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Abstract — We examine the characteristics and functionality of conjugated polymer thin-
films, based on blends of poly(9,9-dioctylfluorene-2,7-diyl-co-bis-N,NN"-(4-butylphenyl)-
bis-N,N"-phenyl-1,4-phenylenediamine) (PFB) and poly(9,9-dioctylfluorene-2,7-diyl-co
benzothiadiazole)(F8BT), using a spray-coating deposition technique suitable for large areas.
The morphological properties of these blend films are studied in detail by Atomic Force
Microscopy (AFM) methods, showing that favourable results, in terms of layer deposition
rate and uniformity, can be achieved using a 5:1 blend of o-dichlorobenzene and
chlorobenzene as the solvent medium. A photoluminescence quenching efficiency of above
80% is also observed in such blend films. As a feasibility study, prototypical photovoltaic
devices exhibit open circuit voltages of up to 1.0V under testing, and solar power conversion
efficiencies in the 0.1-1% order of magnitude; metrics which are comparable with those
reported for spin-coated cells of the same active blend and device architecture.

Keywords — Polymer blends, Polymer films, Conjugated Polymers, Deposition methods,
Structures
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INTRODUCTION

Large-area mass production techniques for organic optoelectronics, such as solar
photovoltaic cells and LEDs, still represent a significant scientific and engineering challenge.
In most cases, polymer electronic devices are laminar, which means that the molecules are
printed or otherwise applied as thin films on foils or surfaces; spin-coating is perhaps the
easiest and best studied route to producing efficient organic solar cells at the present [1]. This
opens a wide field of applications, such as displays [2], electronic paper [3] or photovoltaic
systems [4]. However, because of its different character, new manufacturing processes have
to be developed, though techniques originally invented for printing or painting can be
advanced. A current research area is, for example, the use of screen printing in order to
produce photovoltaic devices [5].

Here, we explore spray-coating via conventional airbrush equipment as a possible
production technology for bulk-heterojunction organic photovoltaic (OPV) cells. Further to
recent reports on Fullerene-based cells by Susanna et al., Lidzey et al. and others [6], we
study all-polymer (polymer-polymer) OPVs. In particular, the influence of key experimental
parameters on layer deposition rate and uniformity, the detailed thin-film morphology
(characterizing the roughness of films, the nature of the “coffee-stain” structures, the nature
of any micron-scale phase separation), and the photophysical properties of the blend system
(e.g. photoluminescence quenching). Furthermore, the steps to produce prototypical
photovoltaic devices using spray-coating are described and the devices are characterized and
compared.

The morphological properties of these FSBT/PFB blend films are studied in detail by
Atomic Force Microscopy (AFM), showing that favourable results, in terms of layer
deposition rate and uniformity, can be achieved using a 5:1 blend of o-dichlorobenzene and
chlorobenzene as the solvent medium. A photoluminescence quenching efficiency of above
80% is also observed in such blend films. The resulting devices exhibit open circuit voltages
of up to 1.0 V under testing, and solar power conversion efficiencies in the range of 0.1-1%;
metrics which are comparable with those reported for spin-coated OPVs of the same active
layer and device architecture [7]. Importantly, the spray-coating methods described here are
highly scalable in nature, in a way that techniques such as spin-coating and vacuum
deposition are not; hence, offering a genuinely different engineering paradigm.

EXPERIMENTAL
Spray coating of polymer blends

When prehistoric man invented the first airbrush by using reed or hollowed bones for their

cave paintings, they already realized the capability of uniform and large-area colour layers in

comparison to finger or brush paintings. Although this technology has been developed a lot

since those ancient times, the basic principle is still the same; air with a certain pressure is
2
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used to nebulize paint and accelerates the droplets towards a surface. The paint itself can
basically be any liquid and therefore also solutions of dissolved polymers used for organic
optoelectronics.

For the spray-coating experiments a double-action, siphon-feed airbrush gun type 128
produced by Wiltec was used. The airbrush has a working pressure range from 1 to 3.4 bar
and a nozzle diameter of 0.35 mm. Double-action refers to the feature that a single lever is
used to control both air pressure and paint flow rate. Furthermore, the airbrush is siphon-feed,
which means that the solution is drawn by the air pressure from a cup underneath the gun.

