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Chlorinated solvents are commonly used to process organic semiconductor devices but have several
negative environmental impacts. The choice of processing solvent significantly affects the layer micro-
structure and device performance, so replacing chlorinated solvents is non-trivial. Herein, we investigate
the microstructural and electron-transporting properties of small-molecule non-fullerene acceptor
(NFA) films and transistors processed from various non-chlorinated solvents. We show that the ensuing
NFA transistors exhibit improved layer morphology, crystallinity, and electron mobility superior to those
processed from chlorinated solvents. Our work highlights using non-chlorinated solvents to optimise
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Introduction

There is increasing research interest in organic semiconductors
(OSCs) owing to their potential for many current and future
(opto)electronic applications.”® These materials offer attractive
attributes such as light weight, good mechanical flexibility, and
excellent optical transparency, highlighting their compatibility
with next-generation flexible electronics.”® OSCs are also
solution-processable, which allows functional (opto)electronic
device fabrication using cost-effective and low-temperature
processing methods.'*™'® Furthermore, the properties of OSCs
can be controlled via several approaches, for instance, introdu-
cing/replacing heteroatoms and tailoring functional groups
in side chains."”'® Among the vast library of OSCs, small-
molecule non-fullerene acceptors (NFAs) attract the most
interest.'>?® NFAs offer remarkable tunability in their optical
absorption and energy level characteristics, which are advanta-
geous for the realisation of highly efficient organic photovol-
taics (OPVs).>2*

Integrating NFAs into functional devices typically involves
using chlorinated solvents to solubilise the materials before
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film deposition.>"*>*> However, chlorinated solvents are

among the worst in terms of their environmental impact and
toxicity.>® Therefore, using non-chlorinated solvents with
lower toxicity and environmental impact is important to over-
come these issues.”’>° To this end, using non-chlorinated
solvents for NFA-based thin-film transistors (TFTs) has received
little attention. Solvent characteristics critically influence the
material solubility and growth kinetics during film deposition,
ultimately determining the optoelectronic properties of the
NFA films.

Herein, we study the charge transport characteristics of NFA
TFTs fabricated from various non-chlorinated solvents. We find
that the choice of solvent critically influences the electronic,
optical, and microstructural properties of the NFA films. We
show that charge transport in the NFA TFTs can be significantly
improved using non-chlorinated rather than chlorinated sol-
vents. The field-effect mobility enhancement is correlated to
the improved microstructural characteristics of the NFA layers.

Results and discussion

We selected o-IDTBR’°?? and L8-BO** as the model NFA
systems for this study (Fig. 1a). The full chemical names of
the two NFAs are given in the ESI.f O-IDTBR is a known high-
electron-mobility OSC that has been used successfully to
develop high electron mobility TFTs,**> whereas L8-BO has
been extensively studied as one of the highest-performing NFAs
for application in next-generation OPVs.**"*® Both NFAs are
commonly dissolved using chlorinated solvents such as
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Fig. 1 (a) Molecular structures of o-IDTBR and L8-BO non-fullerene acceptors (NFAs) investigated in this work. (b) Chemical structures of the solvents

studied in this work, including chlorobenzene (CB), chloroform (CF), anisole (ANI), mesitylene (MES), toluene (TOL), and o-xylene (XYL). (c) Photographs
of 0-IDTBR (top panel) and L8-BO (bottom panel) solutions in different solvents. (d) Energy level diagram of o-IDTBR and L8-BO processed using
different solvents, obtained from photoelectron spectroscopy in air (PESA) and absorption spectroscopy measurements.

chlorobenzene (CB) and chloroform (CF), which are then used
to fabricate the functional devices. For example, O-IDTBR yields
high-performance TFTs when processed from chlorobenzene
(CB) solutions, whereas L8-BO exhibits optimal charge trans-
port when cast from chloroform (CF) solutions.**™*' To inves-
tigate the possibility of using more eco-friendly solvents, we
selected various non-chlorinated solvents, including anisole
(ANI), mesitylene (MES), toluene (TOL), and o-xylene (XYL)
(see Fig. 1b) to dissolve both NFAs.

