
Contents lists available at ScienceDirect

Materials Science in Semiconductor Processing

journal homepage: www.elsevier.com/locate/mssp

Spray-coating deposition techniques for polymeric semiconductor blends

Gavin A. Bernardin, Nathan A. Davies, Chris E. Finlayson⁎

Department of Physics, Prifysgol Aberystwyth University, Aberystwyth SY23 3BZ, Wales, UK

A R T I C L E I N F O

Keywords:
Spray-coating
Polymer blends
Annealing methods
Thin-films
Conjugated polymers

A B S T R A C T

We develop a universal method for spray-deposition of polymeric semiconductor blends, based on blends of
polyfluorenes (F8TBT), polythiophenes (P3HT) and fullerenes (PCBM), as suitable for large areas. A multi-fa-
ceted characterisation approach, studying photoluminescence quenching, together with atomic force and optical
microscopy, illustrates favourable results in terms of layer thickness, uniformity, and mesoscale morphology.
With key engineering tolerances in mind, thermal (melt) and solvent-vapour annealing are investigated as post-
processing methods, for improving the planarity of craterform layers and blend photophysical characteristics.

1. Introduction

Organic/polymeric solar cells offer a promising route towards low-
cost renewable energy production [1–3]; however, large-area mass
production techniques still represent a significant scientific and en-
gineering challenge. For many years, spin-coating has been the
benchmark technique by which the composite thin-laminar layers of
optoelectronic devices have been deposited over length scales of up to
10s of cms [4–6]. In addition to the limitations of workable deposition
area, a large fraction of the active materials are unavoidably wasted
during the process. Because of the different associated challenges with,
for example, building-integrated photovoltaics (BIPVs), new manu-
facturing processes have to be developed, including techniques origin-
ally invented for printing or painting of large areas and diverse shapes.

A pneumatically driven ejection mechanism (“spray gun”), is a
ubiquitous tool familiar from everyday life, spray-painting being one
particular example. The solubility of polymeric semiconductors in a
range of solvents, and the resultant solution-processability, make them
highly compatible with such a method. The processing is easily scal-
able, and uses materials far more cost-efficiently than spin coating. This
method also does not depend on the surface of the substrate being
planar, nor smooth at macroscopic levels. Commercially available kits,
with considerable levels of control and variability, may thus be used for
the deposition of thin-films and blend heterojunctions for potential
device applications. Indeed, preliminary reports into the feasibility of
spray-coated solar cells have yielded some promising results regarding
device performance and stability [7–11]. Some attempts at using spray-
coated active layers in polymeric transistors and field-effect transistors
are also reported [12]. However, the main apparent drawback of this
method is the roughness of the surface after coating, as illustrated by

our earlier studies of polyfluorene photovoltaic blends [13]; the dro-
plets formed in spray atomization translate into crater-like (or “cra-
terform”) structures in films on substrates, with relatively flat central
areas and markedly raised edges or “walls”. Of a particular prescience,
the engineering tolerance of active layer thicknesses in organic optoe-
lectronics range from a maximum of 1 µm for LEDs [14] down to sub-
100 nm in virtually all feasible solar cell designs. The relative lack of
qualitative reports and quantitative analyses of these sprayed-film
structures forms the basis for this additional research into generalised
methods using a more complete range of solution-processable semi-
conductors, and into the effects of post-process annealing methods on
the key characteristics of film roughness and photophysics.

In this paper, we thus examine the morphological characteristics
and photophysical functionality of semiconductor thin-films, based on
blends of key target materials, polyfluorenes (F8TBT), polythiophenes
(P3HT) and fullerenes (PCBM), using a universal spray-coating de-
position technique suitable for large areas. We further report a multi-
faceted characterisation approach, studying blend photoluminescence
(PL) quenching, optical microscopy, and thermal (melt) and solvent-
vapour (SVA) post-annealing of films. Continuous macroscopically
uniform thin-films, with highly distinctive mesoscale craterform struc-
tures, are demonstrated using these methods across all the blend sys-
tems studied. As a measure of the efficacy of charge separation at
heterojunction interfaces, PL quenching efficiency of the as-deposited
blends is studied before and after the application of post-process an-
nealing. Finally, the planarity of blend films at the ~100 nm height
scales, as inferred from microscope images and AFM data, is studied
under the action of melt treatment.
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2. Methods

The key interfacial energetics (see Fig. 1c) illustrates the generic
donor-acceptor nature of photovoltaic blends of P3HT, F8TBT, and
PCBM [15]. This study explores the structures and photophysical
properties characteristic of spray-coated films of the three blend per-
mutations; namely P3HT/F8TBT, F8TBT/PCBM and P3HT/PCBM.

