig. S3 (ESIT). The line colours correspond to the line reported
in Fig. 4d; (c) and (d) AFM topography 5 x 5 pm image of compound 7 and
8 top surface OTFT device, respectively.
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2. Organic thin film transistor

Device fabrication. A Bottom Gate Top Contact (BGTC)
structure was used to realize organic thin film transistors, as
shown in Fig. 4a, with the organic semiconducting compounds
6-8. This test structure has been selected after the comparison
of different device configurations, as reported in the ESI. The
fabrication process starts from a commercial substrate of
heavily doped Si, which acts as a gate electrode, with 100 nm
of thermally grown SiO, layer. On this substrate, 300 nm of
PMMA dielectric layer and 30 nm of the organic semiconductor
materials were sequentially deposited by spin-coating. The
double dielectric layer configuration (SiO, + PMMA) not only
promotes the formation of the semiconductor film,*® but it has
been designed also to demonstrate the possibility of using the
semiconductor material on structures with flexible substrates
such as polyethylene-naphthalate (PEN) with a dielectric poly-
mer such as PMMA.*"*> The Source and Drain contacts were
thermally evaporated in high vacuum as the last step of the
manufacturing process. The OTFTs have channel lengths L =
50, 100, 200 and 500 pm and channel width W = 1000 pm. The
whole fabrication process, carried out in cleanroom environ-
ment at low temperature (<150 °C), is compatible with large
area flexible organic electronics**** and, not involving photo-
lithography processes, allows a fast, simple, and clean
process.*® Moreover, the top contact staggered configuration
reducing the contact effects allows to focus and to analyse the
intrinsic properties of the semiconductor layer.*®*”

Device electrical characteristics. Typical transfer character-
istics for the compound 6 OTFT with L = 100 pm are shown
in Fig. 4b, in linear (dot lines, left axis) and log (continuous
lines, right axis) scale, for linear and saturated transistor
regime at Vpg = —1 V and Vpg = —20 V, respectively. The
measurements have been carried out sweeping, sequentially,
the gate voltage, Vs, from off-to-on (onward scan, from 0 to
—20 V) and from on-to-off (backward scan, from —20 to 0 V) as
indicated by the arrows in the graph. The calculated field-effect
mobility, considering the maximum of the transconductance
relative to off-to-on curve for Vpg = —1 V*” of Fig. 4b, is upg =
(2.7 x 107*) em® V' s7". The on-off ratio is about 10% the
threshold voltage Vg and the subthreshold slope SS are —4.7 V
and 1.4 V dec™ ", respectively. The transfer characteristics were
measured in air and show just a small hysteresis of the curves
indicating good stability of the semiconductor material con-
cerning the diffusion of undesired species, like water and/or
oxygen, into the active layer, despite the absence of an encap-
sulating layer, typically crucial for organic semiconductor
TFTs.**>° The output characteristics of the compound 6 OTFT,
acquired in air, are shown in Fig. 4c and evidence good linearity
at low Vpg and a flat saturation region.

The above characteristics suggest an excellent quality of the
semiconductor/dielectric interface and low defect density in the
semiconductor layer. In Fig. 4d the up-down transfer character-
istics, of compound 7 OTFT, L = 50 pm, are shown in
linear (violet curve) and log scale (orange curve) for Vpg =
—30 V. The calculated field-effect mobility, threshold voltage

Mater. Adv,, 2023, 4, 4590-4597 | 4593
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(a) Scheme of the OTFT fabricated with a staggered BGTC structure. (b) Up-down transfer characteristics of L = 100 pm device fabricated with

compound 6 semiconductor materials in linear scale (dot lines, left scale) and in log scale (continuous lines, right scale). Red lines are measured in linear
regime with applied Vps = =1V, while blue lines are measured in saturation regime with Vs = —20 V. The black arrows indicate the direction (up or down)
of /-V acquisition. (c) Output characteristics of the same OTFT reported in figure (a), for different values of Vgs = —10V, =15V, —20V, green, red, and
blue curves respectively; (d) Up-down transfer characteristics of L = 50 um device fabricated with compound 7 semiconductor materials in linear scale
(violet line, left scale) and in log scale (orange line, right scale) for Vps = —30 V. The black arrows indicate the direction (up or down) of /-V acquisition.

and subthreshold slope are upg = 8.3 x 107 cm®> V™' s7, and
Vig = —27.6 V, SS = 8 V dec™", respectively, with a corres-
ponding on/off ratio ranging between 10 and 100. These data
evidence that the compound 7 semiconductor has poorer
electrical characteristics, compared to compound 6. Further-
more, for this compound the hysteresis in the I, vs. Vg curve
shows an instability of the OTFT, probably related to water/
oxygen absorption in the semiconductor film. Unlike the com-
pounds 6 and 7, the fabricated compound 8 OTFTs do not show
the typical electrical characteristics of a transistor. Indeed, the
measured drain current is very low and shows no modulation
with the gate voltage. The worse electrical characteristics
and worse performances of the compound 7 and 8 OTFTs can
be related to the different film structures (molecule alignment)
evidenced by the AFM analysis. In the case of compounds 6,
although our devices are not high field-effect mobility transis-
tors, their electrical characteristics and performances are
superior to many other organic semiconductor systems
reported in the literature, even though the device structure
was mainly intended for testing of semiconductor

4594 | Mater. Adv, 2023, 4, 4590-4597

characteristics not to optimize the device parameters. On the
other hand, other characteristics of this semiconductor, such
as the optoelectronic properties, can be exploited for device
application, as shown in the next section.

