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2,3-Thienoimide-ended oligothiophenes as ambipolar
semiconductors for multifunctional single-layer
light-emitting transistors

A single-layer ambipolar transistor with light-emitting
characteristics is enabled by the use of a 2,3-thienoimide-
ended oligothiophene as organic semiconductor. The
plethora of fascinating characteristics inherent to the
class of 2,3-thienoimide-ended oligothiophenes opens
the way towards the development of efficient single-layer
light-emitting transistors with multiple functionalities.
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The fascinating combination of light-emitting characteristics and electrical amplification identifies
organic light-emitting transistors (OLETs) as key enabling devices for a wide variety of applications,
ranging from displays to sensors. Pursuing a dual functionality in a single-layer architecture is the major
strength and the major challenge of this technology. Limitations mainly arise from the poor availability of
organic semiconductors that are able to ensure good ambipolar behavior in charge transport together
with an efficient light-emission in the solid state. In this present study, we report on a new class of
thienoimide-ended oligothiophenes as molecular compounds simultaneously endowed with good field-
effect mobility for holes and electrons, good processability, self-assembly capability into nanostructures
and remarkable properties of photo- and electroluminescence in the solid state. The versatile chemical
tuning of the molecular structure and the fine use of both solution-processed and physical deposition
techniques in the realization of nanostructured thin-films are the major tools for controlling the packing
of molecules and their intermolecular interactions in the solid state. Indeed, the inherent polymorphism
of this class of compounds is directly correlated with their electrical and optoelectronic properties as
active materials in multifunctional devices. Considering the field-effect transistor as a benchmark device
platform, here we propose the extended family of thienoimide-ended oligothiophenes as a case study in
virtue of (i) the solid and throughout correlation of the molecular structure and solid-state organization
with the figures of merit in transistor-based devices, and (i) the possibility of engineering highly
integrated planar organic optoelectronic devices with multiple functionalities for the investigation of
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photophysical and charge transport processes in organic compounds and, ultimately, the demonstration

rsc.li/materials-c of real-setting applications of OLET technology.

1. Introduction

In the last few decades, n-conjugated materials and in particular
organic semiconductors (OSCs) have driven the attention of both
academia and technological industry. The fascinating combi-
nation of soft processability and electronic characteristics opens
the way towards the real-setting application of organic materials
in highly integrated, flexible and wearable devices." The ease of
processing on a wide range of substrates is one of the key factors
of OSC expansion. In addition, the possibility to easily tune the
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combination of charge-carrier mobility, photonic and electro-
luminescence characteristics makes these materials even more
appealing.” Researchers are therefore constantly looking for new
strategies that, by modifying the molecular structure, allow the
development of materials with pre-defined advanced and multi-
functional features.’

The huge impact of OSCs in our daily life is clearly visible
from the extensive presence of organic light-emitting diodes
(OLEDs) in the displays market.* Over conventional displays,
organic-based ones highlight advantages such as high lumi-
nous efficiency, high brightness, fast response time, low power
consumption, lightweight, etc.

In general, OLEDs are ultrathin light-emitting devices capable
of generating light when an electric current passes through it.
A thin organic layer, which allows generating excitons, is sand-
wiched between two electrodes, thus forming a vertical structure
with a thickness of a few hundreds of nanometers.>® In order to

This journal is © The Royal Society of Chemistry 2020
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improve the efficiency, the OLED structure has been progres-
sively improved by the insertion of additional functional layers to
guarantee selective injection and transport of charge carriers
to the emission layer. Despite that, the generated light needs to
pass through at least one electrode to be extracted from the
device. As a result, the emission efficiency is closely related to the
anode transparency, possible cavity effects and waveguiding
processes.”®

To realize more efficient and multifunctional optoelectronic
systems, the scientific community focused the attention on
a new device structure, the organic light emitting transistor
(OLET).>*°

OLETs are planar field-effect devices with three terminals
(source, drain and gate electrodes) that, in contrast to the
vertical OLED architecture, allow the movement of the position
of the emissive zone far away from any absorbing metal
electrodes by the applied gate and drain voltages.'" In particular,
electrons and holes can be injected simultaneously into a single
ambipolar semiconducting layer and form hole and electron
accumulation near the more positive and more negative electrode,
respectively.’ If the semiconductor is electroluminescent, light
emission is generated within the transistor channel where the
opposite charge-carrier fronts meet (Fig. 1). Given that the recom-
bination of opposite charges is mainly an in-plane diffusion of
charges approaching each other, the emission region is extended
by about a few microns.

This architecture integrates together the logical switching
functionality of organic field-effect transistors (OFETSs) and the
light generation capability of OLEDs. At first glance, it is easy to
understand the reason why the use of OLETs would drastically
reduce the complexity of the pixel circuitry of displays.
However, OLETs offer more substantial advantages that are
closely linked to the architecture of the devices. Indeed, the
presence of a third electrode (gate) enables a control on two
perpendicularly oriented electric fields governed by the bias
applied between gate-source electrodes (Vgs) and drain-source
electrodes (Vppg). Hence, under certain conditions of bias, it is
therefore possible to horizontally move the emission stripe
within the transistor channel, thus reducing exciton quenching
processes at the electrodes and increasing the electrolumines-
cence quantum efficiency with respect to the OLEDs."?

Over the years, several advanced geometries have been
developed in order to enhance the OLET performance,”>

Ambipolar Semiconductor

Dielectric Layer
Gate

Fig. 1 Schematic representation of the OLET structure and the operation
processes.
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1617 to alternative structures

from the use of asymmetric electrodes
such as bilayer,"®° trilayer,"” vertical,” OLED-separated,>* split-
gate,? overlapping gate, etc. However, the very first step towards
the complete exploitation of the OLET technology lies in the
development of multifunctional OSC materials which guarantee
efficient ambipolar conduction and electroluminescent emission
in the solid state.

The electrically induced formation of excitons in a single
organic layer is correlated with the nature of the organic
compound as well as the charge transport capability of mole-
cules in the solid state. Since the amount of emitted photons
depends on the number of formed excitons, it follows that there
is a direct correlation with the electron/hole current flow.
The charge transport in OSCs typically occurs via hopping of
charges from a molecule to another® and it is strongly asso-
ciated with the chemical structure as well as the molecular
packing.”®

As a result, the fabrication of efficient single-layer OLETS
strongly depends on the availability of OSCs with (i) a high-
charge mobility for both electrons and holes, (ii) efficient
exciton formation and electroluminescence emission in the
solid state and (iii) a suitably designed and controlled 3D
packing of molecules propaedeutic to the former two points.
Furthermore, aiming at complete exploitation of the function-
alities of OLETSs, accurate balancing of the electron and hole
mobility is crucial to guarantee both high external quantum
efficiency and throughout spatial tuning of the OLET emission
region.

In this context, while for p-type small molecules, the mobility
record is still being reset frequently (43 cm® V' s' for
C8-BTBT),”” many less n-type small molecules have been reported
and the absolute mobility values are still lower when compared
with the first one (12.6 cm”> V' s~ " for F,-BDOPV) (Fig. 2).>®

The problem behind this gap mainly resides in the inter-
molecular interaction of molecules. When isolated molecules
approach each other, the resulting valence bandwidth remains
larger than the conduction bandwidth.*® This is the basic
reason that explains why organic materials typically display
higher hole mobilities than electron mobilities.

In an attempt to increase the electron mobility in OSCs, the
introduction of strong electron-withdrawing groups such
as —-CN, —Cl, -F, and -CF; and heteroatoms such as N and S
was a successful strategy for the design of n-type molecules.

S
S

8-BTBT
n
Cey Catr NN ! F,-BDOPV
F8BT

Fig. 2 Chemical structure of the C8-BTBT, F4-BDOPV and F8BT
compounds.
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However, when an electron is injected into the OSC, the process
that occurs is similar to a chemical reduction. Hence, if the
lowest unoccupied molecular orbital (LUMO) has high energy,
the electron residing in the LUMO is prone to react with O, or
H,O0. It follows that, over the intrinsic difficulties in obtaining
good n-type behavior, molecules might also be not very stable
under ambient conditions.

Apart from balanced charge ambipolarity, the other feature
that must be provided by a good OSC candidate for a single-
layer OLET is light emission. While charge mobility is typically
favored by strong intermolecular n-n stacking, the lumines-
cence generally decreases due to the quenching of singlet
excitons.*”

In recent years, the growing research of novel multi-
functional materials for highly-integrated systems paved the
way for new strategies of molecular engineering. Some of the
remarkable approaches that have been recently introduced for
tuning the OSC properties consider the chemical rigidification
of the molecular structure by limiting the torsion angle, the
increase of the extension of the n-conjugation, the introduction
of substituents with inductive or mesomeric effects, the stabili-
zation of the aromatic or the quinoidal resonance form, and the
rational conjugation of substituted monomers to induce inter-
molecular order. Among the others, one of the most successful
strategies for the development of multifunctional materials is
to synthesize molecules or copolymers with either an electron-
donor (D) or an electron-acceptor (A) moiety.*"*> While the D-A
interaction regulates the strength of intermolecular n—n stacking
and then the charge mobility efficiency, it is possible to decouple
the light emitting function by locating the charge transfer onto
the most emissive moiety or by introducing a new moiety devoted
to radiative deactivation. Isoindigo,**** naphthalene diimide?*°
(NDI) and diketopyrrolopyrrole (DPP)*” are just some among
all the electron-acceptor building-blocks used to induce n-type
behavior in p-type OSCs.

