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We have demonstrated that organic thin-film transistors based on blends of poly(3-hexylthio-
phene) (P3HT) and polystyrene (PS) with high performance and low percolation threshold can be
facilely fabricated by changing the solubility of solvent and the aging time of the precursor solution.
The structural analysis reveals that these benefits arise from the improvements of both the crystal-
linity and connectivity of P3HT phase in the blend. In the case of crystallinity, we found that because
of the solubility-aging-induced formation of ordered precursors, the molecular ordering of the
poly(3-hexylthiophene) phase in the blend films increases, and thus the electronic properties of field-
effect transistors (FETs) based on these films are significantly improved. For the connectivity, we
found that either bilayered structure or highly connected P3HT nanofibrillar network could form in
the blend by changing the solubility of the solvent. Both structures are extremely beneficial to keeping
connectivity of active channels and thus keeping the charge-transport properties at low semi-
conductor content. By optimizing the conditions, the devices based on P3HT/PS blend films
containing only 1 wt % P3HT can still show field-effect mobility as high as 1 x 1072 ecm?V " s7,

which is comparable with that obtained from the pristine P3HT film.

Introduction

In the past decade, the research of organic field-effect
transistors (OFETs) has proceeded rapidly,! and now
applications that require modest transistor performance,
such as flexible active-matrix displays, are entering the
advanced stages of industrial commercialization.> Such
technologies will gain wide acceptance only if such elec-
tronic devices can be produced at a significantly lower
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cost than current capital-intensive manufacturing tech-
nologies.® Blending semiconducting polymers with insu-
lating polymers is an attractive method for reducing the
materials cost because the electronic properties of semi-
conducting polymers are then combined with the low-cost
characteristics of insulating polymers.* However, the
presence of the insulating component tends to degrade
the device performance because the insulating polymer
“dilutes” the current density of the film.>~® This effect can
be reduced only if the connectivity of the semiconducting
component in the blend is retained in the channel region.
The induction of vertical phase separation in the blend
film is an effective approach to achieving this goal. By
using semiconducting/insulating polymer composites
with vertically phase-separated structures as active layers,
researchers have prepared OFET devices with reduced
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semiconductor costs, low-operating-voltage devices, and
improved environmental stability and mechanical pro-
perties.”? 13 In a recent paper,’” Goffri et al. reported that
the concentration of the semiconductor in crystal-
line—crystalline bicomponent semiconductor—dielectric
polymer systems can be reduced to a value as low as
3 wt % without any degradation in device performance.

Recently, we reported that inducing the semiconduct-
ing component to form embedded semiconducting nano-
fibers in the blends by using a marginal solvent represents
an alternative means to obtain good field-effect electronic
properties in devices based on blends with very low
semiconductor contents.'* The excellent connectivity
and charge-transport properties of such nanofibers
enables the reduction of the semiconductor content to
as low as 3 wt % without considerable degradation of
the field-effect electronic properties when compared to
devices based on pristine P3HT prepared under the same
conditions.

In this study, we systematically examined the influence
of the solvent solubility on the morphology of thin films
based on semiconducting and insulating polymer blends
prepared from a solvent mixing method and on the
electronic performance of OFETs based on these films.
We found that the film morphology and electronic per-
formance can be controlled by adjusting the ratio of the
good and poor solvents for semiconducting component
and the solution aging time. The relationship between the
electronic properties and morphology has also been
investigated.

