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Optical, electrical, and morphological properties of poly(3-hexylthio-
phene):6,13-bis(triisopropylsilylethynyl) (TIPS)-pentacene (P3SHT:TP) blend
films, in the proportion of 1:1 (w/w), have been investigated using chloroform,
toluene, or trichlorobenzene as solvent. The main morphological feature was
formation of aggregates that tended to segregate vertically, exhibiting char-
acteristics that were strongly influenced by the type of solvent applied. The
phase segregation of TP observed for the PSHT:TP blend film obtained using
chloroform, the most volatile of the investigated solvents, can be explained
based on the Marangoni effect and the Flory—Huggins model. The TP mole-
cules induce better organization of P3HT, as evidenced by the ultraviolet—
visible (UV-Vis) absorption spectra. Photoluminescence (PL) measurements
revealed quenching and an increase in the lifetime of the carriers. The PL
measurements also showed that the exciton dissociation was dependent on the
characteristics of the surface on which the film was deposited. PSHT:TP blend
film prepared using trichlorobenzene showed the best morphology with mod-
erate phase segregation and better PSHT ordering. The output current from
organic field-effect transistors (OFETs) with blend film prepared using
trichlorobenzene was three times (3x) 1arger than When using the other sol-
vents, with carrier mobility of 5.0 x 1072 cm? V!

Key words: Semiconductor blend, TIPS-pentacene, vertical segregation,
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INTRODUCTION

Conjugated polymers, oligomers, or small mole-
cules are widely used as active layers in devices
such as organlc field-effect transistors (OFETSs) and
solar cells."™ One of the most extensively studied
materials among organic semiconductors (OSCs) is
pentacene, due to its high field-effect mobility and
environmental stability, having the highest mobility
of charge carriers.””’ However, as its solubility is
very poor, it is not suitable for use in printed
electronics. Recently, it was shown that solution-
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processable small-molecule semiconductors, such as
6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-
pentacene) and  2,8-difluoro-5,11-bis(triethylsi-
lylethynyl) anthradlthmphene (le TESADT) exhi-
bit mobility values exceeding 1 em?V-1s! (e,
comparable to, or hlgher than, that of a-SlH or
vacuum- depos1ted organic materlals) 8,9 Although
such high mobility values are compatible with
printing techniques, use of these small-molecule
semiconductors has been hindered by significant
device-to-device performance variations, resulting
from the difficulty of controlhng the crystalline
growth and morphology.'%'?

High mobility values can be obtained by integra-
tion of small molecules within polymeric matrices.
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However, it is important to control the crystalliza-
tion and vertical segregation of small molecules to
produce devices with good performance.'* The type
of molecule, the molecular weight (M,,) of the
polymer matrix, the rate of solvent evaporation,
the rates of crystallization of each component, the
surface energy of the substrate, and other charac-
teristics are factors that can influence the vertical
segregation.'®1?

Several approaches based on deposition methods
are used in the manufacture of printed circuits,?*?!
such as blade coating, inkjet printing, and spray
coating, to process organic semiconductor thin films.
However, spin coating, a solution-based processing
method, is still one of the most widely used labora-
tory-scale methods for studying materials as well as
device optimization.?? Uniform, thin, smooth, and
continuous films can be achieved by dropping the
solution on the substrate and subsequently spread-
ing and drying it under rotation at high speed.
TIPS-pentacene (TP) is a good example of a material
for which the spin-coating parameters are of crucial
importance for the morphology of its films. Chou
et al.?? reported a study into the influence of
solvent, rotation speed, temperature, and other
parameters used in film deposition by spin coating,
for instance, showing that the mobility changes
from 0.28 cm®> V"' s to 0.021 cm®? V"' s™! when
the speed rotation is increased from 300 rpm to
1000 rpm.

This paper addresses the study of poly(3-hexylth-
iophene):TIPS-pentacene (P3SHT:TP) blends in pro-
portion of 1:1 (w/w), aiming to obtain film with good
morphology for use as an active layer in organic
devices. The principal focus is the solvent effect on
the morphology and its influence on the optical
properties. The results show that it is possible to
design the morphology according to the desired
applications. It is possible to prepare film in which
the TP molecules segregate vertically to form
aggregates that percolate at the superior surface,
or in such a way that the TP molecules remain
mostly distributed homogeneously in bulk. Also, the
results show that, when TP is added to P3HT,
quenching of the photoluminescence occurs,
depending on the solvent as well as the substrate,
accompanied by increases of the charge carrier
lifetime and field-effect mobility.

