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Abstract
This study investigates the influence of the solvent used to prepare films of a poly(3-hexylthiophene) (P3HT) and poly(lactic
acid) (PLA) blend on the morphology and charge transport mobility of field-effect transistors (FETs). Films prepared from
CH2Cl2, a poor solvent for P3HT, tended to form well-defined nanowires, attributable to P3HT self-assembly via a
solubility-induced process. This phenomenon resulted in a mobility of 5.30 × 10−3 cm2 (Vs)−1 and an on/off ratio of 3.23 ×
103 in a CH2Cl2-solvent P3HT/PLA-blend system with a P3HT content of 10 wt%. Even a blend with 2 wt% P3HT exhibited
a mobility of 1.76 × 10−3 cm2 (Vs)−1. However, in blend systems where CHCl3 solvent was employed in film preparation,
the mobility decreased as the PLA content increased, and almost no electrical characteristics were exhibited at 50 wt% P3HT
due to the isolated, spherical, phase-separated morphology of P3HT aggregation. Moreover, in CH2Cl2 solvent systems, the
mobility of the P3HT/PLA (10/90) blend decreased from 5.3 × 10−3 cm2 (Vs)−1 (in a glove box) to 3.7 × 10−3 cm2 (Vs)−1

(after 28 days of air exposure), whereas that of 100 wt% P3HT declined by approximately one order of magnitude. These
results confirm that P3HT/PLA blends prepared from CH2Cl2 solvent can be used to fabricate environmentally friendly, low-
cost FETs with favorable air stability.

Introduction

Organic field-effect transistors (OFETs) based on con-
jugated polymers have received considerable research
attention due to their solution processability, low cost, and
flexibility [1–9]. Most polymer field-effect transistors
(FETs) are used in microelectronic devices, such as smart
cards, simple displays, sensors, and electronic barcodes

[10–14]. Among conjugated polymers, regioregular poly(3-
hexylthiophene) (P3HT) has been widely investigated as an
active material for use in OFETs due to its processability,
preferential two-dimensional ordering of polymer chains,
and outstanding charge transport characteristics [9, 15–18].

However, P3HT has been difficult to apply as a repla-
cement for inorganic thin-film transistors because of its
price and poor air stability. Because of the polymeric long-
chain backbone and conjugated rigidity of P3HT, solution-
processed semiconducting polymers require sufficient
casting time to form highly π-conjugated structures along
the source/drain (S/D) electrodes in polymer FETs. Addi-
tionally, a well-controlled interface between the organic
semiconductor and gate insulator is essential for device

These authors contributed equally: Chia-Jung Cho, Shu-Yuan Chen.

* Chi-Ching Kuo
kuocc@mail.ntut.edu.tw

* Shang-Hung Chang
afen.chang@gmail.com

1 Institute of Organic and Polymeric Materials, National Taipei
University of Technology, Taipei 10608, Taiwan

2 Research and Development Center for Smart Textile Technology,
National Taipei University of Technology, Taipei 10608, Taiwan

3 Department of Chemical Engineering, National Taiwan University
of Science and Technology, Taipei 106, Taiwan

4 Division of Cardiology, Department of Internal Medicine, Chang
Gung Memorial Hospital-Linkou, Chang Gung University College
of Medicine, Tao-Yuan, Taiwan

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41428-018-0087-x) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0087-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0087-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0087-x&domain=pdf
http://orcid.org/0000-0002-1994-4664
http://orcid.org/0000-0002-1994-4664
http://orcid.org/0000-0002-1994-4664
http://orcid.org/0000-0002-1994-4664
http://orcid.org/0000-0002-1994-4664
mailto:kuocc@mail.ntut.edu.tw
mailto:afen.chang@gmail.com
https://doi.org/10.1038/s41428-018-0087-x


performance because charge transport occurs near the
dielectric within a layer that is several nanometers thick [19,
20]. A simple innovation to maintain the electronic prop-
erties, lower costs, and improve other properties may be to
blend two or more polymers that can protect P3HT from
oxygen and moisture [21]. Such blends could combine the
electrical characteristics of semiconducting polymers and
the desired mechanical properties of nonconjugated mate-
rials. However, previously created blends have shown
reduced electrical performance because the insulating
components diluted the semiconducting characteristics of
the conjugated polymers.