Following on from literature reports of suitable solvents [7,8], o-Dichlorobenzene
(DCB), chlorobenzene (CB) and toluene (all from Sigma-Aldrich) are used for this work. All
parts of the airbrush are known to be resistant against these solvents. The conjugated
polymers used in the preparation of photovoltaic blends, namely poly(9,9-dioctylfluorene-
2,7-diyl-co-bis-N,NN"-(4-butylphenyl)-bis-N,N"-phenyl-1,4 phenylene-diamine) (PFB) and
poly(9,9-dioctylfluorene-2,7-diyl-cobenzothiadiazole)  (F8BT) were obtained from
Cambridge Display Technology Ltd,* and are illustrated in Figure 1.

Working Principle

A schematic view of the airbrush and spray-coating set-up is depicted in Figure 1. The basic
working principles of an airbrush relies both on Bernoulli’s principle, which states that an
increase in the speed of a gas or fluid causes a decrease in pressure, and the nebulization of
liquids by an increase in surface energy. Significant for the size of the droplets produced by
nebulization is the mass flow ratio between the pressurized gas and the solution passing the
mixing point. A higher ratio leads to smaller droplets; this can be regulated via a lever on the
gun. Compressed gas from a gas bottle or compressor enters the airbrush through a valve
opened by pressing the lever. The gas passes a bottleneck, which leads to an increase in
speed. The reduction in air pressure caused by the propelled gas draws the solution out of the
cup and to the mixing point, which is at the tip of the gun needle. At this point the
nebulization of the paint takes place, as the surface energy of the solvent increases, producing
small droplets.

Initially, the influences of the different parameters as the spraying process have to be
studied, in order to allow production of regular, uniform, and reproducible films. Relevant
parameters are the nozzle-substrate distance (see Fig.1), the gas pressure, the flow rate and
the substrate temperature. In these reports, compressed nitrogen gas (N,) is used to supply the
airbrush. Early experiments with liquid propellants showed that the air stream coming out of
the airbrush also contains small amounts of the propellant, which can lead to an unwanted
transfer of propellant onto the substrate.

Distance and Pressure

! These materials were characterized as follows- F8BT; Mn = 81k, Mp = 174k, polydispersity (PD) = 2.6,
photoluminescence quantum-yield (PLQY) = 82%. PFB; Mn = 39k, Mp = 162k, PD = 4.5, PLQY = 27%.
3
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The effects of the nozzle-substrate distance (d) and the air pressure (p) are significantly
interdependent. On the one hand, a minimum air pressure is necessary to allow the
nebulization of the polymer solution. Using a higher pressure also decreases the size of the
droplets, which leads to a more regular film. However, if the air pressure is too high, the
droplets will be blown away once they hit the substrate, leading to a non-contiguous
“splatter” pattern. A greater nozzle-substrate distance prevents this, but increases the area
covered by the airbrush and will therefore lead to a higher wastage of material. Furthermore,
a short distance leads to a wet, irregular film, whereas a too high distance leads to a dry,
dusty film, because the solvent droplets evaporate on their way to the substrate. By numerous
trial runs, an ideal distance of d = 17 cm with an N, pressure of p = 1.4 bar was empirically
determined.

Flow rate and Film Formation

In order to increase the reproducibility of the sprayed films, the air pressure was regulated
directly at the gas bottle, so that the airbrush lever is only used to adjust the solvent rate. The
actual flow rates were typically 10s of microlitres per second using a gas pressure of p = 1.4
bar, with a correlation between the viscosity of a solvent (see Table 1) and the flow rate. A
relatively volatile solvent such as toluene facilitates suction and the jet formation during the
spraying process and leads to a higher flow rate. On the other hand, a viscous solvent like
DCB leads to a lower flow rate. By adding a less viscous component (i.e. CB), the flow rate
may be increased again.

