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Poly(3-hexylthiophene), P3HT, has been widely used in organic electronics as a semiconductor material. It suffers from the low
carrier mobility characteristics. This limits P3HT to be employed in applications. Therefore, the blending semiconductor material,
carbon nanoparticle (CNP), and P3HT, are developed and examined by inkjet-printing organic field-effect transistor technology
in this work. The effective carrier mobility of fabricated OFETs can be enhanced by 8 folds with adding CNP and using O, plasma
treatment. At the same time, the transconductance of fabricated OFETs is also raised by 5 folds. Based on the observations of SEM,
XRD, and FTIR, these improvements are contributed to the local field induced by the formation of CNP/P3HT complexes. This
observation presents an insight of the development in organic semiconductor materials. Moreover, this work also offers a low-cost

and effective semiconductor material for inkjet-printing technology in the development of organic electronics.

1. Introduction

Organic electronics have received tremendous interests
due to their potential applications in flexible electronics.
Moreover, characteristics of organic electronics including
low-cost and low-temperature process also promote the
value of this research field. Therefore, various organic
electronic devices have been proposed and implemented,
such as organic thin film transistors (OTFTs) [1], large-
area displays [2], solar cells [3-5], organic light-emitting
diodes (OLEDs) [6, 7], radio frequency identification tags
(RFIDs) [8], and sensors [9]. Among various fabrication
methods to implement these organic electronics, printing
technology is emphasized because of its compatibility to
large-area fabrications and industrial mass productions.
The printing techniques can be achieved by spin coating,
roll-to-roll printing, screen printing, gravure printing, and
inkjet printing. In these established printing techniques,
inkjet-printing is one of the most intriguing techniques.
Without any prepatterned process, it can directly deposit

ink materials following a designed pattern on substrates
in an in-situ manner [10]. Compared with other solution-
based printing processes, inkjet printing can reduce the ink
material consumption by drop-on-demand design. It also
overcomes the traditional contact and pattern-transferring
problems. In addition, the high-resolution inkjet-printing
techniques have been demonstrated up to 1 ym or less [11,
12]. As a consequence, organic materials with nanowires,
nanoparticles, and nanocrystal-polymer composites have
been successfully used to implement organic electronics
devices by inkjet-printing process [13-16].

On the other hand, the major obstacle of organic
electronics, such as OFET, to be overcome is electrical char-
acteristics. For example, the characteristics to be improved
are transistor on-off ratio, threshold voltage, and transistor
transconductance. To address these, previous research works
have been proposed and demonstrated. For instance, self-
organized layer [17] or self-assembly monolayer (SAM) [18—
20] have been employed to enhance mobility; the surface
modification of electrodes [13] has been used to reduce
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FIGURE 1: (a) Schematic representation of cross section of the inkjet-printed OFETs, (b), (c), and (d) microscope images of the OFETs for
pristine P3HT, CNP/P3HT = 0.1 wt.%, and CNP/P3HT = 10 wt.%, respectively.

contact resistance; and blending organic materials [10] has
been utilized to increase stability. Among various methods to
improve the electrical characteristics of OFET, the composite
of organic semiconductor and carbon nanostructure is
attractive because of high compatibilities between these
materials. For instance, carbon nanotubes were added into
organic semiconductors to form composites serving as
conducting bridge between organic semiconductors [21-24].
This can be used to improve the field-effect mobility. Because
of CNT precipitation, however, the previously proposed
methods of carbon nanotubes cannot be implemented with
inkjet-printing technologies. As a result, it is necessary to
develop a method compatible with inkjet printing to harness
printing advantages.

In this work, poly(3-hexylthiophene) (P3HT) incorpo-
rated with carbon nanoparticles (CNPs) is used as the
organic semiconductor material. The suspension capability
of CNPs gives the feasibility to be implemented with inkjet-
printing technologies. Utilizing this developed inkjet-printed
CNP/P3HT blending semiconductor material, the mobil-
ity and transistor transconductance can be experimentally
improved for 10 folds.