To date, the milestone among emissive ambipolar materials
is poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) (F8BT) (Fig. 2),
a green emitting D-A conjugated polymer with a photolumines-
cence efficiency of 50-60% in solid films.*® Due to the high
electron-withdrawing capacity of the benzothiadiazole group
(BT), F8BT has a high electron affinity of 3.3 eV and a large
ionization potential of 5.9 eV, which allowed its use as an
electron transporting layer in polymer-blend OLEDs** and
photovoltaic cells.*°

When implemented in single-layer OLETs, F8BT showed
well-balanced ambipolar charge transport with a saturation
mobility of 7-9 x 107* cm® V' s7' for both electrons and
holes. Due to its polymeric nature, F8BT was spin-coated onto
a polymethyl methacrylate (PMMA) dielectric layer and the
influence of the long-range crystalline organization on the
charge mobility and EL emission zone within the channel was
evident. Zaumseil et al.** further investigated that correlation in
amorphous, polycrystalline and nematic liquid crystalline F8BT
films. While OLETs including an amorphous film of F8BT
showed a featureless and quite narrow emission region (whose
width is 2 pm), polycrystalline films led to a much broader (4 pm)
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emission region with the morphological presence of bright and
dark spots.

If amorphous polymers are the preferential systems for
optimizing the emission properties in OLETS, their (generally)
low field-effect charge mobility in the amorphous phase pushed
the scientific community to look for other materials. Because of
the long-range order of molecular packing achievable in thermally
evaporated thin films, conjugated oligomers are surely promising
structures for realizing high-mobility OLETS.

In this context, major attention has been devoted in the last
10 years to thieno[2,3-c]pyrrole-4,6-diode ended oligothio-
phenes, better known and herein referred to as 2,3-thieno-
imide (TI) ended oligothiophenes, which showed a great
potential as emissive ambipolar compounds endowed with
easily tunable structural and optoelectronic properties.** This
class of small molecules was inspired by two widely studied
analogues, the p-type a,0-dihexyl-quaterthiophene (DH4T)****
and the n-type dicarbonyl ended quaterthiophene (DHCOA4T),*>
i.e. maintaining the oligothiophene size but introducing the
end substitution with the TI group. The TI substitution strategy
turned out to be a powerful tool to (i) obtain electron transport,
(ii) modulate ambipolarity (major p- or n-type behavior) on the
basis of the number of TI groups, (iii) tune the highest occupied
molecular orbital (HOMO) and the LUMO energy values, and
(iv) influence the solid-state packing.*® Furthermore, unexpectedly,
TI moieties promoted the light emission capability of oligothio-
phenes. All these features made 2,3-thienoimide oligothiophenes
suitable candidates for OLET application. In addition to that, this
class of OSCs showed the attractive possibility to tune the optoelec-
tronic and photonic properties also by processing/post-synthesis
treatments. Indeed, in many cases, different structural phases
(polymorphs) and then different molecular organizations were
observed.”” Hence, through various conventional and non-
conventional deposition techniques, it was possible to obtain
a specific molecular arrangement characterized by designed
features.*®

The combination of all these characteristics highlights the
great potential of 2,3-thienoimide oligothiophenes for OLET
applications. This study aims at discussing how synthetic
(Section 2) and post-synthetic (Section 3) methods influence
the morphological and optoelectronic properties of this class of
OSCs in view of their implementation as an ambipolar emissive
layer of OLETs. In Section 4, their outstanding characteristics
are ultimately demonstrated to be suitable for both fundamental
investigations and the development of devices with multifunc-
tional characteristics in advanced technological applications.

2. Molecular tailoring of 2,3-thienoimide
oligothiophene derivatives

Organic semiconductors based on oligothiophenes are among
the most widely studied compounds for electronic and opto-
electronic applications.*>>® The polarizability of sulfur atoms
in the thiophene rings indeed stabilizes the conjugated backbone
thus favoring the charge transport along the oligomeric backbone.

This journal is © The Royal Society of Chemistry 2020
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In addition, oligothiophenes have unique self-assembly properties
in the solid state, which make them attractive candidates for
realization of nanostructured systems via non-conventional
solution-processed techniques. Among the plethora of advan-
tages, oligothiophenes are also versatile compounds because of
the possibility to substitute H atoms of the thiophene rings
with suitable functional groups to obtain derivatives endowed
with desired physicochemical properties. The chemistry of
thiophenes is well known and has been developed over the
past years. They are the ideal building blocks for transition metal-
catalyzed cross-coupling reactions and hence many possible
strategies may be used to modify their molecular structures.”*>*

Oligothiophenes are widely known to be excellent p-type
semiconductors. To enhance the electron transport charac-
teristics and hence to obtain compounds having an ambipolar
character, electron-withdrawing groups such as cyano groups,>’
fluorinated aryls,>® etc. have been introduced into the oligomer
backbone to modify the frontier orbitals energy and, eventually,
to increase the electron mobility. For instance, the development
of perfluoroalkyl terminated quaterthiophenes®” such as DFHAT
(also named as FT4F) led to OFETs with an electron mobility
up t0 0.24 cm”® V™' 57" and an unprecedented solid state optical
emission efficiency when compared to the unfluorinated
derivative.’® The application of DFHA4T in advanced multistack
OLETs allowed them to reach external quantum efficiencies
exceeding 5%."

Despite both the optical properties and the electron mobility
have been effectively increased via the introduction of electron-
withdrawing perfluoroalkyl moieties in oligothiophene structures,
their ambipolar character and electroluminescence properties
resulted to be still suboptimal.

In this context, the insertion of a thienoimide group (TI or
N), which is fully fused to the quaterthiophene core, emerged as
an alternative and powerful approach to switch from unipolar
thiophene-based materials to ambipolar and electrolumines-
cent ones. As shown in Fig. 3, three different oligothiophenes
with a single TI moiety were initially developed. While one of
them comprised no other functionalization in the molecular
backbone (named as T4N), the other two compounds included
a hexyl or a perfluorohexyl side chain (respectively named as
HT4N and FT4N). In addition, a quaterthiophene derivative
endowed with two TIs (namely NT4N or T4DIM) was also
synthesized (Fig. 3).
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Fig. 3 Molecular structures of the quaterthiophene derivatives including
Tl ended compounds. Reprinted with permission from Chem. Mater., 2013,
25(5), 668-676. Copyright (2013) American Chemical Society.
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Regardless of the type of functionalization, the optical
properties of all compounds in solution were found to be similar,
with absorption spectra peaked at around 441-449 nm and
unstructured photoluminescence spectra (Table 1). Compared to
the benchmark HT4H compound, all functionalized molecules
reported a slight reduction of the photoluminescence quantum
yield (¢), which however resulted over 10%, except for T4N (8%).
Vacuum-sublimed thin films showed a blue-shift of the optical
properties with respect to the correlated solutions, thus sugges-
ting the formation of possible polycrystalline domains in the solid
state. Interesting differences were obtained in their electro-
chemical characteristics, especially in the resultant HOMO levels
that are affected by the presence of TI units. While the presence of
a single TI unit (T4N and HT4N) showed remarkable differences
in the energy of the LUMO, which resulted in about 1 eV lower
with respect to that of HT4H, the introduction of a second TI unit
lowered the energy of the HOMO level, which resulted in
—5.73 eV, —5.74 eV and —6.00 eV respectively for HT4N, T4N
and NT4N (Table 1).

Interestingly, all TI-compounds reported the HOMO to be
delocalized over the entire molecule, while the LUMO had high
probability to be located on the TI moiety (Fig. 4). Diversely,
NT4N showed a LUMO that is delocalized over the entire
molecule, which is likely due to the symmetry of the structure.

The chemical structure of the reported compounds has a
critical long-range effect also in defining the electronic charac-
teristics in the solid state. On comparing NT4N and FT4N as
isolated molecules, the HOMO-LUMO positioning and energy
gap were almost identical. Nevertheless, their charge mobilities
were found to be drastically different and NT4N showed
the best p- and n-type charge mobilities with respect to all
non-symmetric compounds, ie. 7 x 107> ecm® V' 57! and
0.55 cm® V' s7* for holes and electrons, respectively. Despite
further insight into the field-effect behavior of TI-ended
quaterthiophenes (as discussed in Section 4), it is clear that
the best candidate among TI derivatives towards the achieve-
ment of emissive ambipolar devices is represented by NT4N.
For a better understanding of the origin of the ambipolar
electroluminescence characteristics of NT4N, a deeper analysis
on the optical features and solid-state organization is neces-
sary. In particular, from the UV-visible optical characteristics
of the molecule, a high molecular planarity and rigidity was
suggested because of the similar absorption and emission
spectra in both solution and film states. Nevertheless, the
solvatochromic effect that the solvent can have on the optical
properties of the molecule may also contribute to invariant
optical spectra. In detail, as shown in Table 1 and Fig. 5b, the
absorption peak was found to be located at about 450 nm and
430 nm, respectively, for the solution and film states. The
emission peak was at an energy level of 572 nm in solution
and 603 nm in the solid state and, similarly to other oligothio-
phene derivatives (Table 1), the photoluminescence quantum
yield of NT4N in thin films was around 1.5%.