Goffri et al. reported using a vertical phase structure to
first control the semiconducting polymer crystallization in
molten, insulating semicrystalline polystyrene to prevent
the electrical degradation of P3HT when blended with
other polymers [22]. Studies have also reported findings on
crystalline/crystalline blends such as P3HT/PEG [16],
P3HT/HDPE [23], P3HT/PFO [22], P3HT/DH4T [24],
P3HT/PVDF [25], and P3HT/P3DT [26]. Moreover, Bao’s
group has reported the FET performances of binary sys-
tems using high-mobility donor-acceptor type semi-
conducting polymers [27]. The crystalline/crystalline
blend approach preserves the connectivity of the con-
jugated polymer and achieves high carrier mobility using
only a small quantity of P3HT. Another previously
reported method creates blends of crystalline and amor-
phous polymers, such as P3HT/a-PS and P3HT/PMMA
[28–31]. When this method was used, the operating vol-
tage could be lowered, thus increasing the capacitance of
the gate dielectric. In addition, recent studies have reported
several blends of conjugated polymers and insulators
shown to have improved environmental stability and
electrical properties [16, 23, 29, 32–35]. Researchers have
reported the formation and embedding of networks of
P3HT nanowires in an amorphous polymer matrix to
address the low solubility of P3HT in a marginal solvent.
When this method was applied, the solubility-induced
nanowires adopted an edge-on orientation to the sub-
strates, thus benefiting the charge transport of the OFETs
[29, 35–37]

Polylactic acid (PLA) is a biodegradable biopolymer
with good cell compatibility and is derived from corn and
starch. PLA has biomedical applications and, most impor-
tantly, is nontoxic to human beings and the environment.
Recently, PLA has been widely applied in drug delivery,
tissue engineering, food packing, and bottles to reduce
environmental impacts [38–40]. Thus, PLA is a green
polymer material to use in FETs based on blended P3HT
systems. However, few studies have examined the rela-
tionship between the electronic properties of PLA and
conjugated polymer blends containing PLA. Although
many research groups have studied P3HT-b-PLA [41, 42],

binary blends incorporating both P3HT and PLA for use in
thin-film OFETs have been less investigated.

In this study, we report the effects of various solvents on
the morphology and optoelectronic characteristics of
OFETs based on P3HT/green polymer PLA blends. A series
of binary blends of P3HT and PLA were prepared using
processing solvents (a marginal solvent for P3HT, dichlor-
omethane (CH2Cl2), and a good solvent for P3HT, chloro-
form (CHCl3)) and compared. The phase-separated
morphology of P3HT and the electrical characteristics and
performance of the P3HT-PLA-blend-based OFETs were
examined.

Experimental section

Materials

P3HT (Mw ≈ 50,000 g mol−1, 90–95% regioregular) was
used as received from Reike Metals Inc. (Lincoln, USA).
PLA (polymer 2002D) (Mw ≈ 60,000 g mol−1) was used as
received from NatureWorks (Minnetonka, MN, USA).
Anhydrous CHCl3 (Aldrich), CH2Cl2 (Sigma-Aldrich), and
phenyltrichlorosilane (PTS, Sigma-Aldrich) were used as
received without further purification.

