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ABSTRACT: Poly(3-butylthiophene) (P3BT)/insulating-polymer composites with high electrical conductivity
have been prepared directly from the solution. These composites exhibit much higher conductivity compared to
pure P3BT with the same preparation method provided that P3BT content is higher than 10 wt %. Morphological
studies on both the pure P3BT and the composites with insulating polymer show that P3BT highly crystallizes
and develops into whisker-like crystals. These nanowires are homogeneously distributed within the insulating
polymer matrix and form conductive networks, which provide both extremely large interface area between
conjugated polymer and insulating polymer matrix and highly efficient conductive channels through out the whole
composite. In contrast, the conductivity enhancement of P3HT/PS composite is not so obvious and drops down
immediately with increased PS content due mainly to the absence of highly crystalline whisker-like crystals and
much larger scale phase separation between the components. The results presented here could further illuminate
the origin of conductivity formation in organic semiconducting composites and promote applications of these
polymer semiconductor/insulator composites in the fields of organic (opto-)electronics, electromagnetic shielding,
and antistatic materials.

Introduction Experimental Section

. . i . 0
Conjugate polymers have great poentials n many applia- , H21er 2l Regioegulr pol@ruihiophens) (321) (97
tions such as light-emitting diodég, thin film transistors 2.29) and regioregular poly(3-hexylthiophene) (P3HT) (98.5% head-
polymer solar cell§; and conductive coating? As an important  to-tail regiospecific conformatiorVl,, = 58.5 kDa, PDI= 2.23)
member in the family of conjugated polymers, poly(3-akylth- were purchased from Rieke Metals, Inc. Polystyrene (a-PS, GPPS-
iophene) (P3AT) has been intensively studied for its applica- 200D) was purchased from DaQing Petro Chemical Company and

tions in such as polymer-based field-effect transistqslymer was further purified upon being dissolved in chloroform and

10 - - . precipitated by ethanolO-dichlorobenzene (ODCB, anhydrous,
solar cells$1%electromagnetic compatible materiélsnd so on. 99%) was purchased from Sigma-Aldrich Co.

However, the expensive price and low stability of P3AT  sample Preparation.P3HT and PS were dissolved in solvent
prevents its large-scale application and potential expansions inODCB respectively by stirring overnight. For P3BT, slightly
the other fields. The focus are thus diverted to the compésités  elevated temperature 8C during stirring was used to achieve a
consisting of polythiophene and insulating polymers so as to solution with concentration 10 mg/mL in ODCB. After cooling to
reduce cost, improve stability via self-encapsuldaind increase room temperature, the solution was placed in dark and vibrationless

. . environment to allow P3BT molecules to crystallize/self-organize
mechanical properties. Although recently a few results have in solution for 72 h. The polythiophene (P3BT or P3HT) solution

shown that the charge carrier mobility retains almost the same a5 then mixed with PS solution to prepare polythiophene/PS mixed
in the composite of poly(3-hexylthiophene) (P3HT) and crystal- solution with different ratios. To obtain homogeneous thin film for
line insulating polymer within a rather wide ratio between the morphology investigations, for instance X-ray diffraction (XRD)
two components compared to the pure P3The composite ~ and transmission electron microscopy (TEM), polythiophene or
with higher conductivity than corresponding pure polythiophene polythiophene/PS solution was spin-coated (Laurell Spin Processor

o .. WS-400B 6NPP Lite) onto silicon wafer pretreated with standard
has not been reported yet. Additionally, the phase organization substrate cleaning procedure for device fabrication, i.e., the

of conductive and insulating components in the composite, in g, pstrates were first cleaned by ultrasonic treatment in acetone,
particular, the length-scale of phase separation, is of fundamentakinsed in demineralized water, and refluxed with isopropanol to

importance to the conductivity behaviors of the whole com- remove water, and finally, the substrates were treated in an UV-
posite!113 |n this work, by manipulating the organization of ~0zone oven for ca. 20 min.

