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Gas-assisted blade-coating of organic
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The competitive performance of optoelectronic devices based on advanced organic semiconductors
increasingly calls for suitably scalable processing schemes to capitalise on their application potential. With
performance benchmarks typically established by spin-coating fabrication, doctor-blade deposition rep-
resents a widely available roll-to-roll-compatible means for the preparation of large-area samples and
establishing the device upscaling potential. However, the inherently slower film formation kinetics often
result in unfavourable active layer microstructures, requiring empirical and material-inefficient optimi-
sation of solutions to reach the performance of spin-coated devices. Here we present a versatile approach
to achieving performance parity for spin- and blade-coated devices using in situ gas-assisted drying
enabled by a modular 3D-printed attachment. This is illustrated for organic photodetectors (OPDs) featur-
ing bulk heterojunction active layers comprising blends of P3HT and PM6 polymer donors with the non-
fullerene acceptor ITIC. Compared to conventionally blade-coated devices, mild drying gas pressures of
0.5-2 bar yield up to a 10-fold enhancement of specific detectivity by maximising external quantum
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efficiency and suppressing dark-current. Furthermore, controlling gas flux distribution enables one-step
fabrication of 1D chain conformation and 2D chain orientation patterns in, respectively, PFO and P3HT:
N2200 blend films, opening the possibility for high-throughput fabrication of devices with complex struc-
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1. Introduction

Recent advances in synthetic chemistry and the understanding
of structure-property relationships have led to the increasing
advent of high-performance molecular semiconductors, such
as organic conjugated small molecules and polymers, nonful-
lerene acceptors (NFAs) and organic-inorganic hybrid perovs-
kite materials.’” In the vast majority of cases, molecular semi-
conductors are evaluated on the laboratory scale in the form of
spin-coated films which thus establish performance bench-
marks for the resulting devices that include solar cells, thin-
film transistors, photodetectors, sensors, and numerous
others. With the performance of spin-coated devices increas-
ingly reaching commercially viable benchmarks in terms of,
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e.g., power conversion efficiency, detectivity and stability,"*™

growing emphasis is placed on their upscaling potential.

The next level active-layer deposition methods include
blade- and spray-coating, as well as inkjet- and screen-
printing.®® Of these, blade-coating—a misnomer for ‘menis-
cus-guided deposition’® that is generally adopted in the field—
represents the most widely employed laboratory-scale tech-
nique due to minimal associated hardware costs and reduced
material waste by eliminating spin-off. Besides representing
pre-scaleup fabrication, large-area blade-coated films are indis-
pensable for high-throughput combinatorial material and
(post-)processing optimisation for, e.g., photovoltaic blends.®
Furthermore, by virtue of sharing a number of common para-
meters, blade-coating enables straightforward process transfer
to slot-die coating and eventual roll-to-roll-based
production.”'"'* These parameters include processing temp-
erature, coating speed, blade gap and solution formulation, for
which detailed overviews can be found in ref. 6, 13 and 14.

However, the transfer from spin-coating to blade-coating
remains highly challenging in terms of maintaining maximal
performance of devices — particularly those based on donor-
acceptor bulk heterojunction (BH]) active layers.'®**™® This is

a
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related to the extreme differences between the two processes
in terms of fluid dynamics and drying kinetics that underpin
the solution-to-solid phase transformation and, as a result,
define the essential aspects of the solid-state microstructure in
terms of, e.g., phase-separation length scales, vertical stratifica-
tion and crystallinity."* Hence, a matching of drying con-
ditions is understood to be imperative for blade-coated devices
to reach the performance benchmarks set by spin-coating-
based-fabrication.'*'®> Here, the use of elevated deposition
temperatures or modified solution formulation appear to offer
the most straightforward approach. However, the use of high
temperatures, typically in the 80-90 °C range,'® increases the
propensity for thermo-oxidative degradation and invariably
requires additional solution optimisation.'> Modifying the for-
mulation of solutions necessitates labour-intensive and
material-inefficient trials which are further restricted by the
increasing emphasis placed on the use of non-toxic, ‘green’
solvents.'”*® Moreover, given that microstructure formation is
highly sensitive to material-specific solubilities and miscibil-
ities, such solution optimisation essentially,
empirical."®*°

An alternative approach to accelerating the film formation
kinetics for deposition by blade-coating involves in situ exter-
nal gas drying. Recent reports have highlighted the potential
of this method (generally termed ‘N,-knife’) for high-through-
put fabrication of efficient perovskite solar cells.*'* However,
the general applicability of this approach for organic semi-
conductors remains unexplored due to restrictive hardware
requirements.”” Elsewhere, our recent work reported the use of
an electric fan placed adjacent to the doctor blade to obtain,
via the use of crystallisable co-solvents,>*>® high-performance
polarised organic photodetectors (OPDs) based on direction-
ally oriented bulk heterojunction active layers.”” However,
despite its essential role in obtaining maximally anisotropic
organic semiconductor blend films,?” this ‘fan-assisted drying’
method generates a non-uniform airflow and remains poorly
controllable.