Device fabrication

The OFETs were fabricated on a highly doped n-type Si
substrate with a thermally grown SiO2 layer (300 nm,
capacitance= 10 nF cm−2). PTS was used as a silane cou-
pling agent to modify the SiO2 surface through the fol-
lowing process: A clean substrate was immersed in a 10
mM solution of PTS in anhydrous toluene at room tem-
perature for 2 h. A series of binary blends of P3HT and PLA
were prepared in CH2Cl2 or CHCl3, and 1 wt% of these
blended polymer solutions was annealed at 60 °C for 1 h.
The solutions were then stored in a glove box for 12 h.
Before coating, the solutions were filtered using 0.22 μm
syringe filters. Thin films were spin-coated from the con-
centrated solutions at a spin rate of 1000 rpm for 60 s onto
the PTS-treated SiO2/Si substrate. Residual solvent was
removed by heating the samples in nitrogen atmosphere for
1 h at 100 °C. The top-contact S/D regions were defined by
a gold electrode (100 nm) through a regular shadow mask,
and the channel length (L) and width (W) were 50 and 1000
μm, respectively. The output and transfer characteristics of
the devices were measured using a Keithley 4200 semi-
conductor parametric analyzer, which was placed in the
nitrogen-filled glove box. All OFETs showed typical p-type
I–V characteristics during accumulation-mode operation.
The field-effect mobility was estimated based on the satu-
rated transfer characteristics of the device. (Id)

0.5 versus Vg
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Fig. 1 UV-vis absorption spectra of P3HT/PLA blends in the solution state in a CHCl3 and b CH2Cl2; UV-vis absorption spectra of P3HT/PLA-
blend films prepared from c CHCl3 and d CH2Cl2 solutions

Fig. 2 SEM images of P3HT/
PLA blends prepared from
CHCl3 for P3HT contents of a
100%, b 90%, c 70%, and d
50%
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was plotted using the following equation [16]:

Id ¼ WCoμh

2L
ðVg � VtÞ2; ð1Þ

where Id is the drain current, Vg is the gate voltage, Vt is the
threshold voltage, μh is the hole mobility, and Co is the
capacitance of the gate insulator per unit area (SiO2, 300
nm, Co= 10 nF cm−2). Figure S1 (supporting information)
illustrates the device fabrication process.

Characterization

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) measurements were performed
under nitrogen atmosphere at heating rates of 10 and 5 °C
min−1 using TA instruments Q-50 and Perkin-Elmer DEC-7
analyzers, respectively. Ultraviolet–visible (UV-vis)
absorption spectra were recorded using a Hitachi UV-3600
spectrophotometer (Shimadzu). To obtain the absorption
spectrum of the thin film, 1 wt% polymer solution in
CH2Cl2 or CHCl3 was filtered through a 0.22-μm syringe
filter and then spin-coated at a rate of 1000 rpm for 60 s onto
a quartz substrate. The cast films were dried at 100 °C for 1
h in nitrogen atmosphere to remove residual solvent.
Transmission electron microscopy (TEM) was performed
using a JEOL 1230 microscope (Model JEM-1230)

operated at an acceleration voltage of 100 kV. The mor-
phology of the polymer film surface was observed using a
field-emission scanning electron microscope (FE-SEM,
Model JSM-6330F, JEOL Ltd.) at an accelerating voltage of
10 kV. The samples were sputtered with Pt. The transfer and
output characteristics of the OFETs were then determined
using an electronic semiconductor parametric analyzer
(Keithley 4200, Model 4200-SCS, Keithley Instruments
Inc.).

P3HT/PLA-blend properties

The thermal properties of P3HT, PLA, and their blends
were characterized. Figure S2 presents the DSC curves for
blends of various ratios ((a) pristine-P3HT, (b) P3HT/PLA
(90/10), (c) P3HT/PLA (50/50), and (d) pristine-PLA). The
thermal properties of the blends are summarized in Table
S1. The crystallization and melting temperatures of P3HT
(Tc(P3HT) and Tm(P3HT)) were 229.5 and 166.5 °C, respec-
tively, and those of the P3HT/PLA blends were similar to
those of pristine P3HT, indicating that blending with PLA
did not suppress the crystalline characteristics of P3HT. The
thermal decomposition temperatures (Td, 95% residue) of
P3HT and PLA were 453 and 328 °C, respectively, as
shown in Fig. S3 and Table S1, indicating the favorable
thermal stability of the blended system.