To begin, we investigated the solubility of NFAs in different
solvents. Fig. 1c displays photographs of the various NFA
solutions. Both NFAs demonstrated solubility in all non-
chlorinated solvents investigated, with no evidence of particle
aggregates. There were no noticeable colour changes in the L8-
BO solutions made using various solvents (Fig. 1c). Conversely,
we observed colour changes in the o-IDTBR solutions, with the
initial dark bluish tint transitioning to dark reddish hues when
changing solvents from chlorobenzene to mesitylene, toluene,
and o-xylene (Fig. 1c, top panel).

We also assessed the film properties of both NFAs following
spin casting from various solvents. Fig. S1 (ESIT) shows photo-
graphs of the o-IDTBR and L8-BO NFA films after spin casting

12942 | J Mater. Chem. C, 2023, 11, 12941-12948

from the various solutions. The films were continuous and
smooth, except for the o-IDTBR and L8-BO films processed
from anisole. The latter films exhibit some visible non-
uniformities with uncoated regions and particle aggregates.
This imperfect film quality can be attributed to the limited
solubility of these NFAs in anisole. Among the solvents inves-
tigated, we observed that the NFA films processed from toluene
possess the most uniform and smooth properties, as depicted
in Fig. S1 (ESIY).

Next, we investigated whether solvents can affect the elec-
tronic structures of NFA films, such as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO), using photoelectron spectroscopy in air
(PESA) and ultraviolet-visible (UV-Vis) absorption measure-
ments. The HOMO and LUMO levels of the various NFA films
are summarised in Fig. 1d. The HOMO level of 0-IDTBR and L8-
BO prepared from the different solvents measured using PESA
measurements are depicted in Fig. S2 (ESIt). In chlorinated
solvents, 0-IDTBR and L8-BO possess HOMO levels of —5.55
and —5.62 eV, respectively. Upon dissolving o-IDTBR in anisole
and mesitylene, we observed only a slight change in the HOMO
level to —5.54 and —5.52, respectively. On the other hand,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Normalised absorbance of (a) o-IDTBR and (b) L8-BO films processed using different solvents. Tauc plot of (c) o-IDTBR and (d) L8-BO films

processed using different solvents.

dissolving L8-BO in anisole and mesitylene results in a slightly
deeper HOMO level of —5.68 eV (for both solvents). Interest-
ingly, for both NFAs, we observed that their HOMO levels
became deeper when cast from toluene and o-xylene solutions.
The results are most likely attributed to pre-aggregation in the
NFA solutions and changes in the growth kinetics during film
formation when cast from toluene and o-xylene.*”

The choice of solvents can significantly influence the opti-
cal, morphological, and crystallinity properties of NFA films
during film formation and can affect their charge transport
properties. UV-Vis absorption measurements were carried out
to determine the optical properties of small-molecule NFA
films. Fig. 2a and b show the UV-Vis absorbance spectra of o-
IDTBR- and L8-BO-based films processed using different sol-
vents. The reference o-IDTBR films exhibit absorbance spectra
with two main peaks at ~414 and 735 nm. The reference L8-BO
films also possess two main peaks in the absorbance spectra at
~342 and 826 nm. As depicted in Fig. 2a, we observed blue
shifts in the UV-Vis peak (735 nm) of the o-IDTBR films when
processed using different solvents. Relative to the reference o-
IDTBR film, layers processed from mesitylene and o-xylene
solutions exhibit the largest blue shift in their absorption
peaks. The blue-shifted spectra also manifest as colour changes
in o0-IDTBR solutions dissolved in mesitylene and o-xylene.
These changes indicate the existence of intermolecular inter-
actions, the strength of which depends on the solvent used.

