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Abstract Micrometre-thick uniform layers of a polymeric
semiconductor (poly(3-hexylthiophene), P3HT) have been
fabricated from solution by spray deposition making use
of a commercial airbrush. Multi-scale characterization by
optical microscopy and atomic force microscopy revealed
the formation of smooth layers featuring reproducible pat-
terns of spatially correlated micron-sized holes. This mor-
phology was found to be uniform over the whole sample
surface, on millimetre scale. On this micro-patterned P3HT
layer an orthogonal solvent (i.e. a solvent which does not
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dissolve the P3HT) has been employed to deposit either by
spin coating or by drop casting a second organic semicon-
ductor. While spin-coated films exhibited nano-crystals of
an alkylated perylene tetracarboxy diimide (PDI) preferen-
tially grown into the micro-fabricated holes, drop-cast films
displayed crystalline PDI fibres adsorbed on the patterned
surface in random positions.

PACS 68.37.Ps - 68.55.Am - 68.55.Ag - 81.15.Rs -
81.16.Dn

1 Introduction

The deposition of organic functional materials based on
small molecules or polymers [1] on solid surfaces is of
paramount importance for applications in various scientific
and technological fields ranging from organic electronics to
paints and protective coatings [2—4].

The simplest, cheapest and industrially more relevant
method of deposition is the processing from solution. Al-
though being very simple, the deposition of a solution on a
surface, due to the concomitant solvent evaporation and for-
mation of a solid layer of material, is a physically complex
process which strongly depends on the components used
and phases formed (solute, solvent, substrate, atmosphere)
as well as on the processing method employed (dip coating,
spin coating, drop casting, etc.) [35, 6].

In the field of organic electronics [7-10], the situation
is even more complex, because the typically used organic
semiconductors often show complex self-assembly behav-
iours [11]. In many cases, solubility of large organic mole-
cules is quite low, and this limits the type and amount of

@ Springer


mailto:palermo@isof.cnr.it
mailto:muellen@mpip-mainz.mpg.de
mailto:samori@isis-ulp.org

16

E. Treossi et al.

material which can be deposited from solution, e.g. by sim-
ple spin coating. For all these reasons, the possibility to de-
posit large amounts of organic material by an alternative
and unconventional method, such as spray deposition, has
been extensively studied by several groups. In spray deposi-
tion, a continuous flow of carrier gas (air, nitrogen or argon)
is used to disperse the solution into microscopic droplets,
which collides with the surface and sub-sequentially evap-
orate. The amount of deposited material is directly propor-
tional to the deposition (i.e. exposure) time allowing the for-
mation of very thick and uniform layers.

Spray deposition of organic semiconductors has been
performed both in air, using commercial airbrushes [12, 13],
or in vacuum [14-16], using shadow masks to fabricate
micro-pixels [17] or computer-controlled micro-nozzles to
create more complex patterns and electrodes [18]. Because
of the elevated film thickness and the peculiar deposition
conditions such as the high quantity of materials adsorbed
at surfaces per unit time, the final film morphology is poorly
influenced by the substrate nature [14]. Solar cells [12, 13,
16, 19] and LEDs [14] have been fabricated starting from
spray-deposited organic layers, and the possibility to obtain
complex layer-by-layer growth of different materials has
been demonstrated [20]. Laser techniques have been suc-
cessfully used to study the dynamics of the process [21].
Overall, the morphology of spray-deposited samples de-
pends on a variety of experimental parameters, most of
which are difficult to be controlled and modelled [20].

Herein we study the spray deposition of a common
organic semiconductor, poly(3-hexylthiophene) (P3HT), a
molecular system which has been successfully used for the
fabrication of solar cells and field-effect transistors [22—-24].
The spray-deposited P3HT films have then been employed
as a macroscopic template to direct the self-assembly of a
second organic semiconductor, such as an alkyl substituted
perylene-bis(dicarboximide) (PDI) [25-30], deposited (i.e.
via either spin coating or drop casting) using an orthog-
onal solvent. The obtained films have been characterized
across multiple length scales by optical microscopy as well
as atomic force microscopy.