Fig. 3 SEM images of P3HT/
PLA blends prepared from
CH2Cl2 for P3HT contents of a
100%, b 90%, c 70%, and d
50%
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The UV-vis absorption spectra of P3HT/PLA-blend
solutions of various ratios using CHCl3 and CH2Cl2 as
solvents are shown in Fig. 1a, b, respectively. The spectra of
pristine P3HT and P3HT/PLA blends in CHCl3 display a
single absorption peak at a wavelength (λmax) of 447 nm.
This result can be attributed to the dissolved P3HT chains.
Both P3HT and PLA dissolved well in CHCl3. However,
when CH2Cl2 was used, which is a marginal solvent for
P3HT, three absorption bands with λmax values of 480, 550,
and 600 nm were obtained, which resulted from the strong
interchain π–π stacking of P3HT [43], as shown in Fig. 1b.
The absorption peak at 600 nm was attributed to the strong
interchain π–π stacking of P3HT, which other studies have
reported [44]. According to these results, the low solubility

of P3HT in CH2Cl2 may have induced polymer chain
aggregation. Figure 1c, d presents the UV-vis absorption
spectra of thin-film P3HT/PLA blends prepared from
CHCl3 and CH2Cl2, respectively. The UV-vis absorption
spectra in solution show an absorption peak (Fig. 1a). By
contrast, the UV-vis absorption spectra of CHCl3-based
pristine P3HT and P3HT/PLA blend thin films (Fig. 1c)
have two shoulder absorption peaks at λmax values of 520
and 600 nm. Furthermore, the results show that λmax was
redshifted from 447 nm to 520 nm from the solution state to
the thin-film state. Therefore, slight π–π stacking of the
P3HT chains occurred only in the P3HT/PLA thin films, not
in CHCl3 solutions. As shown in Fig. 1d, the UV-vis
absorption spectra of CH2Cl2-based pristine P3HT and

Fig. 4 SEM images of P3HT/
PLA blends prepared from
CH2Cl2 for P3HT contents of a
30%, b 10%, c 5%, d 2%, e 1%,
and f 0%
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P3HT/PLA-blend thin films exhibit three strong absorption
bands at λmax values of 480, 550, and 600 nm, resulting
from the strong interchain π–π stacking of P3HT. The thin
films of P3HT/PLA blends exhibited absorption spectra

similar to those of the polymer blends in CH2Cl2, sug-
gesting that the molecular packing of polymer chains may
be similar in the thin film and solution. The intensities of the
absorption peaks at 550 nm and 600 nm decreased when the

Fig. 5 TEM images of P3HT/
PLA blends prepared from
CHCl3 for P3HT contents of a
100%, b 90%, c 70%, and d
50%

Fig. 6 TEM images of P3HT/
PLA blends prepared from
CH2Cl2 for P3HT contents of a
100%, b 90%, c 70%, and d
50%
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content of PLA was increased from 0 wt% to 99 wt%.
However, these two shoulder peaks are also observed in the
spectra of a few blends with ratios of 1% P3HT. These
results indicate that a large proportion of the P3HT mole-
cules in CH2Cl2 may have solidified to form nanowires.
Therefore, according to the optical absorption results of the
solution-type blends and thin-film-type blends, P3HT
exhibited superior molecular packing of polymer chains in
CH2Cl2 over that in CHCl3.