Here we present a versatile gas-assisted blade-coating
method enabled by a modular 3D-printed attachment that
generates controllable gas flow with a precise profile over the
sample. Using common (macro-)molecular semiconductors,
we study the broad scope of the influence of in situ drying on
the resulting thin-film microstructure as well as the character-
istics of devices based on blade-coated active

remains,

layers.
Specifically, using organic photodetectors (OPDs) as an exemp-
lary class of optoelectronic devices,**”>° we demonstrate that,
for a given solution formulation, employing gas-assisted
drying improves the overall device performance up to the
benchmarks set by spin-coating-based fabrication. Finally,
while conventional blade-coating and its ‘N,-knife’ extension,
as well as spin-coating, are limited to the fabrication of
spatially uniform material layers, we show that varying the
spatial distribution of drying gas enables one-step
deposition of 1D- and 2D-patterned organic semiconductor
films for rapid prototyping and fabrication of complex device
arrays.
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2. Results and discussion

2.1. Instrumentation

The purpose of the attachment for gas-assisted blade-coating
is to direct a controlled flux of drying gas at the wet film
formed behind the receding meniscus during deposition. The
optimised configuration (Fig. 1a-d) comprises a gas inlet, a
slot die to homogenise the gas pressure and an array of gas
outlet nozzles to yield the desired distribution of gas flux in
close proximity to the substrate. While the modular design
allows for fine-tuning to suit specific substrates and instru-
mentation, the configuration employed herein was optimised
for deposition onto standard 25 mm-wide glass substrates,
thus featuring a 40 mm-wide slot die to minimise edge effects
positioned 16 mm behind the centre of the doctor blade.
(Additional images illustrating the design are given in Fig. S1
in the ESI.1) The interchangeable gas outlet nozzles feature an
array of 0.75 mm-diametre perforations (Fig. S21) that can be
placed within 0.5-20 mm of the substrate via the use of
spacers. Finally, a two-terminal vessel (Fig. 1c) may optionally
be employed for generating a solvent-saturated gas flux. The
corresponding FreeCAD design files for the 3D-printed attach-
ment are provided in the ESL{

The following sections present the use of drying gas for
achieving performance parity between OPDs based on spin-
and blade-coated active layers (Fig. 1e), as well as one-step fab-
rication of chain conformation and orientation patterns
(Fig. 1f and g, respectively).

2.2. Upscaling of OPDs

2.2.1. Gas-assisted blade-coating of P3HT:ITIC films. We
demonstrate the applicability of gas-assisted blade-coating for
accelerating the film formation kinetics using a benchmark
BH] blend system comprising the polymer donor poly(3-hex-
ylthiophene) (P3HT) and the prototypical nonfullerene accep-
tor ITIC. Although known to feature a poor photovoltaic
efficiency,’® this widely studied highly crystalline blend
system'%?%*! allows a number of phenomena to be clearly
illustrated. The generality of observations is nevertheless corro-
borated for devices based on the high-performance blend
system comprising PM6 (elsewhere referred to as ‘PBDB-T-2F’)
as the polymer donor®?° (see section 2.2.3).

Fig. 2a presents images of selected P3HT:ITIC films blade-
coated at increasing N, drying gas pressures (For complete-
ness, the full set of images is given in Fig. S3at). Evidently, the
reference film coated without drying gas is both highly crystal-
line and inhomogeneous due to its uncontrolled drying occur-
ring slowly at ambient conditions, additionally resulting in
high root-mean-square (RMS) surface roughness, Ry, of 10 +
4 nm (Fig. S3b¥). On the contrary, with the drying gas directed
at the substrate through an array of nozzles (inset in Fig. 2b
and Fig. S21), macroscopically homogeneous films with
smooth surface topography (R = 0.7 + 0.1 nm; Fig. S3bt) are
obtained for gas pressures P ranging from 0.25 to 4 bar. A
close inspection of the corresponding film thickness and

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Additional hardware used in gas-assisted blade-coating: (a) schematic illustration of the 3D-printed attachment (1: gas inlet; 2: slot die; 3:
slot die and mount, and 4: gas outlet nozzles) and (b and c) photographs of the actual components. (d) Placement in relation to the doctor blade
and the substrate. (e) Comparison of specific detectivities D* for OPDs based on spin- and blade-coated (no gas vs. 1.5 bar N, pressure) P3HT:ITIC
active layers. (f) Fluorescence microscopy image of chain conformation line patterns in a polyfluorene film. (g) Cross-polarised micrograph of a

chain orientation line pattern in a P3HT:N2200 blend film.

absorption data in Fig. 2b and c reveal two distinct regimes for
the evolution of thin-film characteristics with increasing P.