As illustrated in Fig. 1, a double-action, siphon-feed spray gun
(Wiltec type 128) is used for sample preparation, with working com-
pressed air pressure range 1.0–3.4 bar and nozzle diameter 0.35 mm. In
siphon-feeding, the solution is drawn upward by the air pressure gra-
dient from a cup underneath the gun. This commercial spray-gun ap-
paratus is limited in operation, in that the nozzle diameter (and spray-
cone profile) is fixed, although a limited amount of adjustment is pos-
sible with the flow rate and the compressed-gas supply pressure. Ad-
justable experimental parameters are flow rate, solvent (and hence
viscosity), material concentration, nozzle-substrate distance (X), sub-
strate temperature. In terms of the optimal solvent media parameters
for deposition of these materials, we adopt the approach of Noebels
et al. [13], using a solvent mixture of low viscosity chlorinated-aro-
matic solvents. We find that the optimal conditions of droplet size,
solution transfer, substrate adhesion, and film formation can be ob-
tained using a mixture of chlorobenzene(CB) and dichloro-benzene
(DCB) in a 1:5 ratio (all solvents from Sigma-Aldrich); this solvent
medium has a measured dynamic viscosity of 1.22 cP. According to
specifications, all parts of the airbrush are known to be resistant against
these solvents. The materials used in the preparation of blend films,
namely poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyr-
icacidmethylester (PCBM), were obtained from Sigma Aldrich. Poly
[(9,9-dioctyluorene)-2,7-diyl-alt-(4,7-bis(3-hexylthien-5-yl)-2,1,3-ben-
zothiadiazole)-2′,2′-diyl] (F8TBT) was obtained from the Melville La-
boratory, Cambridge [16]. We find subsequently that the method can
be universally used for blend combinations of F8TBT, P3HT and PCBM,
as deposited onto cleaned quartz (spectrosil) substrates.

As will be discussed below, solution droplet sizes in the range of

radius ~10–100 µm may be inferred, as is consistent with a so-called
fine atomization regime of spray-coating [17,18]. Our measurements
indicate that at the relevant values of solvent viscosity, the controllable
flow rates can be adjustably set to either 8, 21 or 59 microlitres/s at
1.4 bar, corresponding to nozzle velocities of 26, 52 and 78 m/s re-
spectively. The flow rate of 21 μl/s is typically chosen, with X
~10–20 cm, and polymer concentration ~ 1 mg/ml, giving film de-
position rates of order 200 nm/min. Pre-optimised substrate tempera-
tures of T ≈ 80 °C induce sufficiently rapid evaporation of the solvent,
leaving permanently formed structures. This approach enables samples
to be generated either from a single deposition step or from multiple
deposition cycles. A further study may be justified to determine if this
would enable, for example, multilayer bulk-heterojunction structures to
be discretely deposited. Multiple samples were generated of each blend
type within the present study, in ~1:1 wt component ratios, to allow
evaluation of reproducibility and reliability of both the method and the
characteristic properties of films. Whilst substrates of area ~1 cm2 are
coated and studied here, the set-up will readily and uniformly coat an
area of up to 15–20 cm in diameter, if required.

Subsequent characterisation of samples involved multiple meth-
odologies. AFM measurements of film morphology and tomography
were taken over (40 × 40 µm) areas, using specially designed low
frequency tips for soft matter samples (ND-MDT, Scanwel Ltd). Optical
micrographs were obtained using a calibrated Meiji MX9000 series
instrument in transmission mode. Optical absorption spectra of thin-
film samples were recorded using an Ocean Optics Red-Tide integrated
spectrophotometer. Photoluminescence (PL) measurements were taken
using a λ = 473 nm diode-pumped solid state laser (power of ~2 mW)
as excitation source, combined with an Ocean Optics USB2000 fibre-
coupled CCD spectrometer, with additional quantitative PL-quenching
measurement being taken using a self-consistent “integrating sphere”
method [19].

Fig. 1. (a) schematic of spray-coating apparatus, illustrating the
pneumatic spray-gun at working distance, x, from the heated
substrate. (b) chemical structures of the materials used, namely
PCBM, F8TBT, and P3HT. The inset below shows the interfacial
energetics, illustrating the generic donor-acceptor nature of
photovoltaic blends of the three semiconductors; given values of
HOMO and LUMO are as taken from Ref. [15].
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