Organic phototransistor application. Light absorption in the
active layer of an OTFT can modify the electrical characteristics
of the devices and this feature can be exploited to develop
phototransistors sensitive to light of different wavelengths.>®
Since the optical spectrum of the compound 6 semiconductor
shows absorption peaks in the ranges 425-450 nm and 350-
375 nm (Fig. S3, ESIT) we analysed the electrical characteristics
of the OTFT presented in the previous sections under light
irradiation at wavelength A = 450 nm. The device was illumi-
nated through an optical fibre connected to a monochromator
(LOT MSH-300) coupled with a white filament lamp. The optical
power density incident on the sample was Py = 14.3 pW cm’ .
Fig. 5a shows the transfer characteristics Ip vs. Vgg of an L =
100 um device in dark conditions, black curves, and immedi-
ately after lighting the device for 60 s, red curves. The I, vs. Vgg
curve after illumination undergoes a rigid rightward shift. This

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Transfer characteristics of a L = 100 um OTFT devices acquired in dark conditions (blue curves) and after 60 s of 450 nm illumination (red

curves) for Vps = —20 V. The continuous lines refer to right log scale while the dotted lines refer to left linear scale. The blue arrows indicate the rightward
threshold shift of the curves as a consequence of the illumination; (b) transient drain current /p vs. time for Vps = —20 V and Vgs = —15 V. The blue squares

on the graphs represent the time lamps when the device is illuminated.

can be explained considering that when an incident photon is
absorbed in the organic active layer an exciton in the semi-
conductor film is generated and successively is dissociated by
the internal electric field. The generated hole contributes to the
drain current I, of the transistor, while the electron is trapped
in trap-states energy-located in the gap of the semiconductor
material. Trapping of electrons induces a positive shift of the
transistor threshold voltage Vryy and the transfer characteristics
move rightward as indicated by the blue arrows in Fig. 5a. The
resulting increase of the drain current, I, induced by the light
is proportional to the amount of photons absorbed.>® This
mechanism can be better analysed considering the transient
measurements of the drain current with fixed polarization at
the transistor electrodes. Fig. 5b shows the dynamic photo-
response, I, vs. t, of the device under two 450 nm light pulses of
4 min. The blue bars on the graph highlight the interval during
which the device is illuminated. During illumination, the
trapping of electrons induces the increase in the drain current
(red section of the curve) while when the light is turned off the
trapped charges are gradually released and the drain current
decays to its initial value.>" This behaviour is typical of organic
phototransistors and is the basis of the light detection mecha-
nism for this type of detector.”>>* A figure of merit used to
evaluate the quality of the light response of a photodetector is
the responsivity defined as R = J,n/Pop: Where Jpy is the photo-
current density per unit area. In our case, considering the
maximum of the photocurrent as the difference between the
I value at the end of illumination and at the beginning of
illumination, we obtain a responsivity value equal to 3.5 AW ™"
which is in line with many conventional commercial detectors
currently available, and is comparable with the OPTs in litera-
ture as reported in ESL1>*® A complete optoelectronic char-
acterization of the fabricated OPTs is out of the scope of this
work. The measurements reported are only intended to be a
concrete and working example of one of the possible

© 2023 The Author(s). Published by the Royal Society of Chemistry

applications of this type of sustainable, small-molecule organic
materials.

Conclusions

We have extended our synthetic methodology of green, sustain-
able organic small molecule semiconductors by realizing and
characterizing three substrates, in which NTs acted as end-
capping units, and ADT BDT moieties served as the n-core, and
in which variability in terms of branched or linear alkyl chains
was introduced.

These small molecule semiconductors can be effectively
used as the active materials in low-cost organic and flexible
OTFTs electronic devices. We have obtained good electrical
characteristics for materials composed of the ADT scaffold. For
compound 6, as evidenced by the AFM measurements, the
oligomers manage to organize themselves forming a stratified
semiconductor film. The small molecules self-arrange in such a
way that the central core, formed by the ADT, is packed with its
longest axis vertically with respect to the plane of the substrate,
in the so-called chain-on configuration, n-stacking in the plane,
that is the most favourable molecular packing configuration for
carrier transport in organic semiconductors. The compound 7
cannot orient itself as well as 6, leading to inferior electrical
characteristics both in terms of field effect mobility and in
terms of stability. The same situation occurs for compound 8,
which contains the BDTDT as central scaffold of the polymer,
that does not show good transistor electrical characteristics.
Finally, we have demonstrated that compound 6 can be effi-
ciently used also as the active layer of an organic phototransis-
tor, with responsivity values of 3.5 A W', matching currently
available commercial detectors. These optoelectronic proper-
ties, combined with the possibility of a green and low-cost
synthesis make these devices attractive for competitive and
innovative applications.
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