EXPERIMENTAL PROCEDURES

As the morphology of the blends depends strongly
on the substrate, this work on PS3HT:TP blend films
was realized using the architecture shown in Fig. 1,
were there are three surfaces: glass, aluminum, and
aluminum oxide. This approach is important for
evaluating its performance from the viewpoint of
transistor applications, in which the blend will be
deposited onto a dielectric.

An aluminum layer with thickness of 200 nm was
deposited on a glass substrate by thermal
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evaporation at high vacuum (~ 107 kPa). The
aluminum film was anodized at constant current
to obtain aluminum oxide (AlyO3) film with thick-
ness of 60 nm. The Al,O3 surface was treated using
hexamethyldisilazane (HMDS) by immersion in
solution for 3 min, then washed in ketone and dried
in nitrogen flow.

P3HT and TP, purchased from Sigma Aldrich®,
mixed in proportion of 1:1 (w:w), were dissolved in
chloroform, toluene, or trichlorobenzene, whose
boiling points are 60°C, 110°C, and 200°C, respec-
tively. The solution was filtered using a Millipore
0.45-um filter, then deposited on the Al;O3 by spin
coating at 1000 rpm for 60 s in a glovebox, produc-
ing films with thickness of ~ 100 nm. The P3HT:TP
films were annealed at 100°C for 2 h in vacuum, to
remove solvent residues. The morphology of the
P3HT:TP blends were characterized by scanning
electron microscopy (SEM) and optical analysis,
such as ultraviolet—visible (UV-Vis) spectroscopy
and photoluminescence (PL). Transistors were pre-
pared to evaluate the field-effect mobility of the
blend films. These devices were obtained by evap-
orating Au source and drain electrodes onto the
P3HT:TP films in high vacuum (~ 10~ 7 kPa). The
length and width of the channel was 90 yum and
3 mm, respectively. The transistors were character-
ized based on their output and transfer curves using
an SCS 4200 semiconductor characterization
system.

RESULTS AND DISCUSSION

Figure 2 shows SEM images of the P3HT:TP
blend films prepared using chloroform, where TP
aggregates can be seen in the upper surface due to
phase difference. This occurs because of the high
volatility of the solvent (boiling point ~ 60°C), sat-
urating the system very quickly while the spinner is
rotating; this, associated with the high crystalliza-
tion speed of TP, results in phase separation.
Figure 3 illustrates the steps in film formation by
spin-coating deposition, in which the mechanism
responsible is described based on the Flory—Huggins
model.?®> An important parameter in the Flory—
Huggins model is the energy variation when com-
ponent A is removed from a place and substituted
by component B. Step 1in Fig. 3 illustrates that the
high speed of the spinner rotation (1000 rpm)
discards excess material, leaving highly saturated
solution on the glass. Solvent evaporation increases
the concentration of the solute and the viscosity of
the solution, so the behavior of the phase segrega-
tion depends on the solvent type. The film formation
is dominated by two interaction factors: solvent—
solute and solute—solute.?* In the first process,
evaporation of the solvent at the top increases the
solute concentration; as a consequence, there is an
accumulation of the most soluble component at the
upper interface, i.e., vertical segregation, as shown
in step 2 of Fig. 3. Then, as the two components
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Fig. 1. Schematic of deposition of P3HT:TP blend film by spin coating on a glass substrate with Al layer and Al,O3.

\oy )
Fig. 2. SEM images of P3HT:TP blend films prepared with chloroform at magnification of (a) x 1000 and (b) x 10,000. The films show “stripes” or
“stretch marks” due to the Marangoni effect.

solidify, the structure of the film is affected by
crystallization, with the first component to solidify
being expelled to the surface. In crystalline—crys-
talline systems, the phase segregation is induced by
the first crystallizing component,?>?® as shown in
step 3 of Fig. 3.

Films prepared wusing chloroform exhibited
“stripes” or “stretch marks” due to the Marangoni
effect (see the optical image in Fig. 3), which was
not observed when using other solvents. Changes in
surface tension due to variation in temperature,
concentration gradient, and solvent type can pro-
duce the Marangoni effect.!”?® Several experimen-
tal studies have confirmed the influence of this
effect on films deposited by spin coating, where
highly volatile solvents have lower surface tension
than the solute.?”?° The high volatility of the
solvents and differences in surface tension of the

solution associated with the spinner rotation do not
allow sufficient time for good film organization,
resulting in high roughness and structural defects.
For better film organization, it is necessary to
control the rate of solvent evaporation and spinner
rotation. Another important factor is to know the
properties of the surface of the substrate, in partic-
ular its roughness and wettability.