each phase in the composite, we demonstrate that conductivityPSCAf_]r";‘;?gliSSgr?r\‘,\zs':g;sfggdpurgﬂ‘l’e"gnQje;f’;‘érsetngzrgf apciﬁ;rp:rrable
(.)f the composite can be enhanced upon _mlxmg_hlghly crystal- thickness €4 um). 4-probe and 2-probe methods using Keithley
lized poly(3-butylthiophene) (P3BT) with insulating polymers  >400 SourceMeter and Keithley 2000 MultiMeter were employed

such as amorphous polystyrene (PS) or poly(methyl methacry-respectively for conductivity determination in air. The conductivity
late) (PMMA). The P3BT/PS composite with conductivity of measurements based on both 2-probe and 4-probe methods were

nearly an order of magnitude higher than that of pure P3BT is calculated from Ohm’s law:
achieved without any doping. o=I1/Va

Here,l, |, V, anda represent the current injected, length between
* Corresponding author. E-mail: xnyang@ciac.jl.cn. the electrodes, voltage read out, cross area of film, respectively.
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P3BT content (wt%) content is still comparable with that of pure P3BT. The
100 80 60 40 20 0 inconsistence of the res_ults_obtai_ned from the two methods (2-
0.01 probe and 4-probe), which is mainly resulted from the contact
i a resistance at the interfaces of the probes, does not obviously
N —= — increase until P3BT content reaches 5 wt %, implying that the
/!//f]ﬂ inclusion of insulating PS into P3BT have not introduced
g 1E-3 \t%g additional contact resistance that much as long as the content
2 i e of P3BT is still above this critical point. For the composite with
) ] u\:‘ﬂ very low P3BT content, the conductivity substantially drops
o down, particularly for those results determined from a 2-probe
1E-4 method. In this situation, contact resistance turns to be highly
I —=—4-Probe significant for conductivity of the P3BT/PS composite obtained.
I |=—o=—2-Probe Similar results could be also observed for P3BT/PMMA
H composite in our experiments, i.e., the conductivity of P3BT is
1E-5 enhanced upon mixing with another insulating polymer PMMA,
08 reaching 102 S/cm (see Supporting Information Figure S1). It
_ 06 . . should be noted that in order to exclude this result from the
B . - O effect of some possible impurities in PS or PMMA, very pure
ff 04 \= PS sample for gel permeation chromatography (GPC) calibration
3 experiment has been tried and the results obtained are compa-
g 02 rable.
% 01 To disclose this enhanced conductivity of P3BT/PS composite
50081 b film, the pure P3BT in both solution and corresponding film is
006 studied. The obvious changes of P3BT/ODCB solution from
0.04160 . . . . lovely orange appearance as-prepared at elevated temperature

80 60 40 20 0 i ;
to a viscous dark solution after cooled to room temperature and

_ P3BT Content (wi%) N kept for several hours hints the already self-organization/

Figure 1. (a) Dependence of P3BT/PS conductivity on P3BT content crystallization of P3BT in the solution. The thin P3BT film spin-

in the composites as measured with a 4-probe method (solid square) ; ; ; ;
and a 2-probe method (open square), respectively. (b) Difference of coated from this viscous solution demonstrates very high

the results from these two methods as represented by the ratio of thecrystallinity, as implied by Uv-vis spectrum (Figure 2d) and
measured values between the 2-probe and 4-probe methods. the absence of amorphous halo around2@h the WAXD
profile given in Figure 28:17 The main U\~vis absorption peak
Wide-angle X-ray diffraction (WAXD) profiles were obtained of P3BT only slight blue-shift upon blending with PS. One
by using Bruker D8 Discover Reflector with X-ray generation power possible reason for this blue-shift is that during solidification
of 40 kV tube voltage and 40 mA tube current. The diffraction from ODCB solution, those nonaggregated fraction of P3BT
was recorded at 6—260 symmetry scanning mode with scan angle  does not fully crystallized at the presence of PS. TEM image
20 within the range of 530°. o (Figure 2a) shows this film is mainly composed of very long
TEM was performed on a JEOL JEM-1011 transmission electron \ynisker-like crystals with typical width of 2620 nm and length
microscope operated at 100 kV. Thin films were first floated on o0 than 10um. Actually, whisker-like appearance is a
?requently obtained morphology of P3AT deposited from the

were dried at room temperature for 24 h before TEM experiments. . . . . .
P b solution18-20 and its typical width and thickness are-180 nm

ical mi M) i I . A
BX?_)EI)_tISC;Strng]:rﬁ’]Sig?(?SyC(O?)e.) images were recorded on an Olympus and 3-5 nm, respectively®2® as also confirmed by AFM