2 Experimental

P3HT was purchased from BASF (M,, = 20 KDa) while
N, N'-bis(1-ethylpropyl)-3,4:9,10-perylenebis(dicarboxim-
ide) (PDI) was synthesized as previously described [31].

A 1.5 g/L solution of P3HT in chloroform has been
sprayed by air brush on native SiO, layer grown on Si and
glass substrates by systematically changing the deposition
time. Silicon (100) and glass substrates have been cleaned
using a standard RCA procedure [32].

A commercial air brush (Paasche V) with a nozzle di-
ameter of 0.1 mm has been used with pressurized argon
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(3.5 atm) as carrier gas. PDI was deposited by spin coat-
ing (1600 rpm) a saturated methanol (MeOH) solution. All
solvents employed were HPLC grade.

Atomic force microscopy (AFM) [33-35] was performed
with an Autoprobe CP from Veeco, recording both the
height signal (output of the feedback signal) and the phase
signal (phase lag of the tip oscillation respect to the piezo
oscillation) which is extremely sensitive to structural het-
erogeneities on the sample surface [36-38].

The surface periodicity has been studied with fast Fourier
transform (FFT) as well as correlation analyses. In the corre-
lation technique, two images are compared after being trans-
lated of x, y pixels, in respect to each other, to detect the
presence of periodic structures/features in the image. While
FFT singles out the dominant periodicity present on the sur-
face, correlation analysis does not filter specific frequencies
but preserve all frequencies that are represented in the re-
peated structure [39].

The analyzed image can be defined as a matrix of M x N
pixels, each pixel having a value I(x,y) (which in AFM
corresponds to topographic height and in OM to pixel lumi-
nosity).

The 2D correlation function S(x, y) is a matrix of M x N
pixels, which is calculated in each point as:

M—1-xN—-1-y

Soyy= Y. Y Ik D) xIk+x,1+y). (1)

k=0 =0

S(x, y) is proportional to the probability of finding two sim-
ilar objects translated of x, y pixels, in respect to each other
on the substrate plane, similarly to the pair correlation func-
tion of inter-atomic distances in solid materials.

The surface flatness was characterized by its root mean
square roughness (Rrms)-

M—-1N-1

) -
Rrwmis = M—N; l [z, ) — 2] )

with z(xg, y7) being the height value of the pixel in location
(xk, y1) and z being the mean height of the pixel calculated
from the M x N values.

3 Results and discussion

Nozzle—sample distance and argon pressure have been op-
timized, after systematic tests, to the values of 3 cm and
3.5 atm, respectively. At larger separation distances the
sprayed area increases, although poorly uniform films are
obtained and deposition speeds are low [20]. At shorter dis-
tances deposition speed is greater than solvent evaporation
rate leading to solution accumulation and drainage on the
substrate surface.
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Fig. 1 Optical microscopy
images of spray-deposited
P3HT films at different
deposition time. White arrows
indicate small holes due to
droplet impact

Fig.2 (a) OM and (b) AFM of ORIy e PN
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Figure 1 shows the optical microscopy (OM) images of
P3HT deposited on a Si/SiO, substrate by spray deposi-
tion recorded at different times. On the millimetre scales the
material deposition is uniform. On the micrometre scale a
characteristic pattern is obtained, with short fibrils having a
width of 3 um, whose density rapidly increases, after 60 s
leading to a complete coverage of the substrate. The mor-
phology of these fibrils is different from the typical nano-
metric needles obtained by self-assembly of P3HT [22, 24,
40], and appears more similar to the morphology dictated
by solution de-wetting [5, 41-43]. In particular, at all stages
of the layer deposition it is possible to observe the presence
of small holes in the organic layer, having a diameter of 1—
5 um. The density of these holes increases during deposi-
tion; at complete coverage (Fig. 2a) the holes form a con-
tinuous pattern on the surface. While a hole width ranges
from 3 to 5 um, its depth ranges from 0.4 up to 1.5 ym, lead-
ing to a P3HT morphology which is uniform on the macro-
scopic scale on all the prepared samples.