Experimental Section

Materials and Sample Preparation. Regioregular P3HT (M,,=
40 kg mol ') was obtained from Rieke Metals Inc. Amorphous
PS (M, =230 kg mol "), chloroform, dioxane, and cyclohexane
were purchased from Aldrich Chemical Co. All materials were
used as received without further purification. Field-effect tran-
sistors with a bottom-gate bottom-contact configuration were
fabricated by using heavily doped n-type Si wafers as the gate
electrodes and a 300 nm thick thermally grown silicon dioxide
(Si0,) layer (capacitance = 10.8 nF cm %) as the gate dielectric.
The SiO, surface was cleaned in a piranha solution, washed with
distilled water, and stored in a vacuum oven prior to electrode
deposition. The gold source and drain electrodes (100 nm on a
2 nm adhesion layer of titanium) were deposited onto the silicon
substrates by means of evaporation through shadow masks. The
channel length and width were fixed at 100 and 800 um
respectively. P3HT/PS blend films with various P3HT contents
were prepared by spin-coating from chloroform and dioxane
mixed solutions (1.0 vol %). The cast films were dried at 60 °C in
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a vacuum oven to remove the residual solvent. To check the
bottom surface of blend film with atomic force microscope
(AFM), we floated the films onto the surface of a 5 wt %
hydrogen fluoride solution, transferred them to a water bath,
and then reversed them by slowly dipping a Si substrate into the
solution from the center of the floated film.

Characterization. The electrical characteristics of the OFET
devices were measured in the accumulation mode with Keithley
4200 and 236 source/measure units at room temperature and
under ambient conditions. The capacitance was determined
with an Agilent 4284 precision LCR meter. The film morpholo-
gies were characterized by using an AFM (Digital Instruments
Multimode) operating in the tapping mode and a field-emission
scanning electron microscope (FE-SEM, Hitachi S-4800). Graz-
ing incidence X-ray diffraction (GIXRD) and X-ray photo-
electron spectra (XPS) measurements were performed on the
8C1 and 4B1 beamlines, respectively, at the Pohang Accelerator
Laboratory (PAL) in Korea. Solution-state UV —vis absorption
spectra were recorded using an UV—vis spectrophotometer
(Varian, CARY-5000). Ar™ plasma sputtering was applied by
exposing the samples to Ar" plasma for 5 min with a power of
15 W at room temperature.

Results and Discussion

Semiconductor/insulator mother solutions were pre-
pared by blending poly(3-hexylthiophene) (P3HT) and
amorphous polystyrene (PS) in a mixed solvent contain-
ing chloroform (CF), which is a common solvent for both
P3HT and PS, and dioxane (DI), which is a good solvent
for PS but a poor solvent for P3HT. As the ratio of DI in
the solvent increases, the color of the solution gradually
changes from light orange to dark brown. Figure la
shows the variation of the UV—vis absorption spectrum
of a 1.0 vol % P3HT/PS (5/95) solution as a function of
the concentration of dioxane in the mixed solvent. The
spectrum of pristine chloroform solution shows absorp-
tion characteristics that are typical of P3HT in a good
solvent, with only one peak at A = 450 nm. No obvious
changes are observed in the absorption spectra for those
solutions with DI less than 10 vol %. Upon further
addition of DI, additional low-energy absorption bands
at 4 =510, 550, and 605 nm emerge, and their intensities
increase as the proportion of DI in the mixed solvent
increases. These bands are identical to those observed
for solid P3HT films and thus indicate the presence of
ordered aggregates of PSHT molecules in the solutions.'>!'
After aging for 72 h, the intensities of the low-energy bands
increase markedly for solutions with DI concentrations
ranging from 10—30 vol % (see Figure 1b), which indicates
an increasing of ordered aggregates with aging time.
However, no obvious change can be observed in the
absorption spectra of solutions containing too little (<5
vol %) or too much (e.g., 50 vol %) DI.

Field-effect characteristics were measured in the bot-
tom-contact, bottom-gate thin-film transistor (TFT) geo-
metry using a 300 nm thick SiO; as the dielectric layer.
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Figure 1. Absorption spectra of 1.0 vol % P3HT/PS (5/95) solutions of dioxane (DI) /chloroform (CF) mixtures with various solvent ratios and aging

times: (a) 0 and (b) 72 h.