Atomic force microscopy (AFM) measurements (thickness and 10Pography shown in Figure 2b. It has been proved that P3AT
topographic images) were performed on SPA300HV with an Sp1 Whisker-like crystal is an effective one-dimensional charge
3800 controller Seiko Instruments Industry, Co., Ltd., and images Carrier transport channélacting as an electrically conductive
were recorded with intermediate-contact mode at room temperature.nanowire. Because of the limited solubility of P3BT in ODCB

UV —vis measurements were carried out using Perkin-Elmer UV/ at room temperature, the cooling down of the prepared hot

vis Lambda 750 spectrometer with 1.0 nm slit width. P3BT/ODCB solution gradually results in the crystallization/
self-organization of P3BT in situ the solutié®22 Thanks to
Results and Discussion their unique long and very thin morphology, these whisker-
As shown in Figure 1, the pure P3BT film cast from its like P3BT crystals are stable as suspension in the solution even
solution reaches a conductivity ofs3 1074 to 6 x 104 S/cm, for several months rather than precipitate from the solution.

depending on the method (4-probe or 2-probe) used, which is Upon addition of PS into P3BT solution, the crystallinity of

a high conductivity for nondoped P3AH 16 For comparison, the film in terms of the whole P3BT/PS composite decreases.
the conductivity of regioregular poly(3-hexylthiophene) (P3HT) For instance, the crystallinity of a composite with weight ratio
film deposited also from its ODCB solution is measured and a of 1:1 between the components is below 50%, as shown by
value in an order of only I® S/cm is obtained in the same WAXD profile in Figure 3, the amorphous halo becomes
condition (Figure 6). Figure 1 also shows the conductivities of pronounced due to the inclusion of the noncrystalline PS phase
P3BT/PS composites with various ratios between the two into the composite. With respect to the morphology of the
components. The most exiting information coming from these composite from macroscale to nanoscale, these P3BT/PS
results is the substantially increased conductivity, e.g., by a composites show similar feature and phase evolution behaviors.
maximum factor of 5-8, reaching 2« 103to 3 x 103 S/cm Therefore, we use the composite with the ratio of 1:1 as an
upon mixing with insulating PS compared to the pure P3BT. example to show the typical morphology of these composites.
Moreover, the conductivity of P3BT/PS with 10 wt % P3BT As indicated by optical microscopy image shown in Figure 4a,
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Figure 2. (a) BF-TEM image (inset is the electron diffraction pattern) and (b) AFM topography showing the highly crystalline whiskers of P3BT;
(c) WAXD profile confirming the high crystallinity of P3BT in the thin film due to the absence of amorphous halo; (evid\6pectrum of the
thin film with different P3BT/PS ratios. All the samples are prepared from P3BT/ODCB or P3BT-PS/ODCB solution with already formed ordered
aggregations via spin-coating.

2800, (100) p3pr parts b and c, the obtained images demonstrate whisker-like
morphology which is similar to the pure P3BT film. Strikingly,
A2400- these P3BT nanowires form an interconnected network within
*g‘ 2000 - the PS matrix, without obvious aggregation. It is reasonable to
8 1600 conclude that these super-long P3BT nanofibers contributed to
= the enhanced conductivity.
g 12007 The charge carrier mobility of the composite consisting P3HT
€ 800 and insulating polymers such as polyethylene and-Phas
400 been studied. It has been confirmed that the concentration of
conjugated polymer in semiconductor/crystalline insulator com-
05 10 15 20 25 20 posite can be reduced to a low value without degradation of

20 (degree) field-effect carrier mobility!! Interestingly, the carrier mobility

Figure 3. WAXD profile of P3BT/PS (50% P3BT) composite fim ~ ©f P3HT/PS composite is larger than P3HT/seminducting

cast from ODCB solution. The arrow indicates the amorphous halo of Polymer composite, for example, P3HT/Poly[2-methoxy-5-(2-
PS. ethylhexoxy)-1,4-phenylenevinylene] (MEHPPV), P3HT/poly-