Atomic force microscopy (AFM) imaging (Fig. 2b)
shows fine details of the deposited layer. The thickness of
the sample is ~3 pm. It is possible to distinguish two differ-
ent relevant length scales to describe the surface morphol-
ogy. While on tens of microns scale the Rrys amounts to
450 £+ 50 nm, on the sub-micron scale this value decreases
down to 0.5 + 0.2 nm. This is due to the fact that on the
large scale the Rrms value is averaged over surface expos-
ing both holes and flat regions. Despite these micrometric
fluctuations, the surface appears to be very flat on the sub-
micron scale. The Rrums on such a small scale has been cal-
culated using the following procedure: (1) Each AFM image
performed on a ten-micron scale have been sub-divided in
portions having 1 x 1 um? size. (2) Each portion has been

linearised by subtracting a 2D polynomial curve having a
curvature larger than 1 pm. As reference, the Rrys value of
a clean Si/SiO, surface has also been measured and found
to be 0.2 nm which can be primarily ascribed to the thermal
noise effect [44].

Image analysis has been used to gain quantitative in-
sight into the pattern uniformity. Figure 3a shows a large
scale OM image of the deposited layer in a film prepared
with a 120 s deposition time. Fast Fourier transform (FFT)
analysis (Fig. 3b) of these films reveals a hole periodicity
of 5.0 & 0.7 ym. Autocorrelation analysis of the OM im-
age (Fig. 3c) and the profile of the line traced (Fig. 3d) of-
fers more details. The dark ring visible in Fig. 3c indicates
that the minimal distance between holes is 5 um, in good
agreement with FFT results. Furthermore, the presence of
ripples around the first ring indicates that hole correlation
extends beyond next-nearest neighbours, up to ca. 10 pm.
Both the dark ring and the ripples show a preferential hexag-
onal packing of holes which maximises their number. This
evidence suggests that the density of impact points of the
solvent drops on the substrate during the spray deposition
may be assumed as uniform.

The presence of holes and rings upon spray deposition
of polymers has been previously observed, and it is due to
the collision of sprayed droplets with the surface [21]. Al-
though random and uncorrelated, the continuous collision of
solution with the substrate yields a very uniform morphol-
ogy, with the holes adopting a close-packed arrangement.
Though we could not measure in situ the size of solution
droplets hitting the substrate, the hole size and spacing sug-
gest that the spray deposition generates droplets of 3—5 um
in diameter, which splash on the surface depositing material
and leaving holes due to the drop collision. The presence of
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Fig.3 (a) Large scale OM of
spray-deposited P3HT on
Si/SiO from solution 1.5 g/L
in chloroform (120 s deposition
time), and (b) corresponding
radially averaged FFT showing
the 5 um peak. (¢) Image of the
autocorrelation function S(x, y)
displaying fluctuation rims in
the hole—hole correlation
density and its hexagonal
symmetry, and

(d) corresponding line profile
S(x,0)
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these holes at early and late stages of deposition, observed
both on thin and thick layers, rules out the possibility that
the holes are due to de-wetting on the Si/SiOy surface.

The peculiar micro-patterning obtained has also been ob-
served on transparent glass substrates thus making it pos-
sible to perform optical absorption spectroscopy of the de-
posited layer, and to compare it with its absorption spec-
trum in solution. A strong red shift of absorption is ob-
served (Fig. 2c) with absorption maxima passing from 450
to ~580 nm, due to the different inter-chromophore interac-
tions. While in solution the thiophene units of the polymer
backbone can twist, in the solid layer attractive inter-chain
interactions result in the formation of packed structures in
which the rotation about the interring bond is hindered ex-
tending the 7 conjugation across multiple thiophenes and
thus causing a decrease of optical band gap [45]. In other
words, in solution, repulsive steric interactions between sub-
sequent repeat units as well as the interaction of the “good”
solvent with the alkyl side chains cause a twisting of the
polymer backbone associated with a broad and feature-less
absorption. In contrast, inter-chain interactions in the solid
state result in the formation of a lamellar structure, in which
the rotation about the interring bond is highly restricted. As
a result, the polymer backbone in the solid state can be de-
scribed as a flat, rigid-rod molecule, with more extended 7 -
conjugation and red-shifted, solid-state adsorption [45].