(@)
0.010 Vos ]
—‘""::::ﬁg.\l.
—_ ,;::5"”“'
< AT eeaeaaes]
%0.005 i /;,,.— Y.
o
- Taie T 1o S ORI ¥
ol ~Z0V]
0.000 -+ ===~ oV
//
0 20 _40 60 80
Vps (V)
(¢)
10y
Sr— Vo= 80V
10°3 -""‘*-..,
& 107 DVCF 10/90 &
w0
o

0.000{ A—"-=——s
0

2
/\H}&
0 50

10 20 30 40
Vdiune (VOI %'

Figure 2. Field-effect transistor performance of P3HT/PS (5/95) blend films prepared from DI/CF mixtures with various aging times. Ipg is the
drain—source current, V'pg is the drain—source voltage, and Vg is the gate—source voltage. (a) Output characteristics of a device based on a blend prepared
from a DI/CF (10/90) solution with 0 h of aging. (b) Output characteristics of a device based on a blend prepared from a DI/CF (10/90) solution with 72 h of
aging. (c) Typical transfer characteristics of devices based on blend films prepared from DI/CF (10/90) solutions with 0 and 72 h of aging. (d) Average field-
effect mobilities measured in the saturation region as a function of the DI ratio in the mixed solvent for various aging times.

The dielectric surface was bare without any organosilane
treatment. The average mobility was calculated from
more than 20 devices. Figure 2 shows the field-effect
characteristics of the P3HT/PS (5/95) blend films pre-
pared from solutions with various DI concentrations and
aging times. As previously reported,®’ no field-effect
characteristics can be observed in the P3HT/PS (5/95)
blend films prepared from pristine chloroform solutions
with or without aging because the P3HT content is below
the percolation threshold (i.e., about 10 wt %). In stark
contrast, all the films obtained from the DI/CF solutions
show obvious field-effect characteristics. The perfor-
mance of the devices based on these films is highly
dependent on both the DI concentration and the aging
time (Figure 2c and d). For those samples prepared from
the solution with an aging time of 0 h, the mobility of the
device increases with increases in the DI concentration up
to 30 vol %. A maximum mobility of 4 x 107> cm? V™!
s~ ! was observed for the blends prepared from the solu-
tion with DI. Aging the solutions result in obvious

changes in the electronic performance of the samples
prepared from the mixed solvents. Interestingly, the
influence of aging on the electronic properties has a
strong dependence on the DI concentration. For the films
obtained from the solution with a DI concentration lower
than 20 vol %, the field-effect performances of the devices
improve rapidly as the aging time increases. As shown in
Figure 2a—c, after aging the solution with 10 vol % DI for
72 h, the saturation drain current of the device increases
by a factor of approximately 1 x 10* with respect to that
of the sample without aging. However, for those samples
obtained from solutions with a DI concentration higher
than 30 vol %, the electronic properties do not change
significantly, even degradation, with the increase of aging
time.

Because the transport of charge carriers can only occur
in the semiconductor component of a blend film, the
electronic properties of the blends are totally dependent
on that of the P3HT phase. To achieve high field-effect
mobility in the blends, there are two critical factors. One is
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Figure 3. GIXRD patterns of P3HT/PS (5/95) films spin-cast from DI/CF mixed solutions with various solvent ratios and aging times: (a) 0 and (b) 72 h.
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Figure 4. SEM images of P3HT/PS (5/95) films prepared from DI/CF mixed solutions with various solvent ratios and aging times after selectively

removing PS with cyclohexane. The scale bar is 1 um.

the crystalline structure of P3HT phase, which determine
the charge-transport capability in the P3HT domain. The
other is the morphology of P3HT phase, which deter-
mines the connectivity of active channel composed of
P3HT domains. Therefore, GIXRD measurements were
applied on the blend films, to investigate the influence of
solubility and aging time on the crystalline structure and
molecular orientation of the P3HT component in the
blend films. As shown in Figure 3a, the GIXRD pattern
of the sample prepared from a pristine CF solution
contains a very weak and broad (100) diffraction peak
due to P3HT. The addition of less than 10 vol % DI has
little effect on the GIXRD pattern. However, as the
amount of DI added to the solution increases above
20 vol %, the intensity of the (100) diffraction peak
increases dramatically, which indicates that the crystal-
linities of the P3HT phase in these films is much higher
than that of the film spin-cast from CF solution. The (100)
peak indicates that the P3HT molecules adopt edge-on
structures with their (100) axis normal to the substrate,
which is extremely beneficial for charge transport in TFT
devices.!”"!? As the DI concentration increases further to
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50 vol %, the intensity of the (100) peak decreases
significantly. After aging for 72 h, the intensity of the
(100) diffraction peak increases in the samples prepared
from solutions with DI concentrations ranging from
5—20 vol % (see Figure 3b), which indicates there is an
increase in the crystallinity of the P3HT phase with aging
time. However, there were no obvious changes in the
patterns of those samples prepared from pristine CF
solutions and those samples prepared from solutions
containing DI concentration higher than 30 vol %.

