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Organic thin film transistors (OTFTs) were fabricated for the first time using a semiconduc-
tor copolymer of diketopyrrolopyrrole-quarterthiophene (DPP-QT) and unsorted single
walled carbon nanotubes (SWCNTs). Three different SWCNTs having different tube
diameters, length, and shape were used to investigate the effects of carbon nanotubes’
properties on dispersion of the SWCNTs in DPP-QT polymer, as well as the mobility and
current on/off ratio of the OTFTs. The DPP-QT polymer was able to selectively disperse
two types of SWCNTs. An optimal SWCNT loading was found to be 1.5–2.5 wt% for these
SWCNTs, before the on/off ratio fell below 105 due to increased metallic tube content of
the film. At this optimal loading, the field effect mobility was improved by a factor of
two, with the maximum mobility reaching 1.3 cm2 V�1 s�1, when the SWCNTs with a short
length and small tube diameter were used.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

A major goal for printable electronic devices is the
development of organic thin-film transistors (OTFTs)
[1–3]. By replacing the brittle silicon based semiconductor
with an organic semiconductor material, new opportuni-
ties for low-cost, flexible, and lightweight electronics exist,
since an organic semiconductor could be integrated into
large area electronic device via printing techniques in a roll
to roll manner [4]. One of the most challenging aspects to
this approach is generating a cost effective semiconductor
materials with comparable electrical performance to
amorphous silicon which has a mobility of 0.5–1 cm2 V�1

s�1. Over the past 10 years, a wealth of research has been
published using single walled carbon nanotubes (SWCNTs)
to generate high mobility films due to their high field effect
mobility measured to be 79,000 cm2 V�1 s�1 and an intrin-
sic mobility estimated at 100,000 cm2 V�1 s�1 [5]. SWCNTs
can be incorporated into the semiconductor layer of exist-
ing OTFT designs making them an ideal candidate for tech-
nology development [6]. Research into individual SWCNT
channels grown by chemical vapour deposition (CVD) have
been reported [7–10], but these methods suffer from their
inability to be scaled to production demands. Success has
been made depositing filtered films of SWCNTs, but the
process still requires multiple steps, making it labour
intensive [11,12]. Due to their tendency to aggregate in
solution, a film of pure CNTs cannot be solution cast with-
out the aid of a dispersing agent, which can affect film
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Table 1
Unsorted SWCNTs and their properties used in this study.

Sample ID Diameter (nm) Length (mm) Metal catalyst Cleaning method

CNT-A 0.7–0.9 0.5–2 CoMoCAT� HF (aq) wash
CNT-B 0.7–2.5 0.5–5 HipCo Hydroxyl wash
CNT-C 1–2 3–30 Co Plasma purified

Fig. 1. (a) SEM images of CNT-B spin coated on SiO2 wafer (scale 2 lm). (b) DPP-QT film with a maximum loading of CNT-B (scale 1 lm).

Fig. 2. Solution UV–Vis spectra. All solutions contain 0.5 wt% DPP-QT
polymer in 1,1,2,2-tetrachloroethane with DPP-QT/CNT-A containing
5 wt% CNT-A by solids and DPP-QT/CNT-C containing 5 wt% CNT-C by
solids.

Fig. 3. UV–Vis spectra of 0.5 wt% DPP-QT polymer in 1,1,2,2-tetrachlo-
roethane solution with 5 wt% (a) CNT-A and (b) CNT-C of the total solutes,
before and after centrifuging at 25,000 g for 30 min. The spectra of a
dispersion of the same amount of SWCNTs without the polymer were also
included.
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preparation and SWCNT performance [13–15]. It has been
shown that oxidized or chemically functionalized CNT’s are
more easily dispersed in solvents than defect free CNT’s
[16]. However, these methods are not useful for semicon-
ductor electronics, because altering the chemical structure
of a CNT diminishes its semiconductor properties.