From a crystallographic point of view, the molecular back-
bone of NT4N was found to be almost planar as a consequence
of the two coplanar inner thiophene rings and a dihedral angle

J. Mater. Chem. C, 2020, 8,15048-15066 | 15051
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Table 1 List of experimental and calculated optoelectronic parameters
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0osC Jabs” [Nm]  Ap ® [nm] P [%] EP[eV] Jabs® film [nm] Jpp film® [nm] &7 film [%] HOMO‘ [eV] LUMO [eV] E,“ [eV]
T4N 441 606 8 2.81 344 603 1 —5.74° —3.47° 2.27
HT4N 447 631 17 2.77 340 584/611 1.2 —5.73° —3.42° 2.31
FT4N 433 580 11 2.83 361 580 1.8 —5.99¢ —3.42° 2.57
NT4N 449 572 13 2.76 430 603 1.5 —6.00° —3.47° 2.53
NT4N 451 568 — — — — — —5.69 —3.16 —
HT4H 406 470, 500, 535 19 3.05 267,337,456 523, 562 0.6 —5.5° —2.40° 2.87
FT4F 417 466, 500, 529 16 2.97 350, 413,450 525,563,614 7 —6.2° —3.30° 2.88
NTE 465 588 — — — — — —5.54 —3.16 2.38
NTI 471 544 — — — — — —5.65 —3.28 2.37
NTA 433 547 — — — — — —5.83 —3.17 2.66
NTzN 428 489, 514 — 2.57 — — — —5.81% —3.24% —
NThTN 443 546 — 2.49 — — — —5.69% —3.2% —
NTMeN 449 581 — 2.39 — — — —5.65% —3.11% —
C1-NT4N 350,450 617 4 — — — — — —
C3-NT4N 345,429 605 6 — — — — — — —
C6-NT4N 346, 426 602 5 — — — — — — —
Céeye-NtaN 365, 432 592 4 — — — — — — —
C6br-NT4N 368, 446 604 6.5 — — — — — — —
C8-NT4N 345,427 604 3.5 — — — — — — —

9 In CH,Cl,, 10 ° M. ? 30 nm thick film. ¢ Exomo =
ref. 63 and corrected by CH,Cl,/H,O liquid junction.

FT4N
_ -,-nol-"cwﬂ

W% MH
a9eE% s apanthini

Fig. 4 HT4N, FT4N, T4N and NT4N HOMOs (down)/LUMOs (top) orbital
plots. Reprinted with permission from Chem. Mater., 2013, 25(5), 668-676.
Copyright (2013) American Chemical Society.

aers..
r' b

of only 4.4° between the inner thiophenes and the thiophene-
imide units (Fig. 6a). The crystal packing of NT4N molecules
was indeed different from the typical herringbone structure
of oligothiophenes and consisted of a slipped m-n stacking
packing mode with an interplanar distance of about 3.51 A
in which the molecules slide along the long molecular axis of
3.32 A (Fig. 6b).°®

In detail, the intermolecular C-H- - -O H bonds between two
oxygen in anti-position and one hydrogen, that is attached to
the imide-carbon atom of two different molecules, formed a
1D supramolecular organization constituted by molecules of
adjacent n-r stacks (Fig. 6¢). In addition, the sulfur atoms of
the fused imidothiophene rings had intermolecular inter-
actions with (i) the hydrogens of the inner thiophene rings
and (ii) sulfur atoms of the fused imidothiophene rings, which
were not involved in the C-H- - -O interactions, of neighboring
molecules (Fig. 6c).°® By following the process of thin film
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Fig. 5 (a) Molecular structure of NT4N (b) normalized absorption and
emission of NT4N solution (CH,Cl,, 4 x 107> M, dashed line) and film
(100 nm thick, solid line). Adapted from ref. 63 with permission from the
Royal Society of Chemistry.

formation, a layer by layer growth mechanism resulted in a
bidimensional surface morphology with an almost perpendi-
cular arrangement of NT4N molecules with respect to the
substrate.

As a result of the symmetric and planar structure, the
formation of n-stacks of NT4N molecules showed remarkable
differences from the herringbone-like crystal packing of FT4N.%”
This may be the enabling factor for the excellent electrical
characteristics of NT4N, which strongly differs from the other
quaterthiophene derivatives (Table 1). The particular organiza-
tion of NT4N molecules may also induce a possible reduction
of non-radiative exciton paths. Indeed, despite the NT4N

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) ORTEP drawing of NT4N (b) crystal packing of n—n stacks in
arbitrary view (c) view along the 1D supramolecular network axis generated
by C—H---O interactions (dashed black). S---S and C—H---S contacts (light
blue). Reproduced from ref. 63 with permission from the Royal Society of
Chemistry.

photoluminescent quantum yield in thin-film not being as
high as that of other compounds, the corresponding single-
layer ambipolar OLETs showed an optical power unexpectedly
high (hundreds of nW) for this category of conjugated organic
semiconductors.

Over the years, major attention has been devoted to the
tentative optimization of NT4N and the synthesis of similar
chemical structures for the development of efficient ambipolar
OLET devices.

This approach paved the way for the development of an
entire class of TI derivatives, thus allowing the understanding
of the correlation between the molecular structure, molecular
packing and optoelectronic performance. A schematic repre-
sentation of the various synthetic strategies to modify the NT4N
prototype molecule is shown in Fig. 7 and selected examples of
each approach are deeply described below.

As a method to perturbate the n-conjugated system of NT4N
and to ultimately tune the optoelectronic and packing properties,
Zambianchi et al. inserted different unsaturated bridges between
the two thiophenes of the inner core.®® In particular, ethylene,
azomethine and ethinyl (or acetylenic) inner bridges were inserted
into 2,3-thieno(bis)imide ended oligothiophenes, namely NTE,

@ TAILORING THE NUMBER OF THIENYL/ARYL RINGS
I \ o @ REDUCTION OF THE CARBONYL GROUP
O\}»f \S’\/@\(S\A-Q\/\/ @ TAILORING OF THE ALIPHATIC END CHAIN SIZE
/\/\N = @ INSERTION OF INNER SPACERS/FUSED CORES

REPLACEMENT OF A THIENOIMIDE END MOIETY

YN S o
i

Fig. 7 General strategies for the modification of NT4N.
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NTI and NTA, respectively (Fig. 8a). While ethylene and azo-
methine bridges were used to enhance the molecular planarity
and reduce the optical band gap, the main effect expected from
the acetylenic bridge was an increase in the band gap origina-
ting from the mismatch of the sp carbon orbitals with the
n-delocalized system. Accordingly, spectroscopic characteriza-
tion showed an absorption band strongly red-shifted for NTE
(465 nm) and NTI (471 nm) while a blue-shift was evidenced for
NTA (433 nm) when compared to NT4N (451 nm) (Table 1).
Regarding the emission properties, NTE reported a spectrum
largely red-shifted with respect to the other compounds. Never-
theless, the photoluminescence quantum efficiency (¢) mea-
sured in solution was found to be comparable for NTE (19%)
and NTA (20%) and also similar to that of NT4N (13%, Table 1),
while a relatively low ¢ was obtained from NTI (2%).

The molecular energy levels investigated via cyclic voltam-
metry (CV) and computational calculations showed a compar-
able LUMO energy of NTA and NTE. In comparison, the LUMO
energy of NTI was 0.1 eV lower than NTA’s and NTE’s due to
the electron withdrawing effect of azomethine. Instead, the
HOMO levels decreased in the order NTE > NTI > NTA thus
evidencing an optical energy gap of NTA that was significantly
larger than that of NTI and NTE (Table 1). To note, while the
use of ethylene (NTE) mainly enhanced the HOMO level of
0.1 eV with respect to NT4N, the introduction of azomethine
(NTI) reduced the LUMO level of 0.1 eV. Hence, both NTE and
NTI showed optical energy gaps (about 2.4 eV) that were
similarly lower than that of NT4N (2.53 eV).

From a conformational point of view, all molecules were
almost planar, with dihedral angles between the inner thiophene
and the TI moiety of 160° and between the inner thiophene and
the additional inner bridge of 180° and 165° respectively for NTE
and NTA. According to what was observed for NT4N, the HOMO
orbital of NTE and NTA was homogeneously distributed over the
inner thiophene cores with extended LUMO orbital distribution
to the TI units. Diversely, the lack of a center of symmetry in the
NTI molecular structure due to the azomethine inner bridge
resulted in a high probability of LUMO mainly localized on the
thienoimide inner bridge (Fig. 8b).