2. Experiments

The p-type silicon wafer with 200 nm thermal oxide is used
as the substrate in this work. To form the source/drain
electrodes, 20 nm Cr and 200 nm Au are deposited on the top

of the thermal oxide by evaporation. In addition, the oxide
on the back side of the wafer is etched by BHF to expose
the p-type silicon substrate. And gate contact is formed by
deposition of 20 nm Cr and 200 nm Au after BHF etching.
On the other hand, the CNP/P3HT semiconductor blending
material is made at various concentrations (0, 0.1, 1, and
10 wt.% with respect to P3HT). In specific, CNPs (Qf-Nano
Tech. Co. Ltd., Taiwan, model: GF-PHG-1P) with different
weights are added to the P3HT (Sigma Aldrich) solution to
form the blending material in different concentration. At the
same time, the P3HT solution is 0.3 wt.% P3HT dissolved in
p-xylene. It should be noted that the CNP/P3HT blending
solutions are prepared in nitrogen glove box (H,O < 1 ppm
and O, < 1 ppm) and stirred on the hotplate at 90°C for 1
hour.

Before depositing the CNP/P3HT semiconductor-com-
posite material with different concentration, the substrate
with fabricated electrodes are treated by O, plasma (Harrick
plasma, PDC-001, 10.2W) for 2 min. Then CNP/P3HT can
be inkjet printed on the top of electrodes to form the
OFET structure under atmosphere conditions with relative
humidity (RH) maintained at 20%. After printing process,
the printed CNP/P3HT semiconductor layer is cured at 70°C
for 1 hour and annealed at 150°C for 10 min in nitrogen
oven. In the last step to finish the device fabrication, the
epoxy (Hisin Han Co. Ltd) is coated on the devices to serve
as a protective layer. This protective layer is cured at 130°C
for 30 min in a vacuum oven. The schematic and picture
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FiGUrE 2: The Ip-Vs of fabricated OFETs. (a) Pristine P3HT without O, plasma treatment; (b) pristine P3HT with O, plasma treatment;
(c) CNP/P3HT = 0.1 wt.% with O, plasma treatment; (d) CNP/P3HT = 1 wt.% with O, plasma treatment; (¢) CNP/P3HT = 10 wt.% with

O, plasma treatment.

of fabricated inkjet-printing device are shown in Figure 1.
In specific, the channel length and channel width of the
fabricated OFETs are 40 ym and 800 ym, respectively.

To evaluate the performance of the fabricated OFETs, the
electrical characteristics of the OFETs are measured by using
Agilent 4156C semiconductor parameter analyzer under
dark-atmosphere conditions with RH < 25%. Moreover,
XRD (PANalytical, X’ Pert PRO) and FTIR (Thermo Nicolet,
Nexus470) are also performed to analyze CNP/P3HT com-
posite material property.

3. Results and Discussions

To clearly demonstrate the transistor performance in differ-
ent CNP/P3HT concentration, the Ip-Vgs characteristic of
each OFET can be shown as Figure 2. Based on Figures 2(a)

and 2(b), the drain current of O, plasma-treated pristine-
P3HT OFET is larger than that without plasma treatment by
2 folds. From Figures 2(c), 2(d), and 2(e), in addition, this
experimental result shows that the on-off ratio of different
OFET keeps above 10* even with different concentration of
CNPs. To determine the on-off ratio, the maximum drain
current in Ip-Vgs is defined as the on current. On the
contrary, the minimum drain current in Ip-Vgs is defined
as the off current. Moreover, Figure 3 illustrates Ip-Vps of
each OFET to have the direct comparison. As the result
obtained from Figure 2 shows, for the following CNP/P3HT
OFET experiments, the devices are treated by O, plasma
before the printing of CNP/P3HT blending semiconductors.
For CNP/P3HT = 0wt.%, 0.1wt.%, 1wt.%, and 10 wt.%,
shown in Figure 3, the on-off ratio are 3.4 x 10%, 8.2 X
10%, 1.6 x 10%, and 4.8 x 10%, respectively. In addition, the
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FIGURE 3: Output characteristics Ip-Vps at Vgs = —60V for various
CNP/P3HT concentrations.

threshold voltage, Vth, can also be extracted from I})/Z-VGS
as the device is biased in the linear region. It is identified as
the extrapolation of the fitting line intercepts with zero drain
current. Following this method, the threshold voltages are 8,
9.5, 13, and 15V, respectively. Finally, the average field-effect
mobility was determined in the saturation region (Vps =
—100V). Utilizing the Vth extracted above and the saturation
current equation, the average mobility can be calculated. The
calculated mobility of each OFET is 0.0014, 0.0016, 0.0017,
and 0.0060 cm?/Vs, respectively. These results can be further
summarized in Table 1.