(3-decylthiophene) (P3DT), and P3HT/poly(9,9-dioctylfluorene)
the whole P3BT/PS composite film cast appears homogeneougPFO) with the same blending ratio in a wide P3HT content
and featureless. The color of the film is similar to that of the range!? Our work also indicate that the conductivity of P3BT/
pure P3BT, which hints the addition of PS into P3BT solution P3HT composite (including the P3BT/randefA3HT composite
does not significantly change the one- or two-dimensional as shown in Figure S3, which has a similar morphology when
conjugated length of P3BT crystals. The homogeneity of the compared to the P3BT/PS composite) is obviously lower than
composite film at low magnification is independent of ratio that of pure P3BT, P3BT/PMMA, and P3BT/PS blends with
between the components and the film deposition method applied.the same ratio within a wide P3BT content range. Although
At higher magnification by using TEM, as shown in Figure 4, the role of the insulating polymer is still not very clear, previous
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optical microscopy image; (b, ¢) BF-TEM images at different magnifications. The inset in part b is an electron diffraction pattern.

100 80 60 40 20 0 olg (where o the conductivity of the composite, and the
00121 " ' ' ' I L polythiophene content (weight fraction) in the composite) should
reflect the true conductivity contribution related to the P3BT
£0.0101 w0010 o . N
5 nanowires in insulating polymer matrix. Figure 5 shows the
0.008- Jo.008 dependence af/p of P3BT/PS on P3BT conteng]. The data
g obtained from 4-probe method could be linearly fitted through
0.006 ~10.006 out the whole content range, while the date from 2-probe method
0.004. a1o.00a can only be linearly fitted as the P3BT content is higher than

20%, as shown in Figure 5. The lost of linear relationship at

0.002- _ 10.002 lower P3BT content should be ascribed to the much higher
| o interface resistance at the probes for 2-probe method. The
0.000 — s - A 00.000 extrapolation ofo/p to ¢ = 0, namely the intercept with the

Y-axis could be used to describe the conductivity of P3BT

0,

. P3BT content (wt%) . individually dispersed in PS matrix provided that the P3BT

Figure 5. Dependence of/g on P3BT contenty) in the composites ranowires are still interconnected with each other. Correspond-

as measured with 4-probe method (solid square) and 2-probe metho _
(open square), respectively. The solid line is the linear fit for the data ingly, (o/¢)—0 = 0.011 S/cm for 4-probe method and¢),—o

obtained from 4-probe method within the whole P3BT range, and the = 0.006 S/cm for 2-probe method, are ca. 17 times (4-probe
dashed line is the linear fit for those data from the 2-probe method method) and 19 times (2-probe method) higher than that of pure

with P3BT content higher than 20 wt % content. P3BT. It can be carefully concluded that for an individual
conducting P3BT nanowire, the surrounding matrix indeed plays
an important role in the charge carrier transgbithe conduc-

1E-3 — — tivity of a single P3BT nanowire in PS matrix is thus at least 1
- - order of magnitude higer than that of P3BT nanowire in its own

N

E1E4 5 P3BT matrix. In this regard, it is of no ambiguity that for a
£ i + i i : H wide P3BT content range the conductivity of P3BT/PS com-
~IE5 T ¥\g%é - posite is obviously higher than that of P3BT/P3HT composite
© i ~ or pure P3BT since the polarizability of the polythiophene is
1E-61_| —"—P3BT/PS much higher than that of insulating polymer PS or PMMA.
== POHTPS \ However, the increased conductivity of P3BT can only be
1E-7 | attributed to enhanced charge carrier mobility since the charge
100 80P3 Angonten?(z Wi%) 20 0 carriers concentration in P3BT nanowires is at least not