For P = 0.25-0.75 bar, the film thickness remains constant
at ~115 nm. Simultaneously, the peak-normalised absorption
spectra in Fig. 2c indicate that crystallinity of the materials is
rapidly reduced with increasing P. The increasing Ag_o/Ao-1
intensity ratio of the ITIC absorption features at, respectively,
686 and 617 nm is characteristic of a progressively lower
degree of intermolecular coupling, i.e. a less ordered semicrys-
talline microstructure.** Similar observation holds for P3HT,
which exhibits an attenuation of its crystalline-phase absorp-
tion features at 605 nm (partially overlapping with 4, ; of
ITIC) and 556 nm relative to the broad absorption peak
centred at ~500 nm.** In both cases, the crystallinity reduction
saturates rapidly with increasing drying gas pressure, indicat-
ing that maximal crystallisation suppression for the blend is
achieved for P ~ 0.5-0.75 bar, which is further evident from
the rapid colour change of the films from purple to grey
(Fig. 2a). Reassuringly, the normalised absorption spectra
recorded for corresponding blade-coated films are identical to
that of the reference spin-coated film (dotted line in Fig. 2c).

As an additional confirmation of the relative reduction of
blend crystallinity upon gas-assisted drying, Raman spectra
were recorded for as-deposited P3HT:ITIC films (Fig. S47). By
virtue of resonant enhancement for excitation at 488 nm (see
Materials and Methods), the analysis preferentially probes
P3HT, the symmetric C=C stretch mode of which exhibits a

This journal is © The Royal Society of Chemistry 2022

characteristic 4 cm™

shift to higher energies with increasing
pressure, saturating for P = 0.5 bar. Such spectral signature is
commonly ascribed to increasing molecular disorder** which
herein arises due to a more rapid solvent evaporation and
blend vitrification by the drying gas flow.

For P > 1 bar, the degree of crystallinity remains unchanged
while the film thickness (Fig. 2b) decreases with pressure at a
linear rate of —15 nm bar™". This may appear counterintuitive
given the expectation that high drying gas pressures lead to a
transition from the Landau-Levich (decoupled coating and
drying) to the evaporative (matching timescales of coating and
solvent evaporation) deposition regime.® However, the data
can be rationalised by considering that in the present configur-
ation (Fig. 1d) the non-negligible lateral drying gas flow across
the substrate exerts a force on the receding meniscus, thereby
resisting the formation of the wet film layer at elevated
pressures.

Finally, we confirm that post-deposition annealing at
140 °C can recover the kinetically arrested crystallinity of the
blend films fabricated by gas-assisted blade-coating and yield
the desired nanoscale phase-separated BHJ microstructure.
This moderate annealing temperature in comparison to the
glass transition temperature of the P3HT:ITIC blend (esti-
mated to be 75 °C using the Fox equation®®) avoids coarse
phase-separation®® and is therefore commonly used for
polymer:NFA blends."'®*”*®3! Fig. 2d compares the images of
blade-coated films recorded before and after annealing and

Nanoscale, 2022,14,17743-17753 | 17745
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Fig. 2 Gas-assisted blade-coating of P3HT:ITIC blend films and their performance as active layers in OPDs. (a) Transmitted-light images of the films
blade-coated at increasing N, gas pressures and the corresponding (b) film thickness and (c) peak-normalised absorption spectra. Coating direction
is top-to-bottom in the images. Also shown in (c) is the normalised absorption spectrum of a reference (‘ref.) spin-coated film. The inset in (b)
shows a section of the employed array of gas nozzles. (d) Reflected-light images comparing as-deposited (‘as-dep.’) and thermally annealed films.
(e) Energy level diagram for P3HT:ITIC OPDs and (f) the inverted device architecture. (g) Dark-current density Jp at —2 V. (h) Maximum values of
EQE at 0 V and specific detectivity D* at —2 V. In (g and h) the corresponding values obtained for a reference spin-coated device are indicated by

horizontal arrow markers, while the dotted lines are a guide to the eye.

shows the reappearance of the characteristic purple colour of
crystalline P3HT:ITIC blend for the annealed samples, with
identical absorption spectra for the reference spin-coated film
and the films blade-coated with P = 0.5-1.5 bar (Fig. S5t). In
addition, an exemplary comparison of Raman spectra for films
blade-coated using P = 2 bar shows the expected 3 ecm™" shift
of the symmetric C=C stretching mode of P3HT to lower ener-
indicating an
increase in molecular order that accompanies crystallisation
(Fig. S67).

gies following post-deposition annealing,

17746 | Nanoscale, 2022,14,17743-17753

2.2.2. P3HT:TIC OPDs. We now examine the performance
of devices based on P3HT:ITIC active layers fabricated by gas-
assisted blade-coating. OPDs are selected as an advanced class
of optoelectronic devices with numerous high-end applications
demonstrated in visible light communication,”® medical
sensing,*® wearable electronics®” and, most recently, polarime-
try and photoelasticity imaging.”” Given the high readiness
level of this technology, its upscaling potential is particularly
relevant. The principal figure of merit used to parametrise the
performance of different photodetectors is the specific detec-