An alternative approach to generating a pure film of
SWCNTs is to use SWCNTs to enhance the performance
of organic semiconductors. Due to their high aspect ratio,
a very small amount of SWCNTs can be added to a semi-
conductor polymer film increasing the films overall mobil-
ity [17]. This approach requires the semiconductor to be
soluble and able to stabilize a dispersed SWCNT solution.
Fortunately most semiconductor polymers consist of a
conjugated backbone, allowing for a p–p interaction to
help prevent the aggregation of CNTs in solution. One of



Fig. 4. SEM images of CNT films cast on OTS modified silicon wafers. (a), (c), (e) are CNT-A and (b), (d), (f) are CNT-C. Images (a) and (b) are films cast from a
freshly sonicated solution containing pure CNTs, while (c–f) are films with an indicated CNT content, in a film of DPP-QT copolymer. Amorphous carbon
impurities can be observed as round bright spots in the film. The CNTs were well dispersed with no noticeable aggregates.

Table 2
Average CNT density determined from a visual count of the SEM images.

CNT loading (wt%) CNT-A (tubes lm�2) CNT-C (tubes lm�2)

2 11.3 9.2
5 20.9 19.6
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the most studied semiconductors polymers employing this
approach is poly(3-alkythiophene) [18–20]. Although
mobility improvements up to 10 times have been reported
[21], due to the low mobility of poly(3-alkythiophene), the
absolute mobility values are still very low, for example less
than 0.1 cm2 V�1 s�1. Recently a new class of semiconduc-
tor, diketopyrrolopyrrole-quarterthiophene copolymer
with mobility up to 1.0 cm2 V�1 s�1, has been reported. It
would be interesting to study if the mobility can be further
enhanced by using SWCNTs as additive.

A major challenge with SWCNTs is that when synthe-
sized, they are generated as a mixture of approximately
1/3 metallic carbon nanotubes (m-CNT) and 2/3 semicon-
ducting carbon nanotubes (sc-CNT) [9]. The presence of
metallic tubes is detrimental for OTFTs because beyond
the percolation threshold they can create a conductive
pathway essentially short circuiting the device. Addition-
ally they have been found to reduce the on/off ratio of
OTFTs [12]. To avoid the detrimental effects caused by m-
CNTs, SWCNTs are semiconductor enriched. Three major
techniques are employed for semiconductor enrichment
to separate m-CNTs from sc-CNTs. Density gradient ultra-
centrifugation (DGU) has achieved the best purity, but
has very small throughput �1 mg every 48 h [22–28].
Other methods such as column chromatography [29,30],
selective oxidation [31] or separation employing SWCNT
selective polymers [32,33] offer higher throughput but
are still well below commercial requirements. Most litera-
ture employing SWCNT films utilizes these semiconductor
enriched SWCNTs [14,34–36]. The challenge with this
approach is that the cost to purify these tubes drives the
cost of materials so high that an amorphous silicon film
remains a cheaper option.

Instead of using high-cost purified SWCNTs we looked
into the cheaper alternative of using unsorted SWCNTs.
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The focus of this research was to determine if this mixture
of metallic and semiconducting tubes could be used as a
viable option for mobility enhancement of the new
semiconductor copolymer of diketopyrrolopyrrole-
quarterthiophene, and if so, what physical properties of
the unsorted SWCNTs are best for this application.
2. Results and discussion

2.1. Materials

Three sources of SWCNT were studied in this report,
one from Sigma Aldrich which will be abbreviated CNT-A,
one from BuckyUSA abbreviated CNT-B and one from
Cheap Tubes abbreviated CNT-C. These sources were cho-
sen because these SWCNTs have different tube diameters,
length, surface finish, etc. Full descriptions of the SWCNTs
can be found in Table 1. CNT-A has short average tube
length and the smallest tube diameter, CNT-B has shorter
tube length comparable to CNT-A, but larger variation in
tube diameter, while CNT-C has the longest tube length
of 3–30 lm, and larger tube diameter. In addition they
were all prepared using combustion chemical vapour
deposition (CCVD) but were purified by different methods.