The morphology of PSHT:TP blend film prepared
using toluene is shown in Fig. 4. The main differ-
ence observed between the blend prepared with
toluene (Fig. 4b) and chloroform (Fig. 2b) lies in the
ordering of the crystallites. The blend prepared
using trichlorobenzene was more homogeneous and
the segregation less intense, as observed in the SEM
image in Fig. 5. There are no crystalline aggregates
as seen for the other solvents. This occurs due to the
low-volatility solvent, which makes the evaporation



1356

* P3HT molecules

] TIPs-pentacene molecules

Ozorio, Camacho, Cordeiro, Duarte, and Alves

— Optical images

Marangoni Effect

Fig. 3. Schematic of film-forming process of PSHT:TP blend prepared using chloroform. Step 1 illustrates the interaction between solvent—
solute, step 2 illustrates the solute—solute interaction, and step 3 illustrates the final process, resulting in vertical phase segregation. The optical

image shows the Marangoni effect.

very slow, delaying saturation of the solution. The
TP molecules do not form large aggregates on the
surface when trichlorobenzene is used and mostly
remain in the PSHT matrix. This characteristic can
be better observed in Fig. 6 (at magnification of
50 kx), which shows good distribution of the two
components and formation of continuous relief in
the upper surface, which is percolated along the
sample. Raised regions and valleys form the topog-
raphy of the surface. The importance of this fact
should be emphasized: a semiconductor layer with
high mobility is created on the upper surface, and
this may be advantageous for applications in tran-
sistors with top-gate architecture. The width of the
raised regions seen in the image is in the order of
100 nm. It is therefore worth mentioning that the
raised relief is not formed exclusively by TP
molecules.

The UV-Vis absorption spectra of spin-coated
films of neat P3HT (in chloroform) and P3HT:TP
blends (in chloroform, toluene, or trichlorobenzene)
are shown in Fig. 7. The absorption values in each
spectrum were divided by the maximum value,
because we are only interested in comparing the
shape of the curves (normalized by the peak value).
Neat P3HT film exhibited one very intense peak at
512 nm and two other peaks at 550 nm and 598 nm,
which are attributed to vibronic transitions Ag s,
Ayp_1, and Ay (where the subscripts denote the
vibrational quanta coupled to electronic transi-
tions), respectively.’®3! The two higher-energy
absorption peaks, at 512 nm and 550 nm, come

from an intrachain exciton,*? while the lowest one,
at 598 nm, is due to an interchain exciton, resulting
from the n—n stacking interaction between P3HT
chains.?®?* The UV-Vis spectra of the P3HT:TP
blend films (obtained using chloroform, toluene, and
trichlorobenzene) show red-shifted peaks compared
with that for neat PSHT film (Fig. 7). As higher
degrees of molecular order lead to longer wave-
length shifts,®®3® it can be assumed that the
presence of TP increases the molecular order of
the films. In addition, the UV-Vis absorption peak
at ~ 600 nm (Fig. 7) of PSHT:TP film obtained in
trichlorobenzene was noticeably stronger than those
presented by the P3HT film and P3SHT:TP blend
films (obtained in chloroform and toluene). Accord-
ing to Lin et al.>” and Tsoi et al.,>® the presence of
the peak at ~ 600 nm suggests strong n —n interac-
tion between P3HT chains and is one more indica-
tion of the ordering of P3HT molecules. The
strongest peak at ~ 600 nm observed for the
P3HT:TP blend film obtained in trichlorobenzene
indicates the highest degree of molecular order for
this film, in agreement with the morphological
features observed in the SEM images (Fig. 5). It is
also important to point out that the ordering of
molecules in semiconducting polymeric materials
has significant effects on their optoelectronic prop-
erties; For instance, a high degree of molecular
order can increase the charge carrier mobility when
compared with the disordered form.?>:3°

The UV-Vis spectra of the PSHT:TP films (ob-
tained in chloroform, toluene, and trichlorobenzene)
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Fig. 4. SEM images of P3HT:TP blend film prepared with toluene at magnification of (a) x1000 and (b) x10,000.

Fig. 5. SEM images of P3HT:TP blend films prepared using trichlorobenzene at magnification of (a) x1000 and (b) x10,000. The films are more

homogeneous, and the segregation of TP is less intense.

Fig. 6. SEM image of P3HT:TP blend film prepared using
trichlorobenzene at magnification of x50,000.

exhibit two other peaks at 447 nm and ~ 670 nm,
which can be assigned to Sy — Sg and Sy —» S;
transitions, respectively, of the TP molecule.*’ For
the PSHT:TP blend films obtained in toluene and
trichlorobenzene, the last absorption peak showed a
red-shift compared with the same peak for the
P3HT:TP film obtained in chloroform, indicating a
narrower highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital
(LUMO) gap for both PSHT:TP films (obtained in
toluene and trichlorobenzene).*!

PL spectra of the neat P3HT film (in chloroform)
and P3HT:TP blend films for the three different
solvents are presented in Fig. 8. The PL spectrum
for the neat PSHT film exhibits two peaks at 675 nm

1.2
—o— P3HT neat (chloroform)
—o— P3HT:TP (chloroform)
—e— P3HT:TP (toluene)

0.9 —— P3HT-TP (trichlorobenzene)

0.6

0.3

Normalized absorbance (a.u.)

0.0 +

. . . . . .
400 500 600 700 800
Wavelength (nm)

Fig. 7. UV-Vis absorption spectra of spin-coated films of neat P3HT
(in chloroform) and P3HT:TP blend films prepared in chloroform,
toluene, or trichlorobenzene, deposited onto glass. The gray stripe
highlights the peak at ~ 600 nm; each spectrum is normalized by its

maximum absorption.

and 712 nm, assigned to purely electronic transition
and vibronic transition in the first vibrational state,
respectively.*> When blending P3HT with TP (in
chloroform, trichlorobenzene, and toluene), quench-
ing of the PL intensity can be observed. According to
Korovyanko et al.,** such PL quenching in PSHT
thin film suggests a more ordered phase of the
molecules. Xie et al.** noted the same behavior in
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Fig. 8. Photoluminescence (PL) spectra of spin-coated films of neat
P3HT (in chloroform) and P3HT:TP blend films obtained in chloro-
form, toluene, and trichlorobenzene. All emission PL spectra were
obtained at excitation wavelength of 510 nm.

P3HT:phenyl-C61-butyric acid methyl ester
(PCBM) blends. These results are explained in their
work by suggesting that traps are created in the
P3SHT:PCBM film due to energy-level differences,
leading to phase domains uniformly distributed
throughout the bulk. The ordering of these phase
domains plays an important role in heterojunction
solar cells; For instance, in a photoactive layer, the
carrier acceptor and donor formed by phase domains
on nanometric scale uniformly distributed through-
out the bulk improves the charge-transfer perfor-
mance. Thus, the PL quenching of the PSHT:TP
blend film obtained in trichlorobenzene, in associa-
tion with the UV-Vis (highest degree of molecular
ordering, Fig. 7) and morphology (more homoge-
neous distribution of molecules and less segrega-
tion, Fig. 5) results, indicates that this film has
potential for use in heterojunction solar cell
applications.

The PL spectra of neat P3HT film and P3SHT:TP
blend films in chloroform, trichlorobenzene, and
toluene, deposited onto different interfaces (glass,
Aly0Os3, and Al) of the transistor, are shown in Fig. 9.
The inset in Fig. 9 presents the three different
interfaces of the transistor where the PL spectra
were obtained. The PL intensity of the PSHT:TP
blend films deposited onto Al;O3 and Al interfaces
are higher than when deposited onto the glass
interface. The reflection of light by the Al layer
excites the material twice (going and returning),
increasing the PL intensity. When varying the
solvent and the interface (glass, AlyO3, and Al),
the PL spectral profile of the PS3HT and P3HT:TP
blend films did not change, remaining similar to
each other. The exception was the P3SHT:TP blend
film in trichlorobenzene, for which inversion of the
emission peaks was observed, as well as shifts to
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Fig. 9. Photoluminescence (PL) spectra of spin-coated films of neat
P3HT (in chloroform) and P3HT:TP blend films obtained in chloro-
form, toluene, and trichlorobenzene, at different interfaces of the
transistor: glass, aluminum oxide (Al,O3), and aluminum (Al). All the
emission PL spectra were obtained at excitation wavelength of
510 nm.

longer wavelengths for the Al;Os; interface and
shorter wavelengths for the Al interface (Fig. 9). In
this case, the crystallization kinetics of the
trichlorobenzene solution, associated with the
energy and morphology of the different surfaces,
can induce different lamellar arrangements of the
molecules, which is reflected in the photolumines-
cence spectra.

The PL decay times (1) of neat P3HT film and
P3HT:TP blend films obtained in the three different
solvents deposited on Al,O3 are presented in Table 1.
Fitting was performed to one decay component for
each emission wavelength, at 650 nm (z;) and at
730 nm (15), which are closer to the PL emission of
P3HT:TP films than to the PL emission of neat PSHT
film.