As a further step to the inner core modification of NT4N,
Durso et al. reported on the substitution of the bithiophene (TT)
n-inner core with bithiazole and thienothiophene fused rings,
which are moieties respectively and are more electron-deficient
compared to TT.*® The newly synthesized compounds aimed at
improving the ambipolar characteristics of NT4N. Indeed, while
thiazole rings are expected to improve the electron charge trans-
port behavior, the use of thienothiophene is associated with an
enhanced hole charge transport as demonstrated in the case of
linear oligothiophenes.®® In detail, the new compound including
the bithiazole core was named as NTzN, while the second one
with thienothiophene was named as NThTN. A further derivative
was synthesized by inserting electron rich methyl substituents
into the two thiophene inner cores of NT4N (NTMeN) (Fig. 9a).

The UV-Vis optical absorption and emission spectra in
solutions were found to be progressively more blue-shifted as
the electron-deficiency of the inner-cores increased (Fig. 9b).
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Fig. 9 (a) Molecular structures of NT4N derivatives in which the TT inner
core is substituted by bithiazole (NTzN), thienothiophene (NThTN) or an
additional methyl substituent is inserted in each of the two TT thiophenes
(b) absorption and emission spectra of NTzN, NThTN and NTMeN in
solutions. Adapted from ref. 46 with permission from the Royal Society
of Chemistry.

In particular, the presence of the bithiazole core shifted the
absorption peak of about 15 nm and 21 nm with respect to
NThTN and NTMeN (Table 1). Accordingly, the optical band of
NTzN was about 0.1 eV and 0.2 eV lower than that of NThTN
and NTMeN, respectively.

Interestingly, the energy of both frontiers orbitals increased
in the order NTzN > NThTN > NTMeN, with a different
magnitude of variation between the HOMO and the LUMO.
Computational analyses confirmed that while in NTzN both
the HOMO and the LUMO were delocalized over the entire
molecular backbone, in NThTN and NTMeN the HOMO was
localized in the inner core and the LUMO was localized in
correspondence with TI moieties.

Electrical characterization performed on bottom gate-top
contacts OFET devices revealed that NTzN had exclusively
n-type charge transport with an electron mobility p. =
0.16 cm® V™' s7!, while NThTN and NTMeN showed ambipolar
behavior. In particular, NThTN showed an excellent electron
charge mobility y, = 0.3 em®> V™' 57" and hole charge mobility

15054 | J Mater. Chem. C, 2020, 8, 15048-15066

Un = 6.4 x 107> em”® V' s7'. Diversely, the more electron
rich core of NTMeN led to a reduction of the electron mobility
of about four orders of magnitude with respect to NTzN
and NThTN and a relatively low hole mobility u, = 3.0 x
10 °em* v tsh

It is clear that the modification of the NT4N inner cores
generally has a direct impact on the optoelectronic properties.
Despite the ambipolar charge transport not being improved
with respect to NT4N, important perspectives were provided to
improve the electron mobility values through the molecular
tailoring of TI-derivatives.

A further optimization of the NT4N figures-of-merit was
pursued with the modification of the end-substituents of the
molecular structure. In this regard, by holding the same
n-conjugated backbone, length and core type, and by avoiding
the perturbation of the backbone electronic characteristics,
different alkyl end substituents (Cx) were inserted for a selec-
tive modulation of the optoelectronic characteristics due to
the different solid state organization.”’ In particular, linear
(C1-C8), branched (C6br) or cyclic (Céeyc) alkyl end substituents
of the TI units were investigated (Fig. 10). It is worth reminding
that the NT4N compound is endowed with a C4 alkyl chain and
hence it is also labeled as C4-NT4N.

As expected, all compounds showed similar optical charac-
teristics with absorption spectra of thin films mainly located at
around 345 nm and 430 nm, and the emission spectra peaked
at around 603 nm (Table 1).

Since the substitution of the TI moieties was explored as a
strategy to change the solid state organization towards their
effective application in electroluminescent devices, X-ray-
diffraction (XRD) patterns of the NT4N-derivatives were directly
measured on the active layers in OLET devices. As shown in
Fig. 11a, a strong preferential orientation with respect to the
substrate was highlighted in a similar way for all molecules. In
detail, each molecule exhibited a high intensity 001 reflection

This journal is © The Royal Society of Chemistry 2020
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beam (b) molecular arrangement of Cx-NT4N. Reproduced from ref. 42
with permission from the Royal Society of Chemistry.

and additional sharp reflections that represented further orders
of the interlayer distance that progressively increased with the
length of the TI alkyl substituents. As shown in Fig. 11b,
all NT4N derivatives were similarly arranged in the upright
position with respect to the substrate as already suggested by
the crystal packing of C4-NT4N (Fig. 6c).

The investigation of the electrical characteristics revealed
low performance in the case of Cécyc-NT4N and ambipolar
charge mobility for the linear alkyl tail (C1-C8-NT4N). In the
latter case, a slight unbalancing towards the electron conduc-
tion was observed for the benchmark C4-NT4N. In detail,
the hole mobility (uy,) oscillated between 2 and 3.5 orders of
magnitude lower than electron mobility (ranging between 0.17
and 0.32 cm® V' s ). Interestingly, C8-NT4N showed the most
balanced ambipolar charge transport characteristics. Despite
significant variations in thin-film structural arrangement and
charge mobility not being observed among NT4N-derivatives,
a slight increase of the electroluminescence intensity was
reported on the increasing tail length from C3 to C8. In view
of OLET applications, a defined role of alkyl end substitution of
the TI moiety was evidenced in preserving and increasing the
inter-layer order along the direction perpendicular to the
flowing-charge plane, as clearly demonstrated by the superior
performance of C8-NT4N. A more in-depth discussion of
the optoelectronic performance of NT4N-based OLETs can be
found in Section 4.

This journal is © The Royal Society of Chemistry 2020
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3. Correlation between polymorphism
and optoelectronic properties
in 2,3-thienoimide oligothiophenes

Over the last few years, the study of polymorphism has been the
object of intense research for its key role in controlling the
characteristics of organic compounds. Achieving control of
polymorphism is however crucial not only for tuning the
properties of molecular and polymeric solids, but also for their
direct impact on the functional properties of optoelectronic
devices. The optical and charge transport properties of organic
devices indeed rely on the structure-property relationship of
molecules, as discussed in the previous section, as well as on
the modality of the molecules arranged in 2D and 3D. Typically,
great attention in the design of new compounds is devoted
to the correlation between functional groups and electronic
properties of isolated molecules. Nevertheless, the packing of
molecules and their intermolecular interactions are fundamental
for the solid state characteristics. If considering the plethora of
factors influencing the solid state morphology and the difficulty to
control the crystal structure, it follows that polymorphism is a
critical phenomenon to be accurately considered in optimizing
the device performance and its reproducibility.

Methods to control polymorphism in TI-ended oligothio-
phenes will be hereafter presented and analyzed including a
chemically driven approach, such as the chemical design, or a
post-synthetic one, in which processing, nucleation modality,
crystallization kinetics, post-deposition treatments and crystal-
lization in confinement will be discussed. The relevant impact
of polymorphism of such compounds on device (especially
field-effect transistor) performance will be also elucidated.

Chemically driven control of conformational polymorphism

The molecular packing is known to be strongly dependent on
the type and the number of interactions occurring among
molecules. As shown in the previous section, the chemical
structure of a compound has a critical role in defining the
molecular orientation in the solid state. It is therefore clear that
the solid state organization and hence the formation of different
polymorphs may be induced by playing on the chemistry of the
molecule. In this paragraph, the obtainment of different crystal
phases via chemical tuning will be discussed by analyzing some of
the oligomers already examined in the previous section. As shown
in Fig. 7, TI-ended oligothiophenes can be modified at different
sites of the oligomer, either in the inner core or in the TI
terminations. The insertion of a different saturation degree,
specifically ethylene, azomethine and ethinyl (acetylenic) inner
bridges, in 2,3-thieno(bis)imide ended oligothiophenes led
respectively to NTA, NTE and NTI (Fig. 8a and 12). Interestingly,
the deposition of the three compounds from a toluene solution
onto a flat substrate led to the formation of different large
crystals in the presence of concomitant polymorphs for each
molecule.

More specifically, NTE formed a mixture of rod-like (red
emitting, Agm = 640 nm) and platelet-like (orange emitting,
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Fig. 12 Fluorescence confocal images of films of (a) NTE (b) NTl and (c) NTA. The films were obtained upon evaporation of 0.5 mg mL™* toluene solution
on glass. Bottom: Confocal fluorescence spectra of respective compounds. Adapted from ref. 68 with permission from the Royal Society of Chemistry.