This journal is © The Royal Society of Chemistry 2023

Fig. 2c shows the Tauc plot (extracted from Fig. S3a, ESIT) of
o-IDTBR films deposited from the different solvents. The
analysis reveals small changes in the bandgap of each layer.
Films cast from mesitylene and toluene exhibit the highest
and the lowest bandgap, respectively. Moreover, the blue shift
of the main absorption peak of the o-IDTBR films indicates
changes in their molecular packing and, hence, crystallinity
and morphology.****

In contrast to the o-IDTBR films, we did not observe any blue
shift in the main absorption peak of the L8-BO films deposited
from the same solvents (Fig. 2b). Instead, we observed a broad-
ening of the main absorption peak at ~826 nm in the L8-BO
films processed from toluene and o-xylene relative to the
reference L8-BO film. Meanwhile, the films processed by ani-
sole and mesitylene experience a characteristic narrowing of
the main absorption peaks. The difference in the absorption
features of L8-BO films cast from different solvents also sug-
gests differences in their electronic properties (including elec-
tronic, vibrational, and rotational energy levels).*”> The optical
bandgap analysis of L8-BO films deposited from the different
solvents is presented in Fig. 2d (extracted from Fig. S3b, ESIT).

Compared to reference L8-BO film, the broadening of the
main absorption peak of L8-BO films cast from toluene and o-
xylene is believed to originate from the different crystallisation
motifs and the associated changes in the density of energy
states.’® Conversely, L8-BO films prepared from anisole and
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mesitylene exhibit slightly larger optical bandgaps than the
reference L8-BO film, which can be attributed to the stronger
intermolecular interactions. These results demonstrate that
using different solvents can lead to solid films with different
microstructural, optical and electronic characteristics for both
NFAs investigated.

To assess the impact of the different solvents on the charge
transport properties of the NFA films, we fabricated TFTs using
a top-gate and bottom-contact configuration. Devices were
fabricated by evaporating a 35 nm-thin Au layer atop a 5 nm-
thin Al adhesion layer on glass substrates to form the bottom
source and drain (S-D) electrodes. To improve electron injec-
tion from Au to the small-molecule NFAs, we treated the Au
films with polyethyleneimine (PEIE). Next, the NFA solutions
were spun from various solvents and thermally annealed at 120 °C
for o-IDTBR and 220 °C for L8-BO for 5 min inside a nitrogen-
filled glovebox. Cytop was used as the gate dielectric owing to its
hydroxyl-free nature.”””*® Device fabrication was completed with
the evaporation of a 70 nm-thick Al gate electrode.

Fig. 3a and b show the IY2-V; and transfer characteristics
measured in saturation regime for o-IDTBR TFTs processed
from the different solvents. Reference TFTs based on o-IDTBR

View Article Online
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processed from chlorobenzene (CB) solutions are also shown in
Fig. 3a and b (black line). The CB-cast devices exhibit clear
electron accumulation (n-channel) with a current on/off ratio of
~10*% Changing the solvent to a non-chlorinated one affects
the transfer characteristics of the TFTs (Fig. 3a and b). Com-
pared to o-IDTBR TFTs prepared from chlorobenzene, the
currents for the NFA-based devices processed from anisole,
mesitylene, and o-xylene solutions were consistently lower.
Specifically, o-IDTBR TFTs processed from o-xylene solution
exhibit the lowest channel currents among all devices. Inter-
estingly, o-IDTBR TFTs processed from the toluene solution
exhibited optimal performance with a current on/off ratio of
7.6 x 10° (Fig. 3b), a low threshold voltage of 4.4 V, and a clear
saturation regime (Fig. S4, ESIY), indicating good operating
transistors.

To obtain further insight into the charge carrier transport
dynamics, we extracted the field-effect electron mobility () in
the saturation regime from the transfer curves in Fig. 3a using
the gradual channel approximation model:

2
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Fig. 3 (a) I¥2-Ve, (b) semi-logarithmic transfer characteristics, and (c) electron mobility at the saturation regime in o-IDTBR TFTs processed using
different solvents. (d) 52—V, (e) semi-logarithmic transfer characteristics, and (f) electron mobility at the saturation regime in L8-BO TFTs processed
using different solvents. The applied gate voltages (V) in the transfer characteristics are from —20 to 60 V, with a source—drain voltage (Vps) of 60 V. The