Morphology analysis (SEM)

Device performance was highly dependent on the P3HT
content in the blend film. Hence, the characteristics of the
OFETs were highly related to the morphology of the P3HT/

PLA-blend thin film. To investigate the morphology of this
phase, we spin-coated CH2Cl2 and CHCl3 solutions onto the
PTS-treated SiO2/Si substrate. The spin-coated PTS was
then modified on a SiO2 surface to simulate the OFET
structure. Before measurement, Pt was sputtered onto the
samples. The surface morphologies of the P3HT/PLA-blend
thin films were examined using SEM (Figs. 2–4). As shown
in Fig. 2, the morphology of the thin films with different
blend ratios obtained from CHCl3 differed considerably.
Figure 2a shows an image of pristine P3HT, Fig. 2b shows
that of the P3HT/PLA blend with a ratio of 90 wt%, and
Fig. 2c shows that of the P3HT/PLA blend with a ratio of
70 wt%. P3HT showed a continuous phase-separation
morphology. However, as the P3HT content decreased to
50 wt%, a change in the morphology of P3HT to isolated

Fig. 7 TEM images of P3HT/
PLA blends prepared from
CH2Cl2 for P3HT contents of a
30%, b 10%, c 5%, d 2%, e 1%,
and f 0%
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spherical domains with a diameter of approximately 500 nm
in the PLA matrix was observed (Fig. 2d). Figures 3 and 4
show the dramatic change that occurs in the morphology of
the thin film obtained from CH2Cl2: for P3HT blend ratios
from 100 wt% (Fig. 3a) to 50 wt% (Fig. 3d) and from 30 wt
% (Fig. 4) to 2 wt%, a network of P3HT nanowires with an
average diameter of approximately 30 nm was observed.
Intriguingly, thin-film-type P3HT/PLA blends with 2 wt%
P3HT exhibited straight nanowires. Although the nanofibers
were less dense at lower P3HT contents, an interconnected
network could still be achieved, even at P3HT contents as
low as 1 wt%. Such networks may ensure the connectivity
of conducting channels between the source and drain elec-
trodes. The differences in the surface morphologies of the
P3HT/PLA blends between CHCl3 and CH2Cl2 may be due
to the differences in the solubility of P3HT in the two
solvents. Previous papers reported that the solubility para-
meters of P3HT, PLA, CHCl3, and CH2Cl2 are 19.3, 20.8,
19.0, and 20.3MPa0.5, respectively [45–47]. Thus, CHCl3 is
a better solvent than CH2Cl2 for P3HT. P3HT dissolution in
CH2Cl2 was relatively difficult. To fully dissolve P3HT in
CH2Cl2 and subsequently induce the crystallization of
P3HT, the solutions were heated at 60 °C for 1 h and then
cooled to room temperature over 12 h. Large-scale crystal-
line P3HT formed in the solutions, and thus, P3HT formed
a nanowire morphology in the solution state. From the SEM
images shown in Figs. 2–4, we could identify only the
surface morphology of the thin films with various blend
ratios. TEM images were required to examine the detailed
P3HT phase-separated domains within the PLA matrix.

Morphology analysis (TEM)

The interior structures of the P3HT/PLA-blend thin films
were observed using TEM (Figs. 5–7). The thin films were
spin-coated from CHCl3 and CH2Cl2 solutions onto a cop-
per mesh. In the TEM images, the dark domain indicates
P3HT, because P3HT has a higher electron density than

PLA. As shown in Fig. 5a, b, the P3HT domain exhibited a
continuous phase-separation morphology when the blend
ratio was 100–90 wt%. A bicontinuous network of P3HT
and PLA was observed in the blend film containing com-
parable amounts of the two components (70:30, Fig. 5c)
[17, 29]. When the P3HT content was decreased to 50%,
isolated spherical structures with diameters of approxi-
mately 500 nm in the PLA matrix were obtained (Fig. 5d).
Figures 6 and 7 show the TEM phase images of P3HT/PLA
blends prepared from CH2Cl2 containing P3HT at various
ratios. For blend ratios from 100 wt% (Fig. 6a) to 2 wt%
(Fig. 7d), networks of P3HT nanowires with average dia-
meters of approximately 30 nm were formed. The number
of nanowires was lower on the surfaces with lower P3HT
content. Even at 2 wt% P3HT, a few fiber-like P3HT
domains and their network structures can be identified in the
TEM image shown in Fig. 7d. The blend containing 1 wt%
P3HT contained short nanowires and isolated spherical
aggregates, suggesting improved solubility for small
amounts of P3HT in CH2Cl2 (Fig. 7e). The crystalline
P3HT formed nanowires in the CH2Cl2 solution after the
heating and cooling process because CH2Cl2 is a poor sol-
vent for P3HT. These properties suggest that P3HT/PLA
blends could form a network of nanowires even at low
P3HT content. The results of the TEM images were the
same as those of the SEM images. The one-dimensional
nanowire morphology may provide an efficient pathway for
charge transport in OFETs.