The semiconductor diketopyrrolopyrrole-quarterthi-
ophene copolymer (DPP-QT) with a reported mobility of
1 cm2 V�1 s�1 [1,2], but an average mobility of 0.6 cm2 -
V�1 s�1 as measured in our lab was chosen to form the bulk
of the semiconductor film, as this polymer has a high base-
line mobility. By dissolving the copolymer in 1,1,2,2-tetra-
chloroethane and adding SWCNTs, the SWCNT aggregates
could be dispersed by using an ultrasonic probe for
2 min. The dispersion of SWCNTs in DPP-QT copolymer
was then spin coated to generate a semiconductor film
and further integrated into OTFTs. The dispersion of
SWCNTs in the film, as well as their effect on electrical
performance of OTFTs was examined.
1 For interpretation of color in Fig. 3, the reader is referred to the web
version of this article.
2.2. Dispersion and thin film characterization

Our previous research into SWCNT dispersions was per-
formed using the Poly[5,50-bis(3-dodecyl-2-thienyl)-2,20-
bithiophene] (PQT-12) and HipCo SWCNTs from BuckyUSA
(CNT-B in this study). It has been shown that this SWCNT
could be dispersed very well in PQT-12 at high carbon
nanotube loading [37]. When the same source SWCNTs
were used with the DPP-QT polymer, very few SWCNTs
could be stabilized in solution. A modest centrifugation
for 15 min at 2050 g appeared to remove almost all the
SWCNTs from solution. However, SEM images of films cast
from DPP-QT and CNT-B revealed areas of high CNT aggre-
gation and others with no CNT content (Fig. 1). Because
most of the tubes were centrifuged out of the sample, the
SWCNT concentration was unknown. All initial SWCNT
loading concentrations tested (1–15 wt%), produced
roughly the same mobility of 0.97 cm2 V�1 s�1 and on/off
ratio of 4 � 107 in OTFTs, suggesting a maximum loading
of less than 1 wt%. The improvement caused by the tubes
corresponds to a film mobility improvement of 50%, but
did not offer the opportunity for further study of SWCNT
concentration effects. For this reason we looked to other
types of SWCNTs and found excellent stabilization of
SWCNTs when the sources were CNT-A and CNT-C. The
dispersion was stable for up to a few weeks without form-
ing any agglomeration. Interestingly PQT-12 was unable to
stabilize these two SWCNTs in any appreciable amount.

Previous reports have shown that for similar polymers
such as the PQT polymer, a blue shift and broadening is
observed in the Ultraviolet–Visible spectrum (UV–Vis)
due to a p–p interaction caused by the polymer wrapping
around the CNTs [37,38]. Fig. 2 provides UV–Vis data with
the black line representing a 0.5 wt% solution of DPP-QT
copolymer in 1,1,2,2-tetrachloroethane, while the red and
blue curves show the same 0.5 wt% solution with
0.025 wt% CNT-A and CNT-C respectively. These CNT val-
ues correspond to 5 wt% solids in solution. There is no peak
shifting or line broadening in the UV–Vis, indicating little
interaction between the polymer and CNT’s in the solution
phase.

Although there is no shifting of the UV–Vis peaks sug-
gesting no significant p–p interaction between DPP-QT
and CNTs, the copolymer did stabilize the CNTs in solution
for a minimum of 2 weeks. Fig. 3 shows an undiluted UV–
Vis sample. When no polymer is present to stabilize the
CNTs (blue1 line), no distinct features are observed and
the CNTs can clearly be seen to aggregate within minutes
suggesting there is little to no CNTs in solution. However,
we observe a CNT signal for the S22 band with a maximum
at 1006 nm corresponding to a 6,5 chirality [39], a shoulder
at 1172 nm corresponding to the 7,6 or 9,2 chirality [40],
and the S11 band with a maximum at 1447 nm correspond-
ing to the 10,8 chirality [41], when the DPP-QT polymer was
present. It is common practice when working with CNTs to
centrifuge the aggregates out of solution. To determine if
this was necessary, samples were probe sonicated at 35%
amplitude for 2 min and centrifuged at 25,000 g for
30 min. No significant change in peak intensity was
observed and no visible sign of a precipitate could be
observed in the vial, indicating no material was removed
during centrifugation. For this reason, all other samples in
this report were not centrifuged. The above results indicated
that DPP-QT polymer could stabilize these two types of
CNTs, but had no selectivity in carbon nanotube chirality.

From the above results it is clear that the CNT-A and
CNT-C are being stabilized in solution. To investigate their
dispersion, we referred to SEM imaging of a 100 nm spin
coated film (Fig. 4). Due to the high conductivity of the
m-CNTs and sc-CNTs, they require no conductive coating