When selecting a suitable flow rate for spray-coating, it has to be considered that a
higher flow rate reduces the required spray duration, but also increases the droplet sizes,
which leads to a more irregular film. In order to solve this problem, the process of film
formation on the substrate has to be first considered. As soon as a droplet hits the substrate,
the solvent evaporates and leaves the dissolved polymer material behind. The evaporation
process of a droplet is difficult to describe, depending on many parameters, but it is
essentially based on equilibrium between the liquid phase of the droplet itself and the
surrounding vapor phase. A good way to therefore control the drying time is the temperature,
since higher temperatures accelerate the evaporation process. The minimum temperature
required for a film consisting of single and independent droplets depends on the flow rate and
the boiling point of the solvent (see Table 1). In a test experiment, the substrate was heated
on a thermostat-controlled hot plate and the minimum temperature necessary for an
immediately dry substrate after a spray duration of 10 seconds was determined (see Table 1).
Again, toluene with the lowest boiling point requires the lowest temperature, and DCB with
the highest boiling point, the highest temperature. By adding a fraction of CB the minimum
temperature decreases slightly.

Film thickness

The thickness of the resulting thin-film is dependent on the solvent, the polymer
concentration and the spray duration. To rationalize the potential number of experimental

4
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parameters, the polymer blend has been fixed to a 1:1 mass ratio of PFB:F8BT and an overall
polymer concentration of 5 mg ml™, hence in the approximate range used in refs 7 and 8. The
hot plate was set to the corresponding substrate temperatures shown in table 1. In order to
comply with the standardizations in the previous section, the substrates were sprayed on in
intervals of 10 seconds, and after each interval the substrates were dried for 30 seconds. We
observe an almost proportional relationship between spray duration and layer thickness, as
measured using absorbance spectroscopy and then by comparison with extinction co-
efficients from the literature [9], showing that new layers are actually sprayed on top of
previous layers instead of only dissolving them. No significant effects of de-wetting of the
deposited layers were observed. Table 1 shows the resulting film thickness deposition rates
for the solvent media used in this study.

Importantly, UV-vis absorption characterisation of these films indicates that the
desired 1:1 ratio of the blend components is retained in the coating process (see Fig. 1d).
Indeed, the extinction coefficients at around 400 and 470 nm, associated with PFB and F8BT
respectively, are matched for all the thicknesses studied.

The photomicrographs of spray-coated films in Figure 2 show similar structural
characteristics for each of the different solvent media used; films made of dried droplets with
typical sizes of 10s of microns. Based on the size of these “coffee stain” structures and the
rapid evaporation of the drops upon impact, we can estimate droplet sizes of 10-25 um with
DCB:CB as the solvent medium and 20-50 um with toluene. This would be consistent with a
so-called fine atomisation regime from comparable literature reports involving direct Phase
Doppler measurements.[10] For all solvents, the overlap of several droplets and almost no
combining of droplets into larger ones is clearly visible. A more detailed analysis, using AFM
measurements, is reported in the Results section.

Photovoltaic device preparation

It had been found that thick layers with little loss of material and moderate substrate
temperatures can be achieved using a 5:1 mixture by volume of DCB and CB, hence this
solvent medium was use in the production of prototypical solar cells (see Figure 1c), with all
other spraying parameters maintained as previously described.

The quartz glass substrates were pre-coated with an ITO layer (from Psiotec). The
PEDOT:PSS layer is deposited via spin-coating; for this, PEDOT:PSS (Sigma-Aldrich) is
diluted 1:2 in deionized water. 25 ul of solution is applied onto the substrate, before spin-
coating for 50 seconds at around 5,500 rpm. Afterwards the PEDOT:PSS layer is annealed
and baked under inert nitrogen flow at 230°C for 30 minutes. Because of the hygroscopic
character of PEDOT:PSS, the F8BT:PSS active layer was then deposited by spraying within
an hour. The Aluminum electrode is thermally evaporated using an Edwards E306
evaporator, evacuated to a pressure of less than 2 x 10 mBar. Devices are then immediately
legged, using standard metal cramps, in preparation for electrical testing. Whilst the working
area of these devices was limited to 0.64 cm? by the area of the ITO substrates used, it should

5
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be noted that we were readily able to evenly coat much larger substrate areas of up to 10s of
cm? with the sprayed active layer.