Agm = 560 nm and 600 nm) polymorphs as shown in Fig. 12a, in
which rod-like crystals were up-to-100 pm long while presenting
widths ranging from to 5 um to 10 pm. Diversely, platelet-like
crystals showed a regular shape with a long axis ranging
from 20 um to 100 pm. The authors also highlighted the role
of the initial solution in the formation of the polymorph:
rod-like structures were gradually induced upon increasing
the concentration.

NTI deposits showed randomly-distributed crystals with a
needle shape which were characterized by a width ranging from
10 pum to 100 pm and an aspect ratio between 1:5 and 1:50.
A photoluminescence emission peaked at 660 nm was conco-
mitant to a green signal arising from small aggregates (<2 um)
decorating the rod-like crystals.

Despite polymorphs generated by NTE being clearly different
from those of NTI, in all cases single crystals (or iso-oriented
domains) were visible under polarized optical microscopy.
Diversely, the deposition of NTA gave rise both to fiber-like and
rhombohedral polymorphs which were respectively characterized
by optical anisotropy and a polycrystalline nature (Fig. 12c).

Nevertheless, NTA reported a photoluminescence quantum
yield similar to that of NTE (10% and 6%, respectively).
In contrast, NTI showed a reduced yield of only 4%.

A remarkable impact of the molecular structure on the
polymorph formation and correlated optical proprieties was
found out. This pushed the authors to dig deep into the origin
of the observed polymorphism. Independent of the mole-
cular structure, computational simulations reported minima

15056 | J. Mater. Chem. C, 2020, 8,15048-15066

of energy upon the rotation of the dihedral angle between
the TI moiety and the inner thiophene. More specifically, ANTI
and SYN conformers were confirmed as possible crystallized
polymorphs. Furthermore, the crucial role of the chemical
structure was even more clear from the analysis of the frontiers
orbitals overlap between molecules. With respect to the bench-
mark NT4N, a reduced orbital overlap was found for both
frontier orbitals, with particular impact on the LUMOs.
This information is relevant in assessing possible synthetic
route for improving the optoelectronic performance in TI-oligo-
thiophene based OLETSs.

We have already shown in the previous section how the
optical and charge transport properties of NT4N-derivatives
in the solid state depend on TI substituents. Accordingly,
Maini et al. further demonstrated that the conformational
polymorphism of this class of compounds can be controlled
by modifying the alkyl end symmetry of TI moieties.”*

In detail, the use of an even number of carbons in the TI
alkyl substituents revealed two possible polymorphic forms
with different packing types and molecular conformations.
Indeed, while the inner thiophene rings are always arranged
in anti conformation, the thienoimide moieties can adopt both
syn and anti conformation with respect to the inner thiophenes
(Fig. 13a).

As a result, two polymorphs can exist, that are in the
conformation anti-anti-anti and syn-anti-syn. The two poly-
morphs adopt two different molecular packaging, in which the
Cx-NT4N molecules are piled in columnar stacks with strong

This journal is © The Royal Society of Chemistry 2020
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n-n vertical interactions (phase A) or molecules interact in a
brick wall arrangement. In the latter, a molecule interacts with
four different close molecules and the packing results in a
lower degree of interdigitation of the alkyl chains (phase B)
(Fig. 13b and c).”* Interestingly, NT4N including odd alkyl
substituents in TIs displayed exclusively syn-anti-syn confor-
mation and B-type packaging. Diversely, the use of even alkyl
substituents in TIs allowed the conformational polymorphism
of NT4N. A more detailed discussion of the crystal structures is
reported in ref. 72. Despite the chemical structure being proved
to enable conformational polymorphism, it is worth mentioning
that only the phase B conformation was reported by thermal
sublimation of NT4N derivatives. The control on polymorphs in
the solid-state can be indeed operated by addressing suitable
deposition techniques, as we will highlight in the next paragraph.

Polymorph control by post-synthesis physical methods

Aside from the nature of the chemical compound, a wide
variety of post-synthesis factors can further influence the
molecular packing in the solid state and hence the formation
of possible polymorphs. Processing, crystallization confine-
ment, and post-deposition treatments are some among all
possible methodologies which control polymorphism.

For instance, crystal phases of core-modified (NTE, NTA and
NTI)®® and terminal-modified (Cx-NT4N)”? oligothiophene deri-
vatives showed relevant transitions upon thermal heating.”®
While platelet-like crystals of NTE (Fig. 12a) were persistent till
the melting point, rod-like crystals showed an irreversible
change of the emission from red to orange (corresponding
to the emission of platelet-like crystals) without variation
of the morphology after the heating cycle “room temperature

This journal is © The Royal Society of Chemistry 2020
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(RT) — 200 °C — RT”. Under the same treatment, NTA fiber-like
crystals shifted irreversibly from a yellow to a green emission,
while the rhombohedral crystals remained almost unaltered.
Diversely, NTI crystals did not show detectable differences in
the fluorescence upon thermal treatment.

The same analysis on C4-NT4N showed an initial preferred
formation of phase A at room temperature (Fig. 14), which
underwent the transition to phase B upon thermal treatment.

The dependence of photophysical properties on the tem-
perature was initially considered as a drawback for the applica-
tion of such compounds in OFETs, OLEDs, OLETs, etc.
Nonetheless, the thermal control of polymorphs was then
exploited as a tool to record the thermal history of the
system.®® Gentili et al”* successfully fabricated a real-time
temperature integrator (TTI) device, in which the quantification
of the red, green and blue fluorescence components allowed
the evaluation of the current temperature sensed by the crystal.

In particular, a derivative of NT4N comprising a single
thiophene inner core (named as NT3N) exhibited an irreversi-
ble change of the solid state photoluminescence, passing from
yellow (B polymorph) to green (o polymorph), upon heating
to 190 °C for 30 seconds (Fig. 14a). This time-temperature
functionality was combined with information storage capabili-
ties of a logical matrix with micro-meter sized pixels in order to
allow time-temperature information to be detected by using a
conventional optical microscope (Fig. 14b).

Post-synthesis methods influencing polymorphism include
all processes involved in the solid state formation. Dissolving
solvents, kinetic and techniques of deposition, confinement
and templating environments, are just some factors that control
the formation of polymorphs.

The use of a confined environment during the crystallization
process is a method particularly appealing for the proven
possibility to accurately select the desired polymorph. In this
regard, auxiliary solvent-based sublimation-aided nano-
structuring (ASB-SANS) has been recently proposed as a new
and simple method which eliminates the issue of separating
the polymorph from the matrix.”” This fascinating approach
exploits a material sublimating under ambient conditions
to form mesocavities in which the compound of interest

20004
1500
1000

A
500 1

fluorescence intenisty / au

Fig. 14 (a) Evolution of the confocal photoluminescence spectrum upon
thermal treatment (b) evolution of the fluorescence in patterned film
recorded by a CCD versus the temperature. The images by Gentili et al.
are licensed under CC BY-NC-ND 3.0/adapted from original (ref. 74).
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precipitates (Fig. 15). More specifically, both materials are
typically drop cast onto a substrate and, when the solvent
shrinks, the sublimating compound first precipitates thus
giving rise to 3D cavities. These act as a template for the
precipitation of the compound of interest, which occurs under
quasi-equilibrium and confinement conditions. In this process,
the molecular diffusion is typically limited and the number of
nuclei of crystallization is reduced thus favoring the growth
of the mean size of the crystalline domains. It follows that
different polymorphs are selected on the basis of their different
critical nuclei sizes.

The sublimating compound is finally sublimated away. Despite
the fact that NT3N is known to form o and B polymorphs (Fig. 14),
the use of ASB-SANS allowed only phase o to appear. Interestingly,
the full selectivity of one phase was obtained independent of the
dissolving solvent, ie. chloroform or toluene. However, other
deposition techniques influence the process of solid state for-
mation on the basis of the solvent used to dissolve the compound.
The selection of the dissolving solvent is therefore crucial for
polymorphism control. In addition to that, the deposition process
induces itself different kinetics of crystallization. Hence, aiming
at fabricating multifunctional devices such as OLETs with repro-
ducible and outstanding performance, the combination of
all elements involved in the solid state formation needs to be
carefully considered.

In this regard, Benvenuti et al. reported on the correlation
between the type of deposition method and OFET characteris-
tics, as a result of the diversely induced molecular packing.*®
Thermal sublimation and supersonic molecular beam deposi-
tion (SuMBD) were used as vacuum-based approaches for
preparing thin films compatible with the fabrication of field-
effect transistors, while lithographically controlled wetting (LCW)
was used as a solution-deposition technique able to manipulate
the growth of microstructured films.”® Two different rates of
deposition for both thermal sublimation and SuMBD were used
for depositing C4-NT4N. Interestingly, the rate of deposition
(0.1 A s™ and 0.017 A s™") of thermal sublimation did not
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Fig. 15 Scheme of principles of operation of auxiliary solvent based
sublimation-aided nanostructuring (ASB-SANS). (a) Drop casting of 1 + 2
solution; (b) precipitation of the overabundant 2; (c) precipitation of 1 into

the cavities of 2; (d) sublimation of 2. Reproduced from ref. 75 with
permission from the Royal Society of Chemistry.
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substantially affect the resulting film, which was composed by
phase B. Diversely, the deposition with SuMDB revealed a
dependence of the polymorphic phase on the deposition rate,
with the consequent obtainment of either phase B and a new
phase called C, by respectively using a rate of 0.1 A s™* and
0.017 A s™* (Table 2).