This journal is © The Royal Society of Chemistry 2022
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tivity, D*, which is commonly approximated for the central
(white-noise-limited) assuming infinite
shunt resistance,® as:

frequency region,

R

DX~ ——

V2e\Jo

where R is the wavelength-dependent spectral responsivity, e is

elementary charge and J, is the dark-current density at a given

reverse bias voltage. R is related to the external quantum
efficiency, EQE, via:

(1)

R—EQES
- hc

(2)
where % is the Planck constant and c is the speed of light in
vacuum. Hence, as well as requiring maximal EQE in common
with photovoltaic devices, enhancement of OPD performance
additionally demands j suppression. We select the inverted
device architecture (Fig. 2e and f), comprising ITO cathode,
SnO, hole-blocking interlayer, P3HT:ITIC active layer, MoOj;
hole-extraction interlayer and Ag anode. All other variables
that influence Jp—namely the active layer thickness (compar-
able 120 nm thickness used for reference spin-coated films)
and the interlayers used to suppress charge injection®?**%—
are kept constant to examine the influence of active layer depo-
sition. To this end, all other layers are conventionally fabri-
cated by spin-coating or thermal evaporation (see Materials
and methods). Data is reported for the best-performing, ‘hero’
devices to eliminate the influence of extrinsic factors such as
contaminants or processing defects and highlight the
maximal scope for device performance improvement via con-
trolled in situ drying.

As shown in Fig. 2g, the OPD based on a conventionally (no
drying gas) blade-coated active layer exhibits a high J of 2 x
10”* mA cm™ at 2 V reverse bias. The application of drying
gas leads to a rapid suppression of /i by nearly two orders of
magnitude, reaching 4 x 107° mA cm > for P = 0.75 bar - in
fact, marginally surpassing the corresponding value (1 x 107°
mA cm~?) measured for the reference spin-coated device and
P3HT:ITIC devices reported in the literature.*® At pressures
exceeding 1 bar, for which the active layer thickness begins to
decrease (Fig. 2b), the expected gradual increase of J, is
observed. (For completeness, the full -V curves are given in
Fig. §7.1)

The corresponding maximum EQE (Fig. 2h, left ordinate) of
blade-coated devices is similarly enhanced by the use of drying
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gas, increasing from 3.8% (0 bar) to 13.5-17.5% over the
0.5-2.5 bar range of gas pressures. In comparison, the refer-
ence spin-coated device exhibits a maximum EQE of 13.4%.
Note that the highest obtained values surpass those reported
in the literature for blade-coated P3HT:ITIC devices of compar-
able architecture (8%)'® while being somewhat lower than
those of spin-coated devices using optimised architectures
(36%).>° The combined improvements of J, and EQE via the
use of in situ drying at P = 0.5-1.5 bar therefore resulted in an
order-of-magnitude enhancement of D* up to ~2 x 10" Jones,
on par with the spin-coated device (Fig. 2h, right ordinate). To
confirm that no further improvements in device performance
are possible by harnessing yet more rapid thin-film solidifica-
tion kinetics, the analysis above was repeated using drying gas
saturated in acetonitrile—a non-solvent for both P3HT and
ITIC—via a two-terminal vessel (Fig. 1c). As shown in Fig. S7
and S8,t the characteristics of the resulting OPDs match those
obtained with using dry N,.

The observations above, summarised in Table 1, can be
qualitatively interpreted in terms of the differences in phase-
separated BHJ microstructure. Its influence on OPD character-
istics has been elegantly studied in the recent work by Go
et al.*® for a series of model semiconducting terpolymers,
reporting that reduced phase-separation length scales lead to
increased responsivity and dark-current suppression. The con-
ventionally blade-coated P3HT:ITIC blend film (P = 0 bar)
undergoes very slow drying in comparison to the spin-coated
film, resulting in a coarsely phase-separated BHJ microstruc-
ture with poor EQE and high J,. The use of mild drying gas
pressures (P =~ 0.5-1.5 bar) accelerates the film formation kine-
tics for the same solution, matching them with those of spin-
coating and yielding comparably vitrified blend microstruc-
tures. Thereafter, post-deposition thermal annealing controlla-
bly re-introduces both crystallinity and nanoscale phase-separ-
ation, for which domain sizes on the order of 10-20 nm are
considered optimal for the employed materials.*® The finer
scale of phase-separation increases the donor: acceptor inter-
face area and facilitates exciton dissociation, thereby resulting
in improved charge generation efficiency, EQE and spectral
responsivity. Simultaneously, the increasingly complex
network of charge-transporting pathways leads to a reduction
of dark-current.>