The output characteristics of the produced solar cells were examined within a home-
made “dark box”. The cells were mounted on a sample holder inside the box. The light from
a 50 Watt (max) halogen lamp outside the box, powered by a regulated Kenwood PD35-10
power supply, was shone through a close-able shutter onto the cell. The distance between
light source and sample holder was fixed at 10 cm, and the measured light flux onto the
device was 1,600 lux, at a measured colour temperature of ~3,000 K. The entire area of the
devices (as defined by the electrode overlap area) was uniformly illuminated. The cells were
connected to a Keithley 6430 sub-femtoamp remote source meter via a remote pre-amplifier,
in order to record the 1-V characteristics of devices.

RESULTS
Polymer Blend Morphology

Atomic force micrographs (AFM) of 1:1 F8BT/PFB films, as spray-coated from
various solvent media (DCB, toluene, and DCB:CB 5:1), are shown in Figure 2. These
measurements confirm that films are made of dried droplets with typical sizes of 10-50 um.
When projected in a 3D relief view, the AFM images show “coffee-stain” structures with
walls and flat centres, as shown in Figure 3. In all three cases, the flat centres show a good
flatness uniformity; typically with height variation of only a few nm, as shown in the line
height-profiles. However, the coffee-stain walls give more pronounced height variation. In
the blends sprayed from DCB/DCB:CB the walls may be up to 10 microns wide and 100 nm
high; for toluene, walls appear less pronounced with widths of a few microns and heights of
20-40 nm. Commensurately, it can be seen from Table 2 that the films sprayed from toluene
have a rather lower roughness, as analyzed over a representative 40 x 40 um area. In all case,
the film coverage appears to be complete, with few gaps between the droplets being in
evidence.

These micrographs show no obvious large-scale phase separation of blend
components, in a fashion which is similar with comparable spin-coated films using
chlorinated solvents (e.g. chloroform), but in contrast to those spun from (e.g.) xylene [11].
Upon focusing the AFM measurements onto smaller (100 x 100 nm) areas, using specially
designed low frequency tips for soft matter samples (ND-MDT, Scanwel Ltd), we observe
some nanoscale structure. Figure 4 shows a micrograph taken on an area within a droplet
centre, and indicates some evidence of directional structuring. This may be a phenomenon
associated with the radial flow of material as droplets are deposited on the substrate and then
spread outwards, as the solvent is rapidly removed. The effect such nano-structuring would
have on the functioning of such a photovoltaic blend is unclear, and this issue merits future
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investigation, possibly with the use of Kelvin Probe scanning microscopy, in order to resolve
the different components of the polymer blend in terms of their electronic states [12].

Photoluminescence Quenching

In their pristine state, the polyfluorenes generally exhibit a high luminescence quantum yield
efficiency, when photoexcited [13]. The fluorescence intensity can be decreased by
quenching processes, for example by internal conversion or energy/charge transfer of the
excited state to other molecules (quenchers). This is particularly interesting for photovoltaic
devices, as such a quenching of the photoluminescence is indicative of the ionisation of
electron-hole pairs at heterojunction interfaces; these carriers do not recombine if the charges
are extracted from the device, and they therefore do not generally re- emit a photon. Hence,
we expect that the photoluminescence of a solar cell decreases with an increasing charge
separation efficiency; so we can thus calculate the photoluminescence quenching (PLQ)
efficiency, which reveals how efficiently electron-hole pairs are separated and charge carriers
are extracted from the devices without recombination. The PLQ can be simply defined by the
ratio of dissociated electron-hole pairs to the number of photons absorbed by the material. In
order to account for the other non-radiative pathways available to the photo-generated pairs
(excitions), this measurement is then referenced to the emission from a pristine F8BT film of
known quantum yield efficiency and absorption cross-section.