Characterization of OFETs

CH2Cl2, a marginal solvent for P3HT, and CHCl3, a good
solvent for P3HT, were used as solvents to observe the
differences in OFET performance. Solutions of P3HT/PLA
blends of various ratios, each with a total concentration of
10 mg mL−1, were prepared using CHCl3 and CH2Cl2. Thin
films were then deposited on PTS-treated silicon substrates
by spin-coating. The field-effect mobility in the saturation

Table 1 Electrical properties of
P3HT/PLA-blend-based OFET
devices made from CHCl3 and
CH2Cl2 solvent

P3HT (wt%) CHCl3 CH2Cl2

Mobilitya (cm2 Vs−1) On/off (−) VTH (V) Mobilitya (cm2 Vs−1) On/off (−) VTH (V)

100 (1.69 ± 0.18) × 10−3 2.20 × 101 23 ± 1 (5.80 ± 0.39) × 10−3 4.33 × 101 98 ± 2

90 (2.24 ± 0.29) × 10−3 2.14 × 103 6 ± 3 (5.26 ± 0.52) × 10−3 1.31 × 102 88 ± 6

70 (7.77 ± 0.19) × 10−4 3.30 × 102 −6 ± 3 (6.58 ± 0.24) × 10−3 3.90 × 102 67 ± 6

50 3.68 × 10−7 5.9 27 (5.75 ± 0.87) × 10−3 6.15 × 102 43 ± 2

30 – – – (6.41 ± 0.70) × 10−3 6.75 × 102 27 ± 2

10 – – – (5.30 ± 0.93) × 10−3 3.23 × 103 4 ± 5

5 – – – (1.88 ± 0.82) × 10−3 4.00 × 103 4 ± 3

2 – – – (1.76 ± 0.43) × 10−3 3.20 × 104 −22 ± 5

1 – – – (1.78 ± 0.96) × 10−4 1.44 × 104 −12 ± 3

aAverage values obtained for at least three devices
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regime at VDS=−100 V was recorded to investigate charge
transport and reduce the influence of traps. The transfer and
output characteristics of the OFETs were determined using
a Keithley 4200 semiconductor parametric analyzer.

The dependence of the carrier transport mobility on the
P3HT/PLA blend ratio for the CHCl3 and CH2Cl2 solutions
is detailed in Table 1, and the transfer characteristics of the
FETs based on P3HT/PLA blends spin-cast from CHCl3
and CH2Cl2 are shown in Fig. 8a, b, respectively. Solvent
influence was discovered to result in significant differences
in charge carrier mobility. Figure 8c illustrates a clear
decline in the charge carrier mobility of OFETs fabricated
from CHCl3 as the P3HT content decreased. Furthermore,
the charge carrier mobility was difficult to measure when
the P3HT/PLA-blend ratio was 1:1 due to a small current
and unstable transfer characteristics. The TEM image of the
1:1 P3HT/PLA blend (Fig. 5d) shows that the P3HT domain
contained isolated spherical structures with diameters of
approximately 500 nm in the PLA matrix. Thus, the mobi-
lity was dramatically lower at 50 wt% P3HT than at 100–70
wt% P3HT. The field-effect characteristics and morphology
results clearly reveal that a decrease in the connectivity of
the P3HT phase causes degradation of the electronic prop-
erties in CHCl3-based P3HT/PLA solutions with low P3HT
content.