channel length and width of the devices are 30 and 1000 pum, respectively.
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Here, L, W, C;, I, and Vs denote the channel length, channel
width, gate dielectric capacitance, source-drain current, and
gate voltage, respectively. Table S1 (ESItf) summarises the
operating parameters of transistors prepared from the different
solvents, including electron mobility, on/off current ratio, and
threshold voltage. Fig. 3c shows the electron mobility in o-
IDTBR TFTs processed from the various solvents. o-IDTBR TFTs
fabricated from chlorobenzene solution exhibited an electron
mobility of 0.35 em® V™' s', consistent with previous
reports.*>*® The o-IDTBR TFTs processed from anisole and
mesitylene possess electron mobility comparable to that cast
from chlorobenzene solution. o-IDTBR TFTs processed from o-
xylene show the lowest y. of 0.006 cm”> V™' s~*. On the other
hand, o-IDTBR devices processed from toluene solution exhibit
the g, of 0.56 cm® V™' s™*, which is higher than that measured
from TFTs processed from chlorobenzene.

Next, TFTs based on L8-BO films, processed from different
solvents, were studied. L8-BO TFTs fabricated from a chloro-
form solution exhibited clear n-type current modulation with
an on/off ratio of approximately 10 (Fig. 3d, e and Table S1,
ESIt). Like o-IDTBR TFTs, dissolving L8-BO in different
solvents affects the charge transport properties of the ensuing
transistors (Fig. 3d and e). TFTs prepared from anisole and
mesitylene exhibit significantly reduced channel current, an
effect most likely attributed to the microstructure changes
within the channel. L8-BO TFTs prepared from o-xylene
solution show transfer characteristics comparable to those of
the reference devices. In line with the o-IDTBR TFTs, the L8-BO
devices processed from toluene exhibit optimum performance.
The TFTs show improved current on/off ratios, reduced thresh-
old voltage, and clear saturation profiles in their output char-
acteristics, as shown in Fig. 3e and Table S1, Fig. S5 (ESIY),
respectively.

The p. values for the L8-BO TFTs prepared from the different
solvents are shown in Fig. 3f and Table S1 (ESI}). The reference
devices exhibit a maximum electron mobility of 0.11 cm®* V" s~ %,
Upon dissolving L8-BO in anisole and mesitylene, we found that
the electron mobility decreases to 0.05 and 0.085 cm® V' s,
respectively. L8-BO TFTs processed from o-xylene solution

(@)

o-IDTBR

(b)

L8-BO

Oy (AT)

Qe (A)
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showed electron mobility similar to the reference TFTs pro-
cessed from chloroform. Switching to toluene as the solvent
leads to L8-BO TFTs with higher u. by almost a factor of two (up
to 0.21 cm®> V' s') compared to reference devices. These
results reveal that solvent engineering is a promising and
simple method for modulating electron transport in NFA-
based TFTs.

To study the origin of the electron transport differences in
NFA-based TFTs processed from different solvents, we con-
ducted two-dimensional grazing incident wide angle X-ray
scattering (2D-GIWAXS) measurements. Fig. 4a shows the 2D-
GWAXS patterns of o-IDTBR NFA films cast using different
solvents. The reference o-IDTBR NFA films processed from
chlorobenzene solution exhibit strong peaks in the in-plane
direction, consistent with the literature.”® For films cast from
anisole and mesitylene solutions, we observed that the GIWAXS
pattern’s intensities were reduced compared to the reference
samples. Further suppression in the GIWAXS intensity is
observed in o-IDTBR films cast from o-xylene, indicating a
reduced film crystallinity. The latter explains the inferior
charge transport in o-IDTBR TFTs processed from o-xylene.
For o-IDTBR films processed from toluene, we observe more
intense diffraction patterns in the in-plane and out-of-plane
directions, indicating improved layer crystallinity. Strong in-
plane and out-of-plane molecular packing is better illustrated
in the corresponding line cuts shown in Figs. S6a and b (ESIT).
Such features indicate three-dimensional (3D) packing, which
can support 3D electron transport and is most likely the origin
of the higher electron mobility measured in o-IDTBR TFTs
processed from toluene (Fig. 3c).