The PLQ efficiencies of several spray-coated films, based on different solvents and
spray durations, were examined. The devices were made of a 1:1 blend of PFB and F8BT
with a polymer concentration of 5 mg ml™ in either toluene, DCB or a 5:1 blend of DCB and
CB. The solutions were sprayed on quartz glass substrates in 1, 2 or 3 intervals of 10 seconds
duration, as before. A film made of F8BT only, with a concentration of 2.5 mg ml™ in a 5:1
DCB:CB blend, was used as reference. A standard experimental setup for measuring the
PL/PLQ efficiency was used [14], with a 488 nm Argon ion laser source of a few mW used to
excite the samples. Because the absorption of F8BT is much higher at a wavelength of 488
nm than that of PFB, we can thus use the pristine F8BBT-only film as our reference standard
and treat PFB as the quenching agent.

The PLQ efficiencies for blends sprayed from the 3 solvent media, for a range of
optically inferred film thicknesses, are shown in Table 3. We expect differences in the degree
of PL quenching using different solvents, because the blend micro-/nano-structures should
depend on the film formation and the characteristics of the solvent; the length-scale of the
phase separation between PFB and F8BT and its comparison to exciton diffusion lengths,
being of particular importance to charge separation efficiency. However, we would have
expected that the PLQ should not critically depend on the film thickness. The results in fact
show some random variation with thickness, whereas the solvent medium seems less critical,
suggesting no significant changes in the phase separation between PFB and F8BT. McNeill et
al. [15], report a PLQ of 0.95 for spin-coated devices based on PFB and F8BT without
annealing and a decrease of PLQ to 0.70 for devices annealed at 160°C. Considering that the

7
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spray-coated devices were produced at temperatures of up to 100°C, thus resembling an
annealing step, the PL quenching of spin-coated and spray-coated devices is similar.

Photovoltaic Cell Performance

Typical I-V characteristics for prototypical photovoltaic cells are given for a range of
active layer thicknesses in Figure 5. The measured open circuit voltages (Vo) for the
produced devices are in the range of 0.5 to 1.0 V, showing a generalized trend of increasing
Vo With increasing thickness, as inferred in Figure 5c . It is expected that Vo will be
influenced by the nature of the electrodes, but not usually by the layer thickness. In particular,
there may be sensitivity to slight variations in the ambient conditions (temperature, relative
humidity etc.) during the active-layer deposition.

The short circuit current I of devices are also displayed in Figure 5c, as functions of
active layer thickness. The Iy values can be normalized to a short circuit current density Jsc
by dividing by the size of the active area (in our case 64 mm?); this gives Js. values in the
range of 1 to 5 pA/cm? In an idealized bulk heterojunction system [16], Is. should increase
with an increasing layer thickness, as the optical absorption and exciton generation rate rises.
However, ls. should decrease again for large thicknesses, because of the longer transport
distances of charge carriers to the electrodes. In the present case, there is a general trend for
Isc to increase quite sharply with decreasing thickness, down to the thinnest measured devices
(~ 50 nm), which is likely indicative of relatively short carrier transport lengths within the
active layer. Calculating the series resistance of cells by the usual method (V > V. regime)
yields values in the range of 1 - 10 kQ.cm? (taking device area into account), and fill-factors
(as usually defined, derived from figure 5b) are typically of order 0.3 to 0.4; both of these
indicators imply a limit to the absolute power conversion efficiencies achievable with the
present design and layer-deposition protocols.

To ascertain the performance of these prototypical OPVs, the power conversion
efficiency n, which is defined as 1 = Pmaxpowerpoint/Pincigent Light, was calculated in each case.
Correction is also made for the light source being of a lower colour temperature than the
standard photopic function as provided by the International Commission on Illumination
(CIE) [17]. The average value of n, over >10 samples, was 0.12%, with the highest measured
value being 0.25%. We can make a comparison with the spin-coated devices of McNeill et
al., where n values of around 1% have been previously reported in F8BT:PFB and 1.5-2% in
alternative blend systems such as polythiophenes/poly(phenylene-vinylenes) [7,15]. It should
be noted that these values are also limited by the non-ideal matching of the lamp spectrum to
the FBBT/PFB action spectrum, which is predominantly in the blue/green end of the visible.