The morphologic differences between films deposited by the
two techniques had an impact on the ambipolar characteristics
of OFETs, in which charge mobilities resulted around
107> cm® V' 57! (electron) and 10™* em® V™' s7' (hole) in
thermal sublimated samples, while 1.2 x 107> cm®> V' s7*
(electron) and 2.2 x 107° em® V' s7' (hole) in the sample
deposited by SUMBD at 0.1 A s™* (Table 2). To note, the phase C
obtained from the SuMBD deposition at lower rates did not
show ambipolar OFET behavior, and only an n-type mobility of
about 10™* cm® V™' s7' was measured.

Concerning LCW deposition, two different C6-NT4N
films were deposited using an anisole solution at 80 °C and
1,2-dichlorobenzene (1,2-DCB) at room temperature.*® While
the presence of phase B was found using anisole, in films
deposited from 1,2-DCB the coexistence of both phase A and
phase B was reported. As discussed in regard of time tempera-
ture sensors, the typical stable phase of C6-NT4N at room
temperature is phase A.”* According to that, it is likely that
the formation of phase B from anisole was due to the use of
80 °C as the deposition temperature. In contrast, the coexis-
tence of both phase A and B in C6-NT4N films from 1,2-DCB
solution at room temperature was ascribed to the special
confinement effect of the LCW technique, which was responsible
for the formation of phase B. Eventually, all films obtained
from LCW deposition confirmed the typical ambipolar
behavior expected from C6-NT4N, with slightly lower values of
charge mobility by using 1,2-DCB as a result of the presence of
phase A (electron and hole mobilities were respectively 2.4 x
102 em®> V' s and 1.0 x 10> em® V! s from anisole
solution and 4.4 x 10 *cm®V 's 'and 2.7 x 10 *em®*V 's !
by using 1,2-DCB) (Table 2).

4. Single layer ambipolar OLETs

The possibility to combine high flowing current densities and
radiative exciton recombination (occurring far from electrodes)
represents a fascinating characteristic which identifies OLETSs

Table 2 Electrical data of bottom gate/top contact OFETs Tl based
deposited by vacuum and solution methods

Deposition Rate [A s7] Ue Un

method solvent Phase [em’V 's '] [em®V s
Sublimation® 0.1 B 45 % 1072 6.7 x 10°*
Sublimation®  0.017 B 1.2 x 1072 1.3 x 1074
SuMBD* 0.1 B 1.2 X 107° 2.2 x 107°
SuMBD* 0.017 C 1.3 x 10°* —

LCW? Anisole B 2.4 x 1073 1.0 x 107°
LCW? 1,2-DCB B(A) 44 x107* 2.7 x 107°

@ C4-NT4N films. ? C6-NT4N films.

This journal is © The Royal Society of Chemistry 2020
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as optoelectronic devices endowed with theoretically high
brightness. Obtaining light-emission from an electrical switching
and amplifying device is the major strength of the OLET
platform. However, pursuing a dual functionality in a single
architecture is also the major challenge of this technology. The
OLET semiconducting layer indeed needs to ensure similar and
high field-effect mobility of holes and electrons (ambipolarity)
as well as to allow the radiative recombination of opposite
charge carriers in an efficient way. In 15 years of research, a
multitude of materials have been employed as ambipolar
emissive semiconductors, ranging from organic to inorganic
and hybrid ones.”” In this regard, single crystals played a key
role in their application in the first reported OLET and their
outstanding mobility, which leads to high currents flowing
in the device.”® For instance, with the use of p-bis[(p-styryl)-
styryl]benzene (P5V4), Nakanotani et al. obtained external
quantum efficiencies around 0.1% from LETs with a well-
balanced charge mobility of electrons and holes.” Later,
Sawaby et al. showed a maximum ambipolar current density
of 12.3 kA ecm 2 that opened a realistic route for electrically
driven organic lasers.®® Many interesting studies have progres-
sively improved single-crystal LET characteristics.®"** Extensive
reviews can be found elsewhere.?*®* Unfortunately, obtaining
high electroluminescence yields from this class of highly
efficient ambipolar materials still requires a great effort. If,
on one side, the charge carrier mobility is favored by increasing
the intermolecular overlapping as typically occurs in highly-
ordered crystals, on the other side, the electroluminescence
efficiency is significantly reduced upon aggregation. It is clear
that the optimization of the OLET performance is a trade-off
between the two processes. In addition to that, the anisotropy
typical of crystals further reduces the light extraction from the
device as a result of waveguiding and cavity effects.

In this regard, altering a variety of attracting properties
shown by molecular materials could be an effective solution
to obtain highly efficient ambipolar OLETs. Tuning the solid-
state packing to obtain a mix of polycrystalline phases, or to

View Article Online
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find the suitable polymorph, can represent the keystone of
ambipolar emission without sacrificing either the electrical
behavior or the luminescence characteristics of OLETs.
As discussed in the previous sections, oligothiophene deriva-
tives have shown a long list of molecular organizations and
structural phases giving rise to different morphological, elec-
trical and optical properties in the solid state. Playing on the
chemical structure or post-synthesis parameters gives the con-
trol of the morphology towards the realization of OLETs with
unprecedented characteristics. In the following paragraphs, we
will address our attention to NT4N derivative as a prototypal
molecule to be used as an active material in light-emitting
transistors which in turn can be used in single-component
devices, photonic systems and planar platforms for electro-
optical microscopy investigation.

The case of NT4N

The introduction of TI motifs in oligothiophene derivatives has
been proven to allow tuning the optoelectronic properties of
the semiconductors, thus passing from unipolar and non-
electroluminescent molecules to ambipolar and electrolumi-
nescent ones. In this paragraph, the characteristics of the
reported compounds as active materials of single-layer ambi-
polar OLETs are discussed. The comparison of all molecules is
validated by a similar deposition method which involves
vacuum sublimation onto a polymethylmethacrylate (PMMA)
dielectric layer in order to obtain OLETs with a bottom-gate
(indium tin oxide, ITO) top-contact (gold) configuration.
Table 3 summarizes the figures-of-merit of OLETs comprising
TI-ended oligothiophenes in comparison with those based on
the corresponding oligothiophene-based devices.

HT4N and FT4N were respectively derived from the most
known p-type (HT4H or DH4T) and n-type (FT4F or DFH4T)
quaterthiophene semiconductors, which were widely used in
multilayer organic devices. The presence of a single TI moiety
clearly had an impact on the device characteristics. Both HT4N
and FT4N indeed showed ambipolar characteristics and OLET

Table 3 Summary of the OLET characteristics obtained from the use of oligothiophene derivatives

0SC te [em® V1 s71] Ven,e [V] tn [em® Vs Vinn [V] Hel tn HOMO [eV] LUMO [eV] OP [nW] Ref.
NTzN 1.6 x 107" 39.7 — — — —5.81 —3.24 — 46
NThTN 3.0 x 107" 62.6 6.4 x 107° —67.3 4687.5 —5.69 -3.2 — 46
NTMeN 1.3 x 107° 56.9 3.0 x 10°° —45.0 4.3 —5.65 —3.11 — 46
T4N“ 2.0 x 10°° 10.0 1.2 x 10°* —20.7 0.016 —5.74 —3.47 — 67
HT4N“ 2.8 x 107° 10.9 3.1 %10 -17.5 0.009 —5.73 —3.42 8 67
FT4N* 1.1 x 1072 19.1 1.4 x 107° —39.5 785.7 —5.99 —3.42 50 67
HT4H* — — 1.2 x 1071 —15 — —5.5 —2.40 — 67
FT4F* 4.8 x 107! 38 - - - —6.2 —3.30 — 67
C4-NT3N 1.0 x 107* 31.7 — — — —6.17 —3.50 — 85
C4-NT4N? 5.5 x 107" 10.0 7.0 x 107° —26.7 78.57 —6.00 —3.47 180° 67
C4-NT5N 1.4 x 107* 64.3 1.5 x 107° —60.3 9333.3 —5.82 —3.47 — 85
C1-NT4N? 3.0 x 107" 27 2.8 x 1073 —61 107.1 — — — 42
C3-NT4N? 2.4 x 107" 40 1.5 x 1074 —45 1600 — — 30 42
C6-NT4N” 1.7 x 107* 20 1.3 x 1074 —66 1307.7 — — 145 42
C8-NT4N” 3.2 x 10" 28 3.0 x 10 —62 106.7 — — 150 42
C6eycNtaN? 2.9 x 1072 40 — — — — — — 42
C6brNT4N? — — — — — — — — 42

“ Film thickness = 30 nm. ? Film thickness = 100 nm. ¢ A value of 47 nW of OP was measured with a suboptimal film thickness of 100 nm.