Obviously, GIXRD results reveal that the increase of
both the ratio of poor solvent and the aging time can
increase the crystallinity of P3HT phase, which is con-
sistent with the observations of improvement in field-
effect mobility in Figure 2. Upon comparing the UV—vis
spectra (Figure 1) and GIXRD (Figure 3) results, one can
find that they show very similar profiles with the change
of solubility and aging time. Therefore, we can conclude
that the improved crystallinity of P3HT is derived from
the ordered P3HT precursor constructed in blend solu-
tions.

To investigate the morphology of P3HT phase, we
selectively removed the PS phases of the samples by
immersing them in cyclohexane for 10 min. Cyclohexane
is a good solvent for PS, but does not dissolve P3HT.
Scanning electron microscopy (SEM) (Figure 4) was used
to elucidate the morphology of the remaining P3HT
phase. Isolated spherical P3HT domains with a diameter
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Figure 5. (a) AFM phase images of P3HT/PS (5/95) films spin-cast from DI/CF mixed solutions with various solvent ratios and 72 h of aging. (b) P3HT
content of P3HT/PS (5/95) films (measured with XPS) as a function of the DI ratio in the mixed solvent.

of about 50—150 nm are observed for the samples
obtained from pristine CF without aging. When 5 vol %
DI is added into the solution, some short nanofibers
begin to emerge. The number of nanofibers increases as
the DI concentration in the mixed solvent increases.
When the DI concentration in the mixed solvent is
increased to 30 vol %, an interconnected nanofibrillar
network of P3HT forms. It has been proved that the
P3HT nanofibers exhibit an excellent 1D charge-trans-
port along the nanofiber axis because the P3HT chains
pack into a lamellar structure with two-dimensional
conjugated sheets formed by interchain stacking per-
pendicular to the nanofiber axis.'””?! Therefore, it is
reasonable to ascribe the enhancement of the electronic
properties to the P3HT nanofibers.

The P3HT morphology in the samples prepared form
pristine chloroform is not significantly affected by solu-
tion aging. In contrast, a dramatic change occurs in the
morphology of the samples prepared from the mixed
solvent after the solutions have been aged. It was found
that, with the increase in the aging time, the lengths of
P3HT nanofibers increase rapidly, and form a highly
interconnected network. These changes are extremely
beneficial for charge transport because of the resulting
increase in the connectivity and the decrease in the grain
boundary of P3HT channels. As a result, the FET per-
formances of the aged samples are significantly improved
compared to the unaged samples (as shown in Figure 2).
From the structural and morphological studies, we
proved that P3HT ordered aggregates by decreasing the
solubility of solvent in P3HT/PS blends lead to P3HT
interconnected network embedded in PS matrix.

Interestingly, although the samples obtained from the
solution with 10 vol % DI after aging for 72 h have higher
field-effect mobility than the samples obtained from the
solution containing 20 vol % DI prepared under the same
conditions, the density of P3HT nanofibers in the former

is much lower than that in the latter. It is possible that
some P3HT structures were damaged when the samples
were immersed into cyclohexane to selectively remove PS.
To determine the original morphologies of the blend
films, atomic force microscopy (AFM) measurements
were performed on the top and bottom surfaces of the
films (see Figure S5a). As is consistent with the SEM
results, spherical and fibrillar P3HT domains, which
appear lighter than PS in these images, are evident on
both the top and the bottom surfaces of the P3HT/PS
(5/95) films cast from pristine CF and the solution con-
taining 20 vol % DI with an aging time of 72 h. However,
in the case of the sample prepared from the solution
containing 10 vol % DI, nearly full coverage P3HT layer
is observed on the top surface, which is very different
from the fibrillar structure observed in the SEM image.
These results suggest that the morphology inside the film
of P3HT prepared from the solution containing 10 vol %
DI is quite different from that on the top surface.