Conversely, the charge carrier mobility of OFETs fabri-
cated from CH2Cl2 changed only slightly as the content of
P3HT decreased from 100 wt% to 10 wt%. The film with
10 wt% P3HT had an average mobility of 5.30 × 10−3 cm2

(Vs)−1, which was similar to that of the pristine P3HT film
(5.80 × 10−3 cm2 (Vs)−1) under the same processing condi-
tions. Lower mobility was observed in the OFETs with
P3HT contents less than 10 wt%. We observed similarly
high mobility at P3HT contents from 100 wt% to 10 wt%,
and the same order mobility was observed even at P3HT
contents as low as 2 wt%. The 2 wt% P3HT film had an
average mobility of 1.76 × 10−3 cm2 (Vs)−1, which is only
three times smaller than that of the pristine P3HT film
(5.80 × 10−3 cm2 (Vs)−1) under the same processing condi-
tions. This stable electronic performance resulted from the
network structure of P3HT nanowires with average dia-
meters of approximately 30 nm that formed when the blend
ratio ranged from 100 wt% to 2 wt% P3HT, as observed in
the TEM images (Fig. 6 and Fig. 7). Even at 2 wt% P3HT, a
few fiber-like P3HT domains and their network structures
were found (Fig. 7d). However, decreased mobility was
observed for the OFETs with P3HT contents lower than 2
wt%, and when the P3HT content was 1 wt%, the mobility
was only 1.78 × 10−4 cm2 (Vs)−1. These findings indicate
that the percolation threshold of the P3HT/PLA blends is
less than 1 wt% P3HT, which is among the lowest values
reported for OFETs based on polymer blends [32, 48]. The
TEM images in Fig. 7 show the one-dimensional P3HT

nanowire morphology, which provided an efficient pathway
for OFET charge transport. Because of this nanowire mor-
phology, the OFETs still exhibited charge mobility when
the P3HT content was as low as 1 wt%. The on/off ratio was
discovered to increase as P3HT content decreased from 100
to 2 wt% but then decreased when the P3HT content was
decreased to 1 wt%. The threshold (gate) voltage declined

Fig. 8 Transfer characteristics of an OFET based on a P3HT/PLA
blend prepared from a CHCl3 and b CH2Cl2. c Variation in OFET
mobility as a function of P3HT content in P3HT/PLA blends fabri-
cated from CHCl3 and CH2Cl2 solutions
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as the PLA content increased. These results are consistent
with earlier reported results [29, 32, 33], wherein PLA,
acting as an insulator, lowered the current density and
reduced the pathway for charge carriers. Additionally, the
threshold voltages and the on/off ratios of the P3HT/PLA-
blend OFETs improved significantly with increased PLA
content, possibly because the insulating PLA provided a
kinetic barrier against the invasion of oxygen and moisture.
Thus, the P3HT/PLA device could maintain a high on-
current without obvious degradation, even when the content
of P3HT was as low as 2 wt%. These results indicate that
OFET performance can be maintained using only a small
amount of P3HT in P3HT/PLA blends.

Air stability

The poor air stability of p-type semiconductors, such as
pristine P3HT, originates from the high-lying Highest
occupied molecular orbital (HOMO) levels, which are
easily doped in ambient atmosphere [29]. This restriction

can be overcome by using an insulating, biodegradable, and
green polymer, PLA, to encapsulate P3HT nanowires and
reduce the influence of the ambient atmosphere. Repre-
sentative output and transfer characteristics over a period of
air exposure for OFETs based on P3HT/PLA blends of
various ratios are shown in Fig. 9. Air stability testing of
P3HT/PLA blends was performed by measuring the mobi-
lity, on/off current ratio, and threshold voltage (Vth), as
shown in Fig. 10. The transfer characteristics of samples
with four blend ratios (2, 10, 50, and 100 wt% P3HT) over
28 days of air exposure were monitored as functions of time
using a Keithley 4200 semiconductor parametric analyzer;
the results are presented in Figs. 9a (2%), 9b (10%), 9c
(50%), and 9d (100%). Device performance in air varied
depending on the relative humidity [23]. In this study, the
relative humidity ranged from 45 to 65%. As shown in
Fig. 10a, the mobility of the 10/90 P3HT/PLA blend
decreased slightly from 5.3 × 10−3 cm2 (Vs)−1 (in a glove
box) to 3.7 × 10−3 cm2 (Vs)−1 (after air exposure for
28 days), and the mobility in pristine P3HT decreased by