) increased. As discussed above that interface between semicon-
Figure 6. Dependence of polythiophene/PS conductivity on poly- qyctor and low permittivity insulator can significantly enhance
thiophene content in the composites as measured with a 2-probe methodCharge carrier mobility of semiconductor, the homogeneously
work has ascribed these intriguing results to the dipolar effects disPersed P3BT nanowires in PS matrix provides extremely
arising from the polarity of the componer®24Recently some Iarge_z interface area bet_vv_een P3BT and PS, Whlch |s_cru0|al for
efforts have been paid to organic thin film and single-crystal the increased conductivity of P3BT/PS composite in macro-
field-effect transistor (FET) based on low permittivity dielectric SCOPIC scale.
layer. Consequently, enhanced device performance namely To investigate the detailed mechanism of enhanced conduc-
increased charge carrier mobility, reduced threshold voltage andtivity in P3BT/non-conjugated polymer composites, the blend
lower hysteresis was achieved, which is opposed to the existingconsisting of another P3AT, P3HT and PS was studied. For
trend to increase the permittivity for low operational volt&ge P3HT/PS with low P3HT content<(20 wt %), it is difficult to
For example, the charge carrier mobility in the field-effect inject the specific current for 4-probe measurement due to the
transistors based on rubrene single-crystal systematically de-too high interface resistance, so only 2-probe data is given for
creases with increased dielectric constant of the gate insulator this case. As also shown in Figure 6, the conductivity of P3HT/
and the amplitude of this reduction is proportional to the PS blend gradually falls as P3HT content decreases. For P3HT/
reciprocal of the permittivity of the dielectric layer?®.2 PS deposited from solution, more complicated phase behaviors
The dielectric constartof the insulating polymers used here have been reported and found to be sensitive to the ratio between
is rather low éps epmma ~ 2.5—3.5). Actually, the values of the component® For instance, for those P3HT/PS composites
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obtained is almost out of control since it is highly sensitive to
composition and deposition conditions, in contrast to the P3BT/
PS composite.

Upon comparing the results between P3BT/PS and P3HT/
PS composites in terms of conductivity and morphology, it is
reasonable to relate the difference in conductivity of the
composites to their striking differences in the morphology. So
it is proposed that there are two competing factors ultimately
determining the electrically conductive performance of P3AT/
insulator composite: (1) the presence of insulator can intrinsi-
cally enhance the conductivity of P3AT; (2) large scale phase
segregation however significantly deteriorates the conductivity.
The eventual conductivity is the tradeoff of these two factors.
Correspondingly, forming conductive P3AT network within
insulator matrix will benefit the conductivity improvement, in
particular for those composites with low P3AT content. Ad-
ditionally, due to the strong relation between the charge carrier
mobility and the crystalline order of organic semiconductor, the
conductivity of P3AT/insulating-polymer composite is ultimately
dependent on both the crystallinity of P3AT itself and the
morphology of the composite film. However, it is difficult to
achieve P3HT/PS film with simultaneously high P3HT crystal-
linity and small-scale phase separation due to the strong phase
separation tendency at the condition which could increase
crystallinity of PSHT20.28

Actually, similar to above-mentioned P3HT/PS composite,
the P3BT/PS is also a thermodynamically incompatible blend
system. However, due to the already presence of very long
whisker-like P3BT crystals in P3BT/PS solution, these highly
crystalline P3BT nanowires can be easily preserved during film
deposition. Since these whisker-like crystals are quite bulky
compared to polymer or other small molecules, it is impossible
for them to aggregate together to undergo a large-scale phase
separation driven by their thermodynamic incompatibility. In
this case, the morphology of the P3BT/PS composite film is
almost independent of the film deposition conditions since
entangled P3BT nanowires with low diffusibility are not able
to aggregate even under very slow solvent evaporation. P3BT
nanowires are thus homogeneously dispersed in insulating PS
matrix and form an interconnected network so as high conduc-
tivity is achieved.