Finally, it is interesting to note that, as shown by the peak-
normalised EQE spectra in Fig. S8 in the ESI,{ the ITIC band
centred at ~690 nm consistently exhibits a more pronounced

Table 1 P3HT:ITIC OPD characteristics for different active layer deposition: maximum zero-bias EQE for the 530 nm (donor) and 690 nm (acceptor)
bands, as well as Jp and maximum R and D* at —2 V. The respective values for devices blade-coated with gas-assisted drying correspond to the
average of four best-performing devices fabricated with P in the indicated range

EQEmay at 0V (%)

Deposition 530 nm 690 nm Jp at =2 V (mA cm™?) Rmaxat =2V (mAW™) D}, at =2V (x10' Jones)
Blade-coated (no gas) 3.8 1.8 2x107* 66 0.2

Blade-coated (P = 0.5-1.5 bar) 15.6 +1.6 10.5 +1.2 9+4x107° 88+5 1.8+0.4

Spin-coated 13.4 8.8 1x107° 77 1.2

This journal is © The Royal Society of Chemistry 2022
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enhancement via the use of accelerated drying in comparison
to the P3HT band. This indicates the higher tendency of the
small-molecular acceptor to form unfavourable solid-state
microstructures under slower drying conditions and, therefore,
highlights the importance of controlling its solidification kine-
tics during active layer deposition.

2.2.3. PMG6:ITIC OPDs. The generality of the observations
above are confirmed for the high-performance PM6:ITIC blend
system. The characteristics of the corresponding OPDs, sum-
marised in Table 2 and presented in detail in Fig. S9,T exhibit
a consistent, albeit less pronounced than for P3HT:ITIC,
improvement in responsivity and dark-current suppression via
the use of gas-assisted blade-coating. The use of P ~ 1-2 bar
achieves full performance parity for OPDs with active layers
fabricated by spin-coating, with nearly a three-fold improve-
ment of D* in comparison to conventional blade-coating. The
characteristics of the best-performing devices obtained by gas-
assisted blade-coating approach those reported in the litera-
ture for optimised PM6:ITIC devices employing a different,
‘conventional’ architecture*’ (e.g. maximum EQE values of 50
and 65% respectively; see Fig. S97).

2.3. 1D chain conformation patterns

While the previous examples employed an array of nozzles to
obtain a spatially homogeneous exposure to drying gas, the
use of discrete nozzles delivering non-uniform gas flux can
enable one-step blade-coating-based fabrication of patterned
structures. Here we select poly(9,9-dioctylfluorene) (PFO) as an
exemplary light-emitting organic semiconductor for which the
differences in drying kinetics can result in dramatic changes
in microstructure and optoelectronic properties.*>** Solution-
deposition of PFO films with rapid solvent evaporation forms
in-plane isotropic, ‘glassy’ films characterised by disordered,
kinetically trapped distribution of chain conformations and
deep-blue emission. Delayed solvent evaporation, however,
allows a fraction of chain segments to undergo co-crystallisa-
tion with the solvent molecules,**** forming the uniquely
well-defined ‘B-phase’ conformational isomer. By virtue of its
extended planar-zigzag conformation, f-phase PFO acts as a
‘self-doped’ system, whereby the presence of a nominally small
(typically < 10%) fraction of p-phase chain segments leads to a
distinct red-shifted photoluminescence (PL) spectrum,
increased PL quantum yield and significant differences in
polaron generation and charge transport phenomena.***%*”

Table 2 PMG6:ITIC OPD characteristics for different active layer depo-
sition, showing Jp and maximum R and D* at —2 V. The respective values
for devices blade-coated with gas-assisted drying correspond to the
average of three best-performing devices fabricated with P in the indi-
cated range

]D (IIlA Rmax ;mx
Deposition cm™?) (mAW™)  (x1013 Jones)
Blade-coated (no gas) 6x107° 240 0.5
Blade-coated (P=1-2bar) 2+1x10™°® 2909 1.4+0.4
Spin-coated 2x107° 302 1.4
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Hence, f-phase PFO is actively used as a model system to study
intramolecular-disorder-mediated structure-property
relations.*®>° However, obtaining spatial patterns of p-phase
for such studies invariably requires inconvenient post-depo-
sition treatments via masked solvent exposure.*?