We carried out 2D-GIWAXS measurements on the L8-BO
films processed from the different solvents (Fig. 4b). L8-BO
layers spun from chloroform exhibit visible peaks in the in-
plane and out-of-plane directions. For films processed from
anisole and mesitylene, the intensity of some of these diffrac-
tion peaks reduces significantly, indicating a lower crystallinity.
The observation also explains the suppressed electron transport
measured for L8-BO TFTs processed from anisole and mesity-
lene (Fig. 3d-f). In L8-BO films cast from o-xylene solution, the

103
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10!
100

103
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10!
100

Qe (A1) Gy (A7)

Fig. 4 Two-dimensional grazing incident wide angle X-ray scattering (2D-GIWAXS) spectra of (a) o-IDTBR and (b) L8-BO films processed from different

solvents.
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Fig. 5 Atomic force microscopy (AFM) images of (a) o-IDTBR and (b) L8-BO films processed using different solvents.

GIWAXS intensities appear comparable to those in the refer-
ence films, consistent with the transistor characterisation. Like
o-IDTBR films, L8-BO layers processed from toluene exhibit
a notably improved crystallinity (intense diffraction peaks,
Fig. S6c and d, ESIY), highlighting toluene’s efficacy as a solvent
for NFA-based systems.

To gain further insights into the morphological properties of
NFA films, we carried out atomic force microscopy (AFM)
measurements. The AFM topography images of o-IDTBR films
processed from different solvents are presented in Fig. 5a. The
layer exhibits visible domains of varying sizes, which agrees
with the literature.’® The detailed domain features measured
over a smaller scanning area are presented in Fig. S8a (ESIt). o-
IDTBR films processed from anisole show smoother morphol-
ogy than the reference o-IDTBR film. The latter feature
indicates the formation of more amorphous films and can be
responsible for the inferior charge transport observed (Fig. 3a-
¢). On the other hand, the mesitylene-processed o-IDTBR layer
appears non-uniform with many disconnected domains and
grain boundaries (Fig. 5a). The latter feature is believed to be
responsible for the lower electron mobility of mesitylene-
processed o-IDTBR TFTs (Fig. 3c). o-IDTBR films cast from
oxylene also exhibit a smoother morphology, but electron
transport remains inferior due to the reduced layer crystallinity,
as revealed by the GIWAXS measurements in Fig. 4a. o-IDTBR
films spun from toluene appear continuous and smooth, as
indicated by the narrow surface height distribution histograms
in Fig. S7a and Sila (ESIt). Additional data on the film
morphology measured for different scanning areas are pre-
sented in Fig. S8a and S10a (ESIY).

AFM images of L8-BO films prepared from various solvents
are shown in Fig. 5b. AFM images obtained at scanning areas of
5 and 20 um are shown in Fig. S8b and S10b (ESIt). The L8-BO
films processed from chloroform show continuous topography
with no visible cracks. On the other hand, L8-BO films pro-
cessed from anisole and mesitylene solutions appear less

12946 | J. Mater. Chem. C, 2023, 11, 12941-12948

continuous than the reference films, which explains the lower
electron field-effect mobility (Fig. 3f). L8-BO films processed
from o-xylene show improved film morphology compared to
layers prepared from anisole and mesitylene solutions. Surpris-
ingly, the electron mobility remains similar to that measured
for the reference L8-BO TFTs (Fig. 3f). Like o-IDTBR, L8-BO
films processed from toluene show improved layer morphology
characterised by larger-size domains. These features are
believed to be responsible for the highest electron mobility
measured for o-IDTBR and L8-BO TFTs processed from toluene,
among all other solvents studied. The results demonstrate that
solvent engineering using non-chlorinated solvents provides a
simple route to improving charge transport in technology-
relevant small-molecule organic semiconductors. Moreover, it
demonstrates the possibility of realising well-performing NFA-
based optoelectronics from less toxic solvents.

Conclusions

We have successfully demonstrated NFA-based TFTs processed
from various non-chlorinated solvents. A strong relation was
established between the solvent used and the electron-
transporting properties of the ensuing NFA-based transistors.
The electron mobility in both o-IDTBR and L8-BO transistors
could be significantly increased by using non-chlorinated sol-
vents. The enhanced electron transport was shown to originate
from the layers’ improved crystallinity, highlighting the tremen-
dous promise of this simple solvent-engineering approach. Our
findings provide valuable insights towards the facile and cost-
effective fabrication of high-performance NFA-based (opto)elec-
tronic devices using more environmentally benign solvents.
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