This journal is © The Royal Society of Chemistry 2020
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electroluminescence emission in comparison with the unipolarity
and non-luminescence of HT4H (or DH4T) and FTA4F (or DFHAT).
Nevertheless, the mobility of both TI-derivatives resulted quite
unbalanced, with a ratio between the electron mobility and the
hole mobility around 0.009 and 785.7 respectively for HT4N and
FT4N (Table 3). The effect of the electron-withdrawing fluorinated
alkyl substituent in FT4N with respect to the alkyl chain of HT4N
is visible in the inversion of the field-effect characteristics, passing
from a mostly n-type FT4N to a mostly p-type HT4N. However, it
can be noted that while a few nW of electroluminescence were
recorded from HT4N, an optical power around 50 nW was
observed from OLETs based on FT4N.

In this regard, it is worth comparing the OLET behavior of
FT4N with that of NT4N, as a molecule which includes a second
TI moiety in replacement of the fluorinated alkyl chain. Both
compounds exhibited a V-shaped saturation transfer curve
(i.e. by sweeping the gate voltage at a fixed source-drain voltage
in saturation mode) which is typical of the ambipolar FET
behavior. However, their charge mobilities were found to be
drastically different. In particular, NT4N showed an outstand-
ing electron-to-hole mobility ratio of 78.57 and p- and n-type
charge mobilities respectively of 7 x 107° ecm® V™' s7' and
0.55 cm® V' s~ (Table 3).
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500 600 700
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Fig. 16
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As a result, an intense electroluminescence emission was
observed from NT4N-based devices (Fig. 16), with an optical
power up to 180 nW, that is more than three times higher than
that emitted by FT4N (50 nW, Fig. 16d). The similarity of the
electroluminescence spectrum of the NT4N-based OLET with
the photoluminescence of a film of NT4N confirmed that the
OLET emission originated from NT4N (Fig. 16¢). As shown in
Fig. 16a, the saturation transfer curve at Vpg = 100 V of NT4N-
based OLETs reported the electroluminescence signal peaked
at about Vgg ~ % Vps, thus corresponding to the maximum
hole-electron balance. In particular, at 50 V, which is a bias at
which the emission intensity is still significant, the external
quantum efficiency was found to be maximized (about 0.2%)
(Fig. 16b). The pronounced ambipolarity shown by NT4N also
enabled a fine tuning of the emission stripe position along the
channel length of the OLET. Moreover, as shown in Fig. 16e, the
emission zone could be spatially shifted by tuning the gate
voltage. Despite the emissive stripe remaining in the proximity
of the drain electrode due to the slight unbalance between
charge mobilities, it was still well separated from the drain
edge, thus preventing exciton quenching by the metal electrode
or optical coupling effects of the emitted light with the metal
electrodes.

. s bbb

Vo= 40V,
Voe = 100 V

(a) Saturation transfer curve at Vps = 100 V of NT4N-based OLETs, blue dots indicate the /ps current, while pink dots represent the

electroluminescence; (b) corresponding external quantum efficiency (EQE, pink dots); (c) photoluminescence spectrum of a film of NT4N (blue line)
and electroluminescence spectrum (red line) recorded from the corresponding OLET; (d) emission from FT4F-based OLETs recorded with an optical
microscope; (e) electroluminescence from NT4N-based OLETs at different Vs values which show the shift of the emission region. Adapted with
permission from Chem. Mater., 2013, 25(5), 668-676. Copyright (2013) American Chemical Society.
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As already introduced in section 2, tentative improvements
of the OLET performance of NT4N were carried out by design-
ing new compounds with modified inner-cores, such as NTzN
and NThTN and NTMeN. Nevertheless, devices with mostly
unipolar and non-emissive features were obtained in the case of
NTzN and NThTn, while a transistor with good ambipolarity
but drastically low p- and n-type mobilities was obtained from
NTMeN (Table 3).

As a result, slight modifications were introduced in NT4N to
further exploit all the advantages of that molecular structure.
Despite hexyl or octyl functionalizations leading to NT4N-based
OLETs emitting light 3 times more intense, the best ambipolar
characteristics were still found from the use of the benchmark
C4-NT4N (which is commonly named as NT4N). Having good
ambipolar characteristics indeed allows the effective spatial
tuning of the light stripe in OLETS.

The results discussed here also highlight the crucial role
that molecular packing plays in the optoelectronic properties of
oligothiophene derivatives. Indeed, a mix of phase A and phase
B polymorphs with poor optoelectronic properties would be
expected from the solution-processed deposition of Cx-NT4N
including an even number of alkyl side chains, such as
C4-NT4N, C6-NT4N and C8-NT4N. However, the intentional
use of thermal sublimation as film-forming technique gene-
rates exclusively the polymorphic phase B, which is the only
solid-state organization that guarantees the functionalities
reported for NT4N-based OLETS.

In conclusion, the remarkable electroluminescence charac-
teristics in conjunction with the best charge balance shown by
C4-NT4N with respect to the other compounds identifies NT4N
as the ideal candidate to further develop the OLET technology.

Despite the comparative analysis of the OLET emission
intensities done throughout this section in terms of optical
power, the standard evaluation of the emission intensity from
solid-state devices is the measurement of the brightness. As a
comparative value for the readers, the brightness reported from
C6-NT4N based OLETs was about 20 cd m ™ 2.”°

NT4N-based OLET as a device platform for photonic
application

OLETs represent a class of devices endowed with properties
which are particularly suitable for real-settings applications in
photonics. Combining electrical amplification with an efficient
emission of light represents a direct route to develop functional
pixels for displays at reduced costs and complexity. Furthermore,
the possibility to move the light stripe in the horizontal plane of
the device and to select the region where the exciton recombina-
tion occurs is of great interest also for sensing.®

As shown in the previous sections, the use of semiconduct-
ing materials such as the class of NT4N derivatives offers also
the benefit of obtaining devices with versatile optoelectronic
characteristics.

All these features included in such a simple device in-plane
geometry pave the way towards the engineering of OLETs to
realize highly integrated organic optoelectronic devices with
multiple novel functionalities.

This journal is © The Royal Society of Chemistry 2020
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To this end, Natali et al. integrated a transparent multilayer
photonic crystal (ML-PhC) as an optoelectronic gate dielectric
to both modulate the light emission output and improve the
electrical performance of NT4N-based OLETs.®” The ML-PhC
consisted of a stack of nine alternating high-density layers of
ZrO, and Al,0;, and a 30 nm thick buffer layer of PMMA
(Fig. 17a). The latter polymeric layer provided the surface for
ensuring the molecular packing of NT4N with emissive and
ambipolar field-effect behaviors.

The comparison with standard OLETs showed a 25-fold
increased ambipolar source-drain current and, consequently,
the optical power resulted in a ten-fold increase (Fig. 17b). The
optoelectronic improvements were associated with the higher
capacitance of the multilayered dielectric stack, that allowed
the (i) decrease of both hole and electron gate thresholds,
respectively of 13% and 46%, and (ii) increase in the EQE by
a factor 3.

By changing the overall thickness of the dielectric struc-
tures, the authors prepared two different sets of integrated
multilayered stacks with the aim of tuning the photonic band-
gap of the photonic crystal and modulating the spatial distribu-
tion of the emitted photons. In particular, a dielectric structure,
called ML-PhC /,, was intentionally designed to locate the
maximum of the NT4N EL spectrum in correspondence with
the minimum of the ML-PhC transmittance spectrum. The
dielectric stack was effectively demonstrated to work as a planar
distributed Bragg reflector system, and an almost four-fold
increase in the EL intensity was observed along the optical axis
in the top view direction (Fig. 17c). In addition, an angular
emission profile broader than the typical Lambertian one was
recorded from the bottom side of the device.

Despite the great potential of ambipolar OLETs for real-
setting applications, this type of device platform provides also
the opportunity to investigate a plethora of different phenom-
ena in a single nanometric layer such as hole and electron
injection, field-effect conduction, charge recombination, light
generation, and light extraction. By exploiting the in-plane
geometry (thus avoiding possible disturbing metal electrodes)
of transistors and the possibility of most organics to be photo-
excited, the organic active layer in OLETs is accessible by
optical scanning probe techniques for the investigation of the
major photophysical and charge-correlated processes under
device working-conditions.

In this context, the ambipolar emissive features of NT4N-
based OLETs were exploited by Koopman et al. to develop a
unique approach for the determination of the contact resistance
and the channel resistance in a single device.®® The new method
involved the local observation of the charge density distribution
within the transistor channel. In particular, photoluminescence
electro-modulation microscopy was used to optically induce the
formation of excitons and then to map their quenching due to the
proximity of charges flowing in the organic semiconducting layer
during device operation. The spatial localization of the ambipolar
recombination region was evidenced by the enhanced fluores-
cence given by the additional electroluminescence from NT4N
(blue region in Fig. 18).
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Fig. 17 (a) NT4N-based OLET including a multilayer photonic crystal (ML
PhC); (b) electroluminescence of the ML PhC OLET as a function of Vs in
comparison to that of a reference device; (c) electroluminescence spectra
recorded from the top side and the bottom side of ML PhC OLETs.
Adapted with license permission no. 4864750204768 from Natali et al.,
Adv. Funct. Mater., 2017, 27, 1605164 and Wiley-VCH.