Without illumination, a photovoltaic cell should behave like a normal rectifying
diode; enabling cells in reverse bias to operate as photodetectors, as long as the dark current
is not too high [18]. However, film morphology has been previously shown to have an
influence on the dark current behavior of organic solar cells. For example, Green et al. [8],

8
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describe the negative effect of roughness and pinholes between the contacts on the dark
current behavior, and an increase for smoother and annealed devices. For unstressed devices,
measured in the dark-box as before, dark current densities are in the range of 100 nA/cm?.
The measurements suggest a dependence of the dark current on the layer roughness, because
spray-coated devices show higher reverse leakage currents than analogous spin-coated ones.
Additionally, devices which were annealed after depositing the active layer for 10 minutes at
180°C, usually exhibited a slightly reduced reverse leakage current.

A final issue to consider is the stability/longevity of devices in their present ambient
conditions and un-encapsulated state. Current-voltage characteristics of the best-performing
spray-coated OPVs were re-measured after a period of 7 days after production. Typically, a
decrease in ls. and maximum power by factors of up to 5 were observed. Similar behavior
was experienced by K. Kawano et al. [19], when they examined the degradation of MDMO-
PPV: PCBM solar cells with and without PEDOT:PSS layer as a function of atmospheric
conditions. They describe the water absorption of PEDOT:PSS due to its hygroscopic
character, producing inhomogeneities and the formation of insulating patches in the planar
devices.

DISCUSSION

Whilst the performance metrics of the OPV devices reported here approach the same
order of magnitude as that reported for spin-coated cells of the same active blend and device
architecture, they are clearly significantly below that of many state-of-the-art organic solar
cell exemplars from the literature [20]. It is anticipated that better control of the
environmental factors of production and storage would give better, more stable devices than
the prototypes described here. Also, the relatively low-cost and high-availability of the
polyfluorenes make them attractive for this kind of exploratory work on developing spray-
coated polymer blend films. Applying this knowledge towards the use of advanced low-
bandgap materials would allow spray-coated OPVs with better solar spectral matching
properties to be exploited.

An interesting comparison may also be drawn with recent reports of OPV cell
fabrication using inkjet-based technologies [21]. Indeed, the typical characteristics of the final
films, such as the size of deposited droplets and the levels of surface roughness, are
somewhat comparable. Both of these technologies offer some advantages, as viable
alternatives to spin-coating for optoelectronics applications [5]. Inkjet certainly offers a route
to structures not accessible with spin coating, such as patterned grids or electrodes; whereas
for very high material throughput (whilst still achieving reduced material loss) and large-area
deposition, spray-coating is likely to be the more favorable of the two methods. Indeed, such
pros-and-cons might also be considered to exist in comparison with other state of the art film
forming methods for OPVs, such as roll-to-roll printing methods. [22]
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As a future direction of this work, we are currently examining the possibilities of
using the related “electro-spraying” method [23] for depositing OPV active layers. This is
another reported method of deposition for thin films, which also enables the deposition of
delicate and fragile molecules, in a precise and controllable fashion, in both atmosphere and
vacuum. One could envisage multilayers (thickness-dependent compositions) of “small
molecule” film-forming semiconductors; such as PCBM or oligomeric donors [24], with
whole new regimes of polymer blend morphology are possible, as compared with spin-
coating or Langmuir-Blodgett techniques. In both conventional spray-coated and
electrospraying, the very rapid solvent removal will allow compositional control, but with
better ordered structures than the amorphous forms typical of traditional vacuum-sublimation
materials used in organic electronics, such as the oligo-acenes [25].