One-step formation of alternating f-phase/glassy chain con-
formation patterns in PFO films by gas-assisted blade-coating
is illustrated in Fig. 3. N, flux is directed at the substrate via an
attachment featuring two nozzles spaced 8 mm apart
(Fig. S2t). The commonly employed PFO solutions in toluene
additionally comprise a small amount of a high-boiling co-
solvent (1,2-dichlorobenzene, T}, = 181 °C; see Materials and
methods). As shown by the images in Fig. 3a, applying drying
gas at P = 0.25 suppresses f-phase formation in film areas
directly under the nozzles, yielding essentially pure glassy
PFO. This is confirmed by the locally acquired absorption
spectrum (Fig. 3b), while the corresponding PL spectrum
(Fig. 3c) indicates the presence of only a trace (~0.1%)"
f-phase fraction. Outside the gas-exposed areas, however,
slower drying facilitates f-phase formation, as shown by its
well-resolved absorption peak at 435 nm (Fig. 3b) and the
characteristic red-shifted PL spectrum (Fig. 3c). Lateral profil-
ing of absorption at 435 nm (Fig. 3d) across the film highlights
the smooth variation of p-phase fraction due to the broadened
spatial distribution of drying gas flux from nozzles placed at a
relatively high distance of 11 mm above the substrate.
Importantly, however, the corresponding absorption profile at
385 nm is spatially invariant, indicating that the overall film
thickness is not affected by locally applied drying gas at mild
pressures.

The resolution of chain conformation line patterns can be
substantially enhanced by placing the nozzles closer, within
3 mm of the substrate, to minimise the effects of lateral
spreading of the gas flux exiting the nozzles. As shown by the
UV-light images of the films blade-coated with gas-assisted
drying through an array of 2 mm-spaced nozzles (Fig. 3e), the
fluorescence of the films evolves from homogeneous f-phase
(no gas) to p-phase line patterns with progressively diminish-
ing widths for increasing gas pressures. Hence, homogeneous
B-phase line patterns can be obtained with widths tuneable
from 790 pm (P = 1 bar) to 340 pm (P = 2 bar), as shown by the
fluorescence microscopy images in Fig. S10.f Applications of
such one-step p-phase patterning in PFO films include the
optimisation and prototyping of the recently demonstrated cir-
cularly polarised light-emitting diodes based on blends of PFO
and chiral small molecules, for which accurate control of
B-phase fraction is found to improve device characteristics.>
Elsewhere, with further reduction of line pattern dimensions,
the refractive index contrast between glassy and p-phase PFO
may be exploited for high-throughput fabrication of photonic
structures such as waveguides and refractive index gratings.**

2.4. 2D-oriented donor : acceptor blend films

Besides governing the degree of crystallinity explored in the
preceding examples, in situ gas-assisted drying can also be
used to control the directionality of crystal growth for solution-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 PFO films featuring chain conformation line patterns. (a) Images under white-(WL) and UV-light illumination of a blade-coated PFO film with
N, flux directed via two nozzles (depicted by red circles). (b) Absorption and (c) photoluminescence spectra recorded for film areas directly under,
and away from, the nozzles as indicated by the markers in (a). (d) Absorption profiles at 385 nm (predominantly glassy PFO) and 435 nm (B-phase
PFO) across the width of the film, as indicated by the dashed line in (a). (e) Fluorescence images of PFO films featuring 1D chain conformation pat-
terns fabricated by directing the N, flux at increasing pressures through an array of 2 mm-spaced nozzles (depicted by red circles).

deposited (macro-)molecules to obtain on-demand orientation
of organic semiconductor films. As the material system with
relevance to both photovoltaic and photodetection appli-
cations, we demonstrate this for an all-polymer donor:
acceptor blend comprising P3HT and N2200. Directional
orientation is enabled by co-deposition with the crystallisable
solvent 1,3,5-trichlorobenzene (TCB) which, under particular
deposition conditions described in detail in ref. 27, provides a
nucleation surface for subsequent epitaxial solidification of
organic semiconductors. Hence, key to achieving a high
degree of molecular orientation for a given deposition
method®**’ is ensuring maximally directional growth of fibril-
lar TCB crystals in a particular—typically, the coating—direc-
tion. The use of accelerated, gas-assisted drying represents an
optimal means of obtaining a uniform drying front, which pro-
vides a moving gradient in solution supersaturation and,
therewith, drives directional crystal growth.

This is illustrated in Fig. 4a by polarised transmitted-light
images of a P3HT:N2200 blend film blade-coated with drying
gas at P = 2 bar directed at the substrate through an array of
nozzles. The dichroic contrast between the images recorded
with light polarised parallel and perpendicular to the coating
direction indicates both a high degree of chain orientation
and its uniformity throughout the film. Polarised absorption

This journal is © The Royal Society of Chemistry 2022

profiles across the film confirm the uniformity of optical an-
isotropy which features maximum dichroic ratios of 5 for both
P3HT and N2200 spectral components (Fig. S117).
Reassuringly, the surface roughness of the film (Rq = 15 and
11 nm parallel and perpendicular to the coating direction) is
substantially lower than R, = 30 nm obtained previously for
the identical solution and coating parameters but using the
less optimal fan-assisted drying.>” This aspect is particularly
relevant for the use of these oriented films as active layers in
optoelectronic devices.