The ambipolar regime was found to start at Vgg around 10 V
(in saturation regime of Vpg =100 V) and showed its maximum
at Vgg around 30 V. These values were crucial to understand the
difference with respect to threshold voltages extracted from
electrical characterization.

While values extrapolated from the typical electrical curves
contained contribution from both contacts and channel
resistances, threshold voltages extrapolated by this new
approach contained only the voltage drop due to the contact
resistance. The authors demonstrated that the contact resis-
tance for the injection of electrons contributed only for the 6%
of the total threshold voltage obtained electrically. The reported
findings highlighted the possibility (i) to study how specific
interfaces act during device operation and (ii) to identify the
device-dependent and material-dependent issues that affect the
electrical performance of devices. More importantly, authors
showed that functional interfaces are way more complex than
an energy mismatch between the metal Fermi level and the
transport electronic levels of the semiconductor.

In this context, the same NT4N-based device was recently
used to provide further insight into the complex correlation
between the nature of the charge-injecting contacts and the

15062 | J Mater. Chem. C, 2020, 8, 15048-15066
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Fig. 18 Photoluminescence electro-modulated microscopy of NT4N-
based OLETs. The blue region indicates a reduction of the quenching
(enhanced fluorescence). The red region represents an increase of
quenching mechanisms. Reprinted with permission from ACS Appl. Mater.
Interfaces, 2018, 10(41), 35411-35419. Further permissions related to the
material excerpted should be directed to the ACS.

electrical characteristics of devices.®® The authors showed how
the presence of thienyl sulfur atoms in NT4N determined the
formation of chemical interactions with gold electrodes, with
the consequent formation of small gold nanoclusters during
the first stages of contact formation. Multiple analyses repeated at
different stages of device fabrication, including also synchrotron
X-ray spectroscopy on devices in operando, showed that the
electrical performance was the result of the interplay between
(i) the chemical composition of metal electrodes and the OSC,
(ii) the type of physicochemical interactions at the metal/OSC
interface, (iii) the interfacial morphology and (iv) the organization
of the metal clusters at the OSC interface.

We here provided some examples of the great potential
offered by the implementation of TI-ended oligothiophene
derivatives in the OLET device platform. The combination of
ambipolar field-effect conduction, electroluminescence ability
and simple tunability of the optoelectronic characteristics,
endorse NT4N as a class of molecules suitable for fundamental
investigations and technological development of multifunc-
tional devices.

5. Conclusions

OLETs require the active materials to possess both high in-plane
carrier mobility and high luminescence quantum yields to realize
potential applications in active matrix full color displays, inte-
grated photonic circuitry, sensing and possibly the long-searched
electrically driven organic laser.

However, OSCs (in particular small molecules) presenting
high carrier mobility typically suffer from luminescence quenching
in the solid state.

This simplistic thumb-rule has generally promoted the use
of polymers as suitable organic conjugated semiconductors to
be used in single-layer single-material ambipolar OLETSs given
their remarkable emissive properties in the solid state.

Significant effort must be put by the scientific community to
synthesize and/or process active materials capable of balancing

This journal is © The Royal Society of Chemistry 2020
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both high flowing charge-density and efficient rate of formation
of emissive excitons.

In this scenario, this present study aimed at highlighting
thienoimide-ended oligothiophenes as a new versatile family of
multifunctional conjugated organic compounds which can be
considered an ideal test-bed for investigating the relationships
between the molecular structure, packing modalities, charge
mobility and light emission in thin-films. As we have reported,
the insertion of the TI moieties in the oligothiophene backbone
proved to allow tuning of not only the optoelectronic properties
of the semiconductors, thus passing from unipolar and non-
electroluminescent molecules to ambipolar and electrolumines-
cent ones, but also the material processability and self-assembly
in nanostructured systems.

The peculiar packing mode of TI-ended oligothiophenes,
that typically organize in the slipped m-n stacking packing
mode differently from most oligothiophenes, is related to
planarity, symmetry and alkyl-based end-substitutions in the
molecular structure of these compounds. As a remarkable
example in the state of the art of ambipolar organic conjugated
molecules, the NT4N molecule shows an outstanding electron-
to-hole mobility ratio of 78.57 and p- and n-type charge mobi-
lities respectively of 7 x 10 > em*V ™ "s ' and 0.55cm®>V 's "
differently from the unsymmetrical fluorinated counterpart.

The versatile chemical tuning of the molecular structure
of TI-ended oligothiophenes (by both acting on the inner core
and the terminations of the molecules) and the fine use of a
confined environment during the crystallization process or
of the suitable solution-processed or sublimation deposition
techniques are the major tools for controlling the packing of
molecules and their intermolecular interactions in the solid
state. In this study, we clearly highlight that the analytical
investigation of the correlation between polymorphism and opto-
electronic performance in nanostructured systems implementing
TI-ended oligothiophenes is the driver for designing and realizing
multifunctional devices, such as real-time temperature integrators
for color-dependent sensing and light-emitting transistors for
switchable lighting.

By considering the field-effect transistor as a benchmark
device platform and the extended family of TI-ended oligothio-
phenes as a case study in organic electronics, this study has
assessed the quantification of optoelectronic figures of merit
(such as charge mobility, gate threshold voltage, and emitted
optical power) in OLETSs by systematically varying the molecular
structures and post-synthesis deposition approaches of the TI
derivatives implemented as active material in OLETs.

The field of view has been further broadened in the study by
including the report of the use of the NT4N-based OLETs as
both scientific and technological viable solutions for optimizing
the optoelectronic and photonic performance and envisaging the
real-setting applications in OLETS.

The integration of a transparent multilayer photonic crystal
as a dielectric stack in the architecture of a single-layer
ambipolar OLET based on NT4N allows the realization of an
innovative photonic device capable of probing and managing
the direct optical coupling between electrically formed

This journal is © The Royal Society of Chemistry 2020
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excitons and the planar photonic component in an electrode-
free geometry.

Moreover, the direct access to the active channel and the
remarkable ambipolar charge balance in transparent NT4N-
based OLETSs enable the use of these devices for optical imaging
of the recombination zone location by means of an electro-
optical scanning probe technique. Consequently, we expect that
the same experimental methodology and test bench devices
might be used to probe independently how the different func-
tional interfaces in an organic transistor (such as the electrode/
organic-semiconductor and the organic-semiconductor/dielectric)
affect the charge-carrier injection, transport and recombination
properties within the same single device, and in principle decouple
the device-dependent and material-dependent issues that affect
the electrical performance in organic field-effect transistors.

If we critically overview all the results reported here, it is
evident that enormous effort is still needed for understanding
the correlation between the compound molecular structure, the
solid-state thin film arrangement and the functional properties
as a function of thin-film process parameters. We believe that
the development of multiscale computational methods could
represent the key to boost the quantum and power efficiency of
ambipolar OLETs. Despite the great progress that has been
progressively achieved to estimate the optoelectronic charac-
teristics of isolated molecules or small aggregated systems, this
know-how must be evolved to include the entire device fabrica-
tion. As highlighted in this Perspective, the solid-state organi-
zation has a profound influence on the device characteristics.
Each deposition technique specifically drives the thin-film
formation and controls polymorphism. A comprehensive and
predictive view of the entire process of device fabrication, from
the synthesis of the single material to its implementation in the
device to the design of functional interfaces, would open the
way for a faster selection of materials and processing methods
and dedicated developments for selected purposes.

In this regard, the strategy at the basis of the synthesis of
TI-ended oligothiophene compounds contributes to the defini-
tion of a throughout multidisciplinary approach combining
multiple material-processing techniques with structural,
morphological, photophysical and optoelectronic systematic
characterization of the nanostructured systems in order to
achieve high-performing active materials for single-material
single-layer OLETs.

Obtaining light-emission from an electrical switching and
amplifying device is the major strength of the OLET platform.
However, pursuing a dual functionality in a single architecture
is also the major challenge of this technology that has still to
be demonstrated in suitable application-driven paradigm in
organic optoelectronics. In the near future, the major driver in
the progress towards real-setting applications of OLET techno-
logy is the achievement of standards of performance in relation
to high internal quantum efficiency values, outperforming the
device outcoupling efficiency (allowing for a significant light
fraction to be extracted outside the device) and lowering of the
device operating voltages in order to minimize the device
energy footprint.
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We believe that the TI-ended oligothiophene family is a
remarkable example of the introduction of new paradigms in
designing organic semiconductors and engineering organic
field-effect thin-film devices, which in turn may play a key-
role in the demonstration of real-setting applications in elec-
tronics and photonics for organic compounds.
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