We explored the possibility to use the peculiar morphol-
ogy obtained for P3HT to template the growth of a second
layer of material. We chose PDI as a test molecule, as its
self-assembly behaviour has been extensively studied in pre-
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vious works [46-48], and because P3HT:PDI blends have
been explored both on macroscopic [49] and microscopic
[24] scales, and showed interesting photovoltaic properties.

When deposited on flat substrates, PDI molecules tend
to aggregate in nano-sized, elongated crystals [46, 47]. Ei-
ther spin coating or drop casting has been used to investi-
gate the effect of the P3HT templating layer on this kind of
self-assembly. PDI is soluble both in chloroform (which is
a good solvent also for P3HT) or methanol (in which P3HT
is insoluble). Upon spin coating of PDI from a chloroform
solution, a partial re-dissolution of the deposited P3HT layer
occurs, as proved by the partial destruction of the hole pat-
tern, and the decrease in hole depth to less than 100 nm
(not shown). In contrast, by using methanol as a solvent
the P3HT morphology is perfectly preserved as confirmed
through an experiment performed by spin coating methanol
on the patterned P3HT surface revealing that the film mor-
phology remains unaltered, thus excluding a re-dissolution
of P3HT. A PDI film spin-coated from a MeOH solution
on the templating P3HT film is shown in Figs. 4a, b. It dis-
played small crystals of PDI adsorbed preferentially into the
P3HT holes. Due to the low amount of material deposited by
spin coating, the crystals are observed only on some areas of
the surface.

For the sake of comparison, Fig. 4c shows a PDI film
obtained by spin coating a solution in methanol on a bare
Si/SiO, surface. It reveals self-assembled elongated nano-
crystals with dimensions and shapes similar to those already
observed using other solvents [46, 47]. The PDI crystals
grown on the P3HT templating layer (Figs. 4a, b) appear
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Fig. 4 (a) AFM topography and (b) phase image of nano-crystals
grown onto P3HT by spin coating from a saturated solution of PDI
in MeOH. (¢) AFM of the same nano-crystals grown onto neat Si/SiOy
by spin coating a saturated solution of PDI in MeOH. (d) AFM topog-
raphy and (e) corresponding X-gradient image of nano-crystals grown
onto P3HT by drop casting from a saturated solution of PDI in MeOH.
Z-range (a) 1.7 um, (b) 51 deg, (¢) 22 nm, (d) 1,7 pm and (e) 4.7 um/um

slightly less elongated due to the different chemical nature
of the substrate [5].

As the underlying layer is composed of P3HT, prefer-
ential growth cannot be ascribed to differences in surface
chemical functionalisation, but rather to the propensity of
the solution to evaporate first from the most convex areas of
the surface, forming droplets in correspondence to the holes
in order to minimize surface tension. The final result is a
surface with microscopic holes of P3HT, with one or more
PDI crystals present in some of the holes. In this kind of
morphology the P3HT:PDI phase separation is on the mi-
crometre scale, thus very different from P3HT:PDI blends
used for photovoltaic applications, where phase separation
is required on the nano-metric scale. In contrast, by deposit-
ing a greater amount of PDI on the P3HT patterned surface
by drop casting, larger crystals with a fibre-like morphology
are formed as a result of the slow solvent evaporation and
self-assembly process [46, 50]. Differently, these fibres have
been found to be randomly located on the patterned surface
(Figs. 4d, e).

4 Conclusions

In summary, we have exploited a two-step deposition
method from solution using sub-sequential spray deposi-
tion of P3HT and spin coating or drop casting of an alkyl
substituted PDI in orthogonal solvents. We have shown that
macroscopic periodic patterns of P3HT can be formed and
exploited to template the growth of PDI crystals in partic-
ular areas of the surface. This combined approach of spray
deposition and spin coating or drop casting is easily up-
scalable and highly versatile as it can be applied to vari-
ous materials leading to the generation of new complex and
multi-component un-conventional morphologies, which are
not attainable with other more classical techniques.
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