From Table 1, we can find the fact that the threshold
voltage of pristine P3HT OFET is shifted to negative Vg
direction after O, plasma treatment. In addition, the increase
of drain current after O, plasma treatment can be also
found in both Figures 2 and 3. This threshold voltage shifting
and current increase might be resulted from the elimination
of space charges existing on the gold electrode surface by
O, plasma [25]. This charge elimination is because of the
bombardment to form a thin film of AuO, (Au-O band
formation). This oxygen chemisorptions at the surface of Au
increase the work function because of the electron transfer
from gold to chemisorbed oxygen. As a consequence, the
space charge can be reduced [26]. These space charges limit
the current flowing through the interface. Therefore, O,
plasma can reduce the contact resistance by removing the
space charges. At the same time, O, plasma can also clean
the electrode surface by removing carbohydrates, the barrier
of current flows. Moreover, the surface potential of electrodes
is also modified by O, plasma. This promotes the adhesion
of P3HT molecules and enhances the crystalline structure
of CNP/P3HT thin film [27]. Both of these effects can
improve the carrier diffusion length, decrease the resistance
at gold/P3HT interface, and increase the drain current of
OFETs. On the other hand, O, plasma also charges the
surface of the oxide. This induces oxygen vacancy defect and
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residual positive charge in the oxide [28]. This positive charge
forms an opposite potential respect to the gate potential. As
a consequence, the threshold voltage of OFETs is shifted to
negative Vgs direction after O, plasma treatment.

For the effect of adding CNP in P3HT, from Table 1, the
threshold voltage is shifted from 8 V to 15V and the mobility
is enhanced 5 folds, that is, from 0.0014 to 0.0060 cm?/Vs, as
increasing CNP concentration. This shift in threshold voltage
is contributed to the formation of CNP/P3HT complexes.
Since CNPs have much better conductance than P3HT, there
is a local-induced field near CNPs as an external electrical
field is applied. This localized electrical field can be enhanced
because of the CNP’s curvature [22]. As a result, the effective
electrical field around CNP is larger than the electrical field
generated by gate voltages. Therefore, the threshold voltage
is moved toward positive Vgs. In addition, it can be observed
that the off current will not be increased significantly before
the CNP amount is increased to a critical concentration. This
critical concentration leads to the percolation of CNP. And
the CNP percolation generates the additional conduction
path and enhances the off current of fabricated devices. As
a consequence, the carrier transportation can be enhanced
without degrading on-off ratio before CNP concentration is
larger than the critical percolation concentration.

To further understand the detail of the developed CNP/
P3HT blending semiconductor material, scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) measurement are
carried out. The SEM picture of different concentration of
CNP/P3HT is shown in Figure 4. Through Figure 4, the
granule diameter of CNP/P3HT is around hundreds of
nm. Compared with the average diameter of CNP, that is,
35nm, it is clear that the CNP aggregation occurred even
when CNP/P3HT blending solution is ultrasonicated before
printing. These SEM pictures also indicate the formation of
CNP/P3HT complexes. It should be noted that the aggrega-
tion becomes severed at the concentration of 10 wt.%. This
leads to the alternative conduction path formed by the CNP
aggregation.

At the same time, X-ray diffraction (XRD) measurement
is used to study the crystalline behavior of different concen-
tration of CNP/P3HT blending material. This result can be
shown in Figure 5. In the case of the pristine P3HT thin
film, the intensity of the (100) reflection is resulted from
the lamellar layer structure. The relative weak peak around
the (101) is resulted from m—7 interchain stacking. It is
clear that the pristine P3HT has a well-organized crystalline
structure. As the ratio of CNP/P3HT increases from 0.1 wt.%
to 10 wt.%, the (100) XRD peak decreases. This result reveals
that CNPs affect P3HT molecular alignment and destroy
the crystalline structure of P3HT. This result can be clearly
visualized in Figure 4 that the CNP aggregation is disordered.