Fig. 9 Transfer characteristics as a function of time for devices exposed to air, where the P3HT content of the P3HT/PLA blend in CH2Cl2 was a
2%, b 10%, c 50%, and d 100%
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approximately one order of magnitude. The on/off ratio of
the devices remained stable as the PLA content increased.
The 2 wt% P3HT/PLA-blend device had a favorable on/off
ratio of 4.4 × 103 after 28 days of exposure in air, and the
on/off ratio of pristine P3HT decreased dramatically by one
order of magnitude. Thus, insulating PLA was shown to
protect encapsulated P3HT nanowires from oxygen and
water (Fig. 10b). After 28 days of air exposure, the
threshold voltage in devices with 2, 10, 50, and 100 wt%
P3HT content was 4, 38, 258, and 361 V, respectively
(Fig. 10c). The large positive shift in the Vth value that was
measured when the content of P3HT was 100% may be due
to the numerous grain boundaries on the surfaces serving as
channels for the diffusion of oxygen and moisture, which
would otherwise act as electron traps in active channel
layers. The large positively shifted Vth indicated a sig-
nificant reduction in the OFET device performance when a
pristine P3HT film was used in an ambient atmosphere.
Hence, the P3HT/PLA blend improved the air stability of
the device. Our results confirm that we successfully

prepared green-polymer-blended OFETs that exhibited high
charge mobility and air stability and were based on low-
P3HT-content blends with the biodegradable and green
polymer PLA.

Conclusions

In this study, we demonstrated the morphology and effects
on the OFET performance of blends of various ratios of
P3HT and insulating PLA using CHCl3 and CH2Cl2 as
solvents. When the marginal solvent CH2Cl2 was used, high
carrier mobility was maintained at P3HT levels ranging
from 100 to 10 wt%, and the on/off current ratio increased
with increasing PLA content. The P3HT/PLA-blend,
nanowire-based OFETs exhibited high hole mobility. Even
at 2 wt% P3HT, the mobility was 1.76 × 10−3 cm2 (Vs)−1.
However, the mobility in the P3HT/PLA blends in CHCl3
decreased dramatically when the P3HT content was reduced
from 100 to 50 wt%. In CH2Cl2, P3HT formed fiber-like

Fig. 10 Air stability testing of the characteristics of an FET containing a P3HT/PLA blend prepared from CH2Cl2 solution: a mobility, b on/off
ratio, and c threshold voltage. The samples are for four P3HT/PLA-blend ratios (2, 10, 50, and 100 wt% P3HT)
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network structures, whereas SEM and TEM analysis
revealed isolated spherical domains when CHCl3 solvent
was employed. Therefore, we concluded that a P3HT net-
work structure within the PLA matrix could be induced
using CH2Cl2. The one-dimensional nanowire morphology
of these network structures may have provided an efficient
pathway for OFET charge transport. In addition, the P3HT
nanowires were embedded in the PLA matrix, thereby
reducing P3HT contact with the atmosphere and resulting in
high environmental stability. Thus, OFETs based on P3HT/
PLA blends exhibited greater environmental stability than
those based only on P3HT, because in the blend systems, a
PLA matrix served as an efficient kinetic barrier to ambient
atmosphere influence. These results confirm that P3HT/
PLA blends in CH2Cl2 solvent could be used to fabricate
low-cost, green-polymer-blended FETs.
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