The first observation that can be made based on
these results is the short PL decay times of the
P3HT:TP films (obtained in chloroform and toluene)
compared with the neat P3HT film. The 7; and 7,
processes of the P3HT:TP films (r; = 180 ps and
172 = 220 ps in chloroform and t; =170 ps and
79 = 200 ps in toluene) were much faster than
normal relaxed singlet exciton recombination,
which occurs in isolated P3HT chains and has a
characteristic time scale of ~ 600 ps,*>*® as
observed for the neat PSHT film (7, = 460 ps and
79 = 500 ps). Considering the hypothesis suggested
by Labastide et al.,*” this short-time decay compo-
nent derives from biexciton recombination, a coop-
erative effect between excitons on closely spaced
adjacent chains in which recombination of one
exciton enhances the probability of recombination
with the adjacent exciton. The PL decay times found
for the PSHT:TP film obtained in trichlorobenzene
(11 = 1950 ps and 75 = 1840 ps) were the longest,
and can be associated with PSHT aggregates.*®*® In
aggregated P3HT, charge separation followed by
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Table I. Decay times (1/e) of photoluminescence () for PSBHT:TP blend films obtained in chloroform, toluene,

and trichlorobenzene, at Al,O5; interface

P3HT P3HT:TP (Chloroform) P3HT:TP (Toluene) P3HT:TP (Trichlorobenzene)
71 (emission at 650 nm) 460 ps 180 ps 170 ps 1950 ps
79 (emission at 730 nm) 500 ps 220 ps 200 ps 1840 ps
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Fig. 11. Output and transfer curves of transistor using P3HT: TP prepared with toluene: (a) output curve Ipbs—Vps for various values of Vg and (b)
transfer curve Ips—Vg for Vps = — 10 V (saturation regime). Mobility is 1.0 x 1072 cm? V="' s, and threshold voltage (V) is — 1.4 V.

carrier diffusion and recombination via tunneling is
associated with long-time photoluminescence
decay.?®!

The output and transfer curves for the transistors
formed using P3HT:TP blend films prepared with
chloroform, toluene, and trichlorobenzene are
shown in Figs. 10, 11, and 12, respectively. The
threshold voltage is~—-20V, —14V, and
— 1.3V, and the mobility calculated from the

transfer curves (Figs. 10b, 11b, and 12b) is
07x10%em®*V s 10x10%em®*V s
and 5.0 x 10" 3em? V' s7! for the blend films
obtained using chloroform, toluene, and
trichlorobenzene, respectively. The output current
was three times (3x) larger for the transistor
prepared using trichlorobenzene compared with
the other solvents. The improved mobility is due to
better PSHT crystalline lamella organization, an
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Fig. 12. Output and transfer curves of transistor using P3HT:TP prepared with trichlorobenzene: (a) output curve Iprs—Vps for various values of
Vs and (b) transfer curve Ips—Vg for Vps = — 10 V (saturation regime). Mobility is 5.0 x 107° cm? V="' s7", and threshold voltage (V) is
— 1.3 V.

effect observed for less volatile solvents, as dis-
cussed above.

These results are still far from what would be
expected if the TP mobility prevailed. This occurred
because the mobility was extracted from one device
with bottom gate and top contact, where the driving
current is localized in an accumulation layer in the
interface with the dielectric while the TP molecules
are concentrated on the upper surface. For this
reason, it can be inferred that the mobility would be
better in a top-gate configuration, in which conduc-
tion is localized in a region where the TP molecules
are concentrated. In summary, it can be stated that
solvent volatility and the characteristics of the
substrate surface are of great importance in the
blend preparation, drastically influencing its
morphology.

CONCLUSIONS

We demonstrated that films of PSHT:TP blends
prepared using chloroform, toluene, and
trichlorobenzene showed optical properties that
depended on the solvent applied. For each of the
three solvents, we observed that presence of TP
increased the molecular order of the films compared
with neat P3HT. The difference between the HOMO
and LUMO energy level confined the carriers,
delaying recombination of excitons when the sample
was illuminated. Thus, quenching of PL and
increased carrier lifetime were observed when TP
was added to P3HT. It should be emphasized that,
in terms of PL quenching and dissociation time and
phase segregation of excitons, the PSHT:TP blend is
similar to the PSHT:PCBM blend widely used in
heterojunction photovoltaic devices. Also, PL mea-
surements showed that the exciton dissociation
depends on the characteristics of the surface of the
film on which it is deposited. The best output
current performance was obtained using P3SHT:TP
prepared with trichlorobenzene, and this

improvement is mainly attributed to the better
organization that occurs in P3HT domains. In
summary, the solvent has crucial effects on the
properties of PSHT:TP films.
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