Percolation theories are usually applied to describe the

. YL X conducting behavior of composites composed of conductive

Figure 7. Optical microscopy images show the morphology of P3HT/ filler and an insulator matrix. The aspect ratio (length to
PS composite films with different ratios (weight percent of P3HT) diameter) of the filler is a crucial factor to effectively reduce
deposited from ODCB solution: (a) 80%, (b) 60%, and (c) 10%.  tne percolation threshold for conductivdy3°Obviously, in this
work the already formed whisker-like P3BT crystals in the
solution is a key element to the enhanced conductivity of P3BT/
PS composite. It is also due to the extremely high aspect ratio
comparable P3HT and PS content, large-scale phase separatio ature of thesg P3BT nanowire.s, the percqlation threshold for
occurs as a result of spinodal decomposifidRigure 7 shows the conduct(')r/ms.ulator composng substantially degreaseg SO as
the morphology of P3HT/PS film deposited from ODCB under the composite with only 2.5 wt % P3I_3T COUld. St!” a_ch_leve
the same condition for P3BT/PS composite preparation. In the conductivity in an order of _wl Sicm. This b(_ahawor IS similar
case of higher ratio of 80 wt % P3HT in the composite as shown to the conductive composite Pfepf”‘fed by introducing a small
in Figure 7a, isolated droplet-like polystyrene domains are amount of carbon nanotubes into insulating polyniérs.
embedded in P3HT matrix. Large scale phase separationCOnCIusion
between P3HT and PS occurs as a result of spinodal decom-
position at the comparable ratio between the two components In summary, we have shown the polythiophene/insulating-
(Figure 7b). In the case of very lower ratio of 10 wt % P3HT polymer composites with enhanced electrical conductivity
in the P3HT/PS composite, the minor component P3HT turns through a crystallization/self-assembly process in the solution.
to be the dispersed phase, homogeneously distributing within Highly crystalline whisker-like P3BT crystals are first con-
the PS matrix (Figure 7c). Because of this strong incompatibility structed in the solution together with PS. These preserved P3BT
between the components, the phase behavior of the blends turnsanowires during film deposition are homogeneously dispersed
to be complicated and the morphology of the P3HT/PS film and form interconnected network within insulating PS matrix,

with either high or low P3HT content, they typically form a
morphology that the minor component domains dispersed within
matrix composed of major phase. For the composites with
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which contributes to the enhanced conductivity. Because of the (6) Yang, X.; Loos, J.; Veenstra, S. C.; Verhees, W. J. H.; Wienk, M.

extremely large interface area between the conjugated polymer 2"@55?"5‘7’5' M., Michels, M. A. J.; Janssen, R. A.Nano Lett.

and insulating polymer matrix, the conductivity of P3BT/PS (7) Hamedi, M.. Forchheimer, R.; Ing&20. Nat. Mater.2007, 6, 357.
composite is enhanced to nearly an order of magnitude higher (g) Dhawan, S. K.; Singh, N.; Venkatachalam S§nth. Met2002 129,
than that of pure P3BT. The negligible conductivity enhance- 261. _

ment and drops down immediately with increased PS content (9) Chen, T.-A.; Wu, X.; Rieke, R. D. Am. Chem. S0.995 117, 233.

in P3HT/PS composite is due mainly to the absence of highly (10) ;4“2)'5?_“ W. U.; Dittmer, J. J.; Alivisatos, A. Ricience2002 295

crystalline whisker-like crystals and much larger scale phase (11) Goffr, S.; Miller, C.; Stingelin-Stutzmann, N.; Breiby, D. W.; Radano,
separation between the components. The results presented here '(\Z/I F'\’A.;.Pér:girtﬁassn,s ?r.ri\r/]V.E ;S:m&ssn,Mg.é gazrz)sOsGer;, 55 0A. J.; Nielsen,
could furthenllummaﬁte the origin of conductivity fo_rmanon in- 12) Babel, A Jonekho, S.gMacrbmoleculeszoo4 37 93350,

organic semiconducting composites. The method !ntroduqed N (13) Arias, A. C.. Endicott, F.; Street, R. Ady. Mater. 2006 18, 2900.

this work could be further developed to fabricate high- (14) pal, S.: Nandi, A. KMacromolecule2003 36, 8426.

conductive, long lifetime and mechanically stable materials for (15) Pal, S.; Roy, S.; Nandi, A. KI. Phys. Chem. R005 109, 18332.

the applications in such as organic (opto-)electronics, electro- (16) Liu, C.; Oshima, K.; Shimomura, M.; Miyauchi, Synth. Met2006

. P ot ; 156, 1362.
magnetic shielding and antistatic materials. (17) Prosa, T. J.; Winokur, M. J.; Moulton, J.; Smith, P.; Heeger, A. J.

) . Macromolecules1992 25, 4364.
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