An advanced extension of the method involves shaping the
drying front to obtain controllable, spatially varying orien-
tation direction. Polarised light images of a P3HT:N2200 film
blade-coated using N, at P = 0.25 bar directed via two nozzles
spaced 8 mm apart are shown in Fig. 4b. Image recorded with
incident polarisation at 0° with respect to the coating direction
exhibits maximal absorption for the film areas directly under
the nozzles, indicating local chain orientation parallel to the
coating direction enabled by the drying gas. Outside these
areas, however, the chain orientation direction progressively
changes towards perpendicular to the coating direction, as
shown by the 45°- and 90°-polarised images in which film
areas exhibiting maximal absorption shift towards substrate
edges. Polarised micrographs in Fig. 4c centred on the film

Nanoscale, 2022,14,17743-17753 | 17749
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an array of nozzles and (b) 2D-oriented film using N, flux directed via two nozzles (depicted by red circles). Polarisation of light with respect to the
coating direction (top to bottom in the images) is indicated by <. (c) Polarised transmitted-light micrographs centred on the parallel-oriented film
area. (d) Profiles of maximum absorbance across the width of the film, as indicated by the dashed line in (b), recorded at 0° and 90° polarisation
angles. (e) Polarised absorption spectra for film areas with preferentially parallel (||, black lines) and perpendicular (L, red lines) chain orientation, as

indicated by the vertical markers in (d).

area directly under one of the nozzles illustrate this further.
The image recorded under 0°-polarised incident light shows a
1 mm-wide stripe exhibiting maximal absorption, outside of
which absorption rapidly decreases as the chain orientation
veers off axis. Confirming this, the +45° cross-polarised image
shows a reduction of transmitted light intensity outside the
central, vertically oriented stripe.

Polarised absorption profiles in Fig. 4d illustrate the pres-
ence of well-defined mm-wide film areas where chain orien-
tation is preferentially parallel and perpendicular to the
coating direction. Polarised absorption spectra recorded at two
representative locations on the sample (Fig. 4e) reveal a some-
what lower optical anisotropy for the perpendicular-oriented
film regions, as well as a higher degree of crystallinity evident
from the well-resolved vibronic peaks of P3HT.

Qualitatively, the formation of such 2D-oriented microstruc-
ture can be understood as follows. Rapid gas-assisted drying of
the film areas directly under the nozzles results in chain orien-
tation parallel to the coating direction, while the surrounding
areas remain as a thin solution layer. Subsequent crystal
growth in the latter areas is directed by the presence of crystal
nuclei in parallel-oriented areas, as well as depleted solvent
concentration in the immediately adjacent regions, resulting
in a preferentially perpendicular-oriented chain orientation.
Given this mechanism, the interplay between parallel and per-
pendicular orientation can be conveniently controlled by solu-
tion formulation and deposition conditions. Specifically, maxi-
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mally sharp transition between parallel- and perpendicular-
oriented areas can be achieved by reducing the TCB fraction in
solutions and increasing the coating speed (Fig. S12 and S13,}
respectively). The applications of one-step blade-coating of 2D-
oriented donor:acceptor blend films include the fabrication
of complex device arrays within a single substrate, e.g.
polarised OPDs with polarisation axes of individual devices
oriented in multiple different directions for imaging-based
polarimetry analysis.>” Elsewhere, 2D-oriented organic semi-
conductor films offer a versatile and highly tuneable test-bed
for studying anisotropic thermal transport using the emerging
high-resolution optical methods.>"

3. Conclusions

In summary, we have demonstrated a diverse range of appli-
cations of combining in situ gas-assisted drying with the con-
ventional laboratory-scale doctor-blade deposition for organic
semiconductor thin-film and device fabrication. Upscaling of
active layer deposition without compromising device perform-
ance was demonstrated for OPDs based on P3HT:ITIC and
PMG6:ITIC donor : acceptor blends. For a given solution formu-
lation, the use of mild drying gas pressures of 0.5-2 bar
achieved full performance parity with spin-coated devices by
matching the drying kinetics. The improvements in responsiv-
ity and dark-current suppression yielded a 10-fold improve-

This journal is © The Royal Society of Chemistry 2022
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ment in specific detectivity for PBHT:ITIC OPDs relative to con-
ventionally blade-coated devices which was attributed to the
formation of a more favourable bulk heterojunction micro-
structure. In addition, we presented one-step deposition of
conformationally structured PFO films featuring p-phase line
pattern widths down to 340 pm, as well as 2D-oriented P3HT:
N2200 films exhibiting on-demand spatially varying optical an-
isotropy. Common to these was the use of a 3D-printed attach-
ment, the optimised design of which delivered drying gas flux
with a controllable spatial distribution.

Looking ahead, further upscaling of organic semiconductor
device fabrication would aim to eliminate the discrete time-
consuming post-deposition annealing treatments or the use of
degradation-susceptible additives such as 1,8-diiodooctane
that are often necessary to optimise crystallinity of donor:
acceptor blends. Hence, future work will aim to explore the
use of drying gas saturated in selected solvents to direct one-
step formation of optimal high-performance microstructures
in blade- and slot-die-coated active layers. Elsewhere, the use
of solvent-vapour-saturated drying gas to direct favourable,
device-architecture-specific vertical phase separation presents
a promising avenue for ongoing research.