CONCLUSIONS

A spray-coating method has been employed in the production of all-polymer (polyfluorene)
blend thin-films. Detailed studies of the influence of key experimental parameters on layer
deposition rate and uniformity, the detailed thin-film morphology (including AFM) studies
characterizing the roughness of films, the nature of the “coffee-stain” structures, the nature of
any micron-scale phase separation (or lack thereof), and the photophysical properties of the
blend system (e.g. photoluminescence quenching), are reported. These characterizations of
the deposited blend films show them to be of suitable characteristics for potential use in
photovoltaic cells. As an important feasibility step, the resulting prototypical photovoltaic
devices exhibit open circuit voltages of up to 1.0V under testing, and solar power conversion
efficiencies in the 0.1-1% order of magnitude range; metrics which are comparable with key
analogues reported using methods of spin-coating for the active layer deposition. In the light
of this, and of other very recent reports, [26] we propose that such spray-coating methods
hold great potential as an approach to the challenges presented by the scale-up and large area
mass fabrication of OPVs.
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TABLE 1 Key parameters for solvent media used in spray-coating of 5 mg/ml F8BT:PFB blend

TABLES

Toluene

DCB

DCB:CB
5:1

Viscosity Boiling

n (cP)

0.59
1.32

1.22

point (°C)

110
180

<180

Minimum Deposition
substrate rate

T (°C) (nm/sec)
20 3.4

100 4.1

80 5.1

? Viscosity for mixed solvents calculated using Refutas equation.

TABLE 2 Sample roughness, as derived from area analysis of AFM

DCB:CB 5:1

Toluene

DCB

TABLE 3 Photoluminescence quenching (PLQ) efficiency of spray-coated 1:1 F8BBT/PFB blends

Roughness Roughness

(peak-to- (standard

valley, nm) deviation,
nm)

79.8 185

62.0 17.4

77.1 22.1

Average

Roughness

(nm)

15.8
14.7

19.1

Solvent

DCB:CB 5:1

Toluene

DCB

Film thickness (nm)
75

105

155

40

60

105

60

105

135

PLQ
0.70+0.11
0.55 +0.11
0.64 +0.05
0.57 +0.14
0.85 + 0.09
0.76 +0.16
0.63 +0.18
0.75 +0.08

0.67 £0.17
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FIGURE CAPTIONS

Figure 1. (a) Schematic of the pneumatically driven ejection mechanism (“spray gun”) used.
A double-action, siphon-feed spray gun (Wiltec type 128) was used, with working pressure
range 1.0-3.4 bar and nozzle diameter 0.35 mm. (b) Chemical structure of conjugated
semiconducting polymers PFB and F8BT, as indicated. (c) Schematic of laminar photovoltaic
cell design, with working area 0.64 cm?® (d) UV-vis spectra (absolute absorbance vs.
wavelength) of spray-coated F8BT/PFB blends of several deposition thicknesses, as
indicated. For comparison, spectra of pristine F§BT and PFB films (of = 100 nm thickness)
are also shown on the same axes/scale.

Figure 2. (left) Optical micrographs of spray-coated 1:1 F8BT/PFB films from solvent media
(a) DCB:CB 5:1, (b) toluene, and (c) DCB. The images were taken with a 40x objective, NA
= 0.65. (right) Corresponding 40 x 40 um atomic force micrographs (AFM), with the height
scales in nanometers given in each case.

Figure 3. Atomic force micrographs (AFM), as shown in 3D relief view, for spray-coated
films from solvent media (a) DCB:CB 5:1, (b) toluene, and (c) DCB. (right) Illustrative line
height-profiles are shown below for each micrograph.

Figure 4. 100 x 100 nm AFM, as shown in 3D relief view, in droplet centres for spray-coated
1:1 F8BT/PFB films from DCB:CB 5:1. This shows some evidence of directional structuring.

Figure 5. (a) Full 1-V characteristics of representative spray-coated solar cells under
illumination at 1,600 lux. Data are presented on an absolute log scale graph, and the
thicknesses of the active layers are as indicated. (b) Corresponding data showing behavior
within the quadrant defined by short-circuit current (lsc) and open-circuit voltage (Voc). (C)
The variation of I (circles) and V. (crosses) as a function of active-layer thickness. Linear
trendlines are added as a visual aid.
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