To understand the material property through the bond-
ing structure, FTIR is used to study the CNP/P3HT com-
plex and shown as Figure 6. It shows the strong absorp-
tion bands at 2956, 2925, and 2855cm~!, which means
aliphatic C-H stretching of P3HT. As the concentration
of CNP/P3HT increases, the absorption peak remains and
no new absorption peak occurs. In other words, there
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FIGURE 4: The SEM image for various concentration of CNP/P3HT blending solution (a) pristine P3HT; (b) CNP/P3HT = 0.1 wt.%; (c)

CNP/P3HT = 1 wt.%; (d) CNPP3HT = 10 wt.%.

TasBLE 1: The experiment result of different OFETs.

Pristine P3HT (as-pretreated) Pristine PSHT CNP/P3HT =1/1000 CNP/P3HT = 10/1000 CNP/P3HT = 100/1000

On/Off ratio 1.07E4 3.41E4
Vth (V) 12 8
Mobility (cm?/Vs) 0.0007 0.0014

8.24E4 1.60E4 4.76E4
9.5 13 15
0.0016 0.0017 0.0060

is no additional bonding formation through the addition
of CNPs. As a result, there is no bonding formation
within the CNP/P3HT complex. In the previous research
work [24], the chemically functionalized multiwall carbon
nanotubes (MWCNTs) formed the P3HT-grafted-MWCNTs
(g-MWCNT5) to enhance the carrier mobility by establishing
chemical bonds for charge transferring. Compared with this
previous research work, CNP/P3HT complexes developed
at this work promote the carrier mobility without bonding
formation between CNP and P3HT. This leads to the major
advantage of reducing the cost and complexity to prepare the
material.

In general, the disorderliness in crystalline structure leads
to a decrease in carrier mobility. In addition, there is no

chemical-bonding formation within CNP/P3HT complex.
In other words, the direct carrier transportation between
CNPs and P3HT cannot be promoted within CNP/P3HT
complex. Since there is less alternative conduction path
in low concentration of CNP/P3HT, that is, 0.1 wt.% and
1 wt.%, adding CNP should decrease the drain current and
effective mobility. However, our experimental result indicates
an enhancement in carrier mobility with an increase in
CNP concentration. This result can be contributed to the
localized field enhancement induced by CNP/P3HT complex
[22]. Moreover, the hole-injection barrier of P3HT can
be reduced by adding carbon nanostructures [29]. As a
consequence, the overall performance of developed OFETs is
enhanced by using CNP/P3HT as semiconductor layers. This
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TasLE 2: The experimental transconductance of developed OFETs.

Pristine PSHT (L ine PAHT ~ CNP/P3HT = 1/1000  CNP/P3HT = 10/1000 CNP/P3HT = 100/1000
(as pretreated)
Transconductance (nS) 2.8 4.5 11 7.2 16
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Ficure 5: XRD image of pristine CNP/P3HT and different CNP
concentrations.
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FiGure 6: FTIR image of pristine CNP/P3HT and different CNP
concentrations.

enhancement can be demonstrated as the transconductance
improvement shown as Table 2. It should be noted that
this tranconductance is extracted from IlD/Z-VGs curve. The
transconductance can be determined at Vps= —20 V by using
the linear region drain current equation.

4. Conclusions

In summary, we have examined a CNP/P3HT blend-
ing semiconductor material for inkjet-printed OFETs. As
CNP/P3HT concentration increases, the effective carrier
mobility of each fabricated OFET increases. This carrier
mobility enhancement is 8 folds for the comparison between
pristine P3HT without O, plasma treatment and CNP/P3HT
= 10 wt.%. At the same time, the on-off ratio of fabricated
OFETs is kept above 10*. Based on the observation of SEM,
XRD, and FTIR, this improvement can be contributed to
the local field enhancement and the hole-injection lowering
by CNP/P3HT complexes. This work offers a low-cost
and effective semiconductor material for inkjet-printing
technology in the development of organic electronics.
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