4. Materials and methods

4.1. Materials

Poly(3-hexylthiophene) (‘P3HT’; M,, ~ 68000 g mol™", PDI =
2.4, RR = 95%) was purchased from Rieke Metals. N2200 (CAS
no.: 1100243-40-0; M,, ~ 150000 g mol~!, PDI = 2-3, RR >
99%) and ITIC (CAS no.: 1664293-06-4) were purchased from
1-material. Poly(9,9-dioctylfluorene) (‘PFO’) and 1,3,5-trichloro-
benzene (‘TCB’) were purchased from Sigma-Aldrich. PM6
(CAS no.: 1802013-83-7) was purchased from Solarmer. SnO,
dispersion (‘N-31’) was purchased from Avantama. Laboratory-
grade solvents purchased from Merck were used throughout.
All materials were used as received.

4.2. 3D printing

The additional hardware for gas-assisted blade-coating was
fabricated using a SL1 tabletop stereolithographic 3D printer,
UV-sensitive thermoset resin (‘tough’ grade) and a CW1
curing/washing accessory (Prusa Research). The design files
(FreeCAD; included as part of the ESIf) were converted using
the Prusa Slicer software to generate the final model and print-
ing parameters (50 pm lateral resolution and layer height; hol-
lowed-out resin-saving option used).

4.3. Thin-film deposition

Blade-coating (Erichsen Coatmaster 510 stage and Zehntner
ZUA 2000 applicator) was performed under ambient atmo-
sphere using solutions and substrates preheated to 30 °C and,
typically, 50-80 pL of deposited solution, blade gap A =
300-500 um, coating speeds v = 5-10 mm s~ and gas nozzles
placed 11 mm above the substrate. Unless noted otherwise,
dry nitrogen was employed as the gas. P3HT:ITIC and PM6:
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ITIC films were blade-coated from solutions in chlorobenzene
(3.5 wt% and 2.5 wt% respectively, 1:1 wt/wt donor-acceptor
ratio; v = 7 and 5 mm s~ ' respectively). The high boiling point
of chlorobenzene and near-ambient deposition temperatures
ensure slow film-formation kinetics under ambient drying and
a gradual transition between Landau-Levich and evaporative
deposition regimes for gas-assisted drying. Reference P3HT:
ITIC and PMG6:ITIC films were spin-coated using the same
solutions and substrates pre-heated to 50 °C. PFO films were
blade-coated from 3.3 wt% solutions in 4 : 1 wt/wt toluene : 1,2-
dichlorobenzene using v = 5 mm s~ '. Uniaxially oriented
P3HT:N2200 films were blade-coated from 1.3 wt% solutions
in 1:0.22 wt/wt chloroform: TCB. 2D-oriented P3HT:N2200
films blade-coated from 1.3 wt% solutions in
chlorobenzene : TCB (wt/wt solvent ratios ranging from 1:0.5
to1:1).

were

4.4. Device fabrication

Glass substrates with pre-structured ITO electrodes (180 nm,
10 Q O %; Kintec Co.) were cleaned by sequential sonication in
acetone and isopropanol, following which 30 nm-thick SnO,
hole-blocking layers were spin-coated and annealed at 120 °C
for 5 min in air. Active layer deposition was performed as
described above, followed by annealing for 10 min under N,
atmosphere at 140 °C (P3HT:ITIC) or 100 °C (PM6:ITIC).
Devices were completed by thermal evaporation of a 10 nm
MoO; hole transport layer and 100 nm Ag electrode, yielding
four 6 x 4 mm?® devices per substrate.

4.5. Characterisation

Absorption spectra were recorded using a custom-built setup
comprising an AvaLight-DHS-Bal light source and an AvaSpec-
ULS3648 spectrometer (no correction for scattering or reflec-
tion losses). EQE and spectral responsivity analysis was per-
formed using a 450 W Osram XBO Xenon discharge lamp as a
white-light source and an Acton SP-2150i monochromator,
while the photocurrent signal was measured with a Stanford
Research 830 lock-in amplifier using additional amplification
with a Femto DHPCA-100 amplifier. All reported device charac-
teristics correspond to the best-performing, ‘hero’ devices,
while the reported average values correspond to 3-4 blade-
coated devices with the drying gas pressures in the indicated
range. Raman spectroscopy (dex = 488 nm; incident power
~75 pW) was performed using a WITec Alpha300RA instru-
ment, with the spectra recorded over 60 x 60 pm> sample areas
in scanning mode (0.2 s integration time per spectrum), fol-
lowed by averaging data from ~3600 points and subtraction of
a polynomial background. Topography analysis was performed
with a KLA Tencor D-500 stylus profilometer.
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