XPS measurements were performed to evaluate the
surface polymer composition of the blend thin films.
Because only the P3HT molecules contain sulfur atoms,
the sulfur compositions of the blend films can be com-
pared to that of the homo-P3HT film to determine the
P3HT ratio in the blend films. Figure 5b shows the
relative P3HT ratio as a function of the DI concentration
in the solvent for aging times of 0 and 72 h. It is clear that
the surface composition is highly dependent on the DI
concentration in the solvent. The P3HT contents on the
surfaces of the blend films are 36% and 28% for the
samples obtained from pristine CF solutions with aging
time of 0 and 72 h, respectively, which are both much
higher than the content of 5% in the solution. This surface
enrichment of P3HT is driven by the difference between
the surface energies of P3HT and PS (y = 21.0%* and
40.2 mJ m 2% for P3HT and PS, respectively). It is well-
known that the component with lower surface energy
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Figure 6. Typical transfer characteristics of FET devices based on P3HT/PS (5/95) films prepared from mixed solvents with DI/CF ratios of (a) 10/90 and
(b) 20/80 before and after selectively removing the surface layer by exposure to Ar" plasma.

tends to segregate at the air—film interface in order to
minimize the air—polymer surface tension.”* Upon addi-
tion of 5—10 vol % DI into the blend solution, the P3HT
content increases to ~60%. Further increases in the DI
concentration result in a monotonic decrease of P3HT
content on the surface. These results are consistent with
the AFM observations. Although aging the solutions has
drastic effects on the electronic properties and morpho-
logy of the prepared films, it has little influence on the
surface composition.

The effect of solubility of solvent on the phase separa-
tion of the polymer blend during spin-coating process has
been widely studied.?® It has been found that the compo-
nent with lower solubility is more quickly depleted from
the solvent and solidified first on the substrate. The
component with higher solubility tends to stay longer in
the liquid phase and is enriched at the surface. However,
in our case, surface enrichment of P3HT was observed
when a poor solvent for P3HT, DI, was added at low
concentrations (5—10%). To verify these results, the
properties of solutions of the blends need to be taken into
account because the formation of P3HT ordered aggre-
gates in the solution can influence the phase-separation
characteristics of the P3HT/PS blends. In the case of the
film prepared from the pristine CF solution, lateral
phase-separation occurs, as indicated by the SEM and
AFM images. When CF evaporates during the spin-
coating process, the nucleation of P3HT molecules oc-
curs, and P3HT phase grow along the lateral direction.
Because the concentration of P3HT in the solution is only
5%, the growth of P3HT phase is restricted by the supply
of P3HT molecules, and thus results in isolated spherical
P3HT domains. However, when DI is added at 5—10%,
some P3HT ordered aggregates are formed in the solution
as a result of the lower solubility of P3HT in DI, however,
most of P3HT molecules are in the dissolved state (see
Figure 1b). When the blend solution is deposited onto
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the substrate, P3HT molecules rapidly segregated at the
air—film interface because it has a lower surface energy
than PS. Because the ordered aggregates in the solution
act as nucleation sites, P3HT solid form easily, and the
growth rate of P3HT solid at the air—film interface is
higher than for the film prepared from the pristine CF
solution. Thus, at this solvent ratio, interconnected P3HT
phase form at the surface and the surface of the final film
isricher in P3HT than the bottom of the film. The increase
of DI ratio to 20% further decreases the solubility of
P3HT, and thus induce most of P3HT molecules exist as
ordered aggregates in the solution (as indicated by the
UV—vis spectra in Figure 1). The aggregated P3HT
component tends to precipitate at the bottom during
spin-casting because of the gravitational force. Therefore,
the density of P3HT nanofibers at the bottom surface is
much higher than that at the top surface (see the AFM
images in Figure S5a). As the DI ratio increases to
30—50%, large P3HT aggregates emerge in the solution.
For this reason, the motion of P3HT molecules to the top
surface become very rare, resulting in a decrease in the
P3HT content at the air—film interface, as confirmed by
the XPS results (Figure 5b). Further experiments using
time-resolved in situ characterization techniques are ne-
cessary to resolve the dynamic characteristic of the phase
separation.

To investigate the effects of the structure of the blend
films on their field-effect charge transport, surface layers
of the blend films were selectively removed by exposing
them to Ar" plasma. Figures 6a and b show the FET
characteristics before and after treatment with Ar™ plas-
ma of the films prepared from solutions containing 10 vol %
and 20 vol % DI. It can be seen that the saturation
drain current in the sample prepared from the solution
containing 10 vol % DI is degraded by a factor of
approximately 10 after plasma treatment. This means
that the active channel is close to the top surface of the
blend film. In sharp contrast, the change in the field-effect
performance of the blend prepared from the solution
containing 20 vol % DI before and after plasma treatment
was much smaller than that of the blend obtained from
the solution containing 10 vol % DI, indicating the active
channel is at the bottom layer of the blend film. Upon
comparing the changes in field-effect performance before
and after plasma treatment with the AFM and XPS
results (see Figure 5), it is clear that the charge carriers
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Figure 7. The average field-effect mobilities of FET devices based on
P3HT/PS blend films as a function of P3HT content.

transport in the P3HT-rich top layer for the films ob-
tained from solution containing 10 vol % DI, and in the
embedded P3HT nanofibers for the films obtained from
solution containing 20 vol % DI.

Figure 7 summarizes the average field-effect mobilities
of the blend-based devices with various P3HT contents
prepared with the solvent mixing method. As is consistent
with previously reported results, the mobility of blend
films spin-cast from CF solutions decreases monotoni-
cally as the P3HT content is decreased. Finally, a percola-
tion threshold is observed at a concentration of approxi-
mately 20 wt %. Surprisingly, for the blends prepared
from mixed solvents, the FET device performance is
comparable to that of homo-P3HT films prepared under
the same conditions even for semiconducting-polymer
contents as low as approximately 1 wt %. These results
are superior to previous results for semiconducting/crys-
talline-insulating polymer blends.’

Conclusions

We have systematically investigated the influence of the
solubility of solvent and the aging of the solution on the
morphology of thin films prepared from the blends of
semiconducting P3HT and insulating PS using good/poor

Qiu et al.

solvent (i.e., chloroform/dioxane) mixture and on the
electric performance of OFETs based on these films.
We found that P3HT ordered precursors form sponta-
neously in the solution with the decrease in solubility
induced by the gradual addition of a poor solvent, and
by increasing the aging time of the solution. As a result
of this solubility-aging-induced formation of ordered
precursors, the molecular ordering of the P3HT phase
in the blend films increases, which is extremely beneficial
for charge transport. Further measurements with SEM,
AFM, and XPS show that the morphologies of the blend
film are highly dependent on the solubility of solvent. In
the case of P3HT/PS (5/95) blend, a morphology of
isolated spherical P3HT domains in PS matrix formed
in the films prepared from a chloroform solution; whereas
a consecutive P3HT-riched top-layer and an embedded
P3HT nanofibrillar network formed in the film prepared
from the solutions with dioxane/chloroform ratio of 10/90
and 20/80, respectively. Both layered and nanofibrillar
structures well-maintain the connectivity of the semicon-
ducting component in the blend, and thus the FETs based
on these blend films showed undeteriorated device perfor-
mance when compared with devices comprising pristine
P3HT. In remarkable contrast, the P3HT/PS (5/95) blend
films obtained from a chloroform solution showed no FET
characteristics. By optimizing the conditions, the devices
based on polymer blends containing only 1 wt % semi-
conductor were fabricated with field-effect mobility as high
as 1 x 1072 ecm? V™' s7!, which is comparable with that
obtained for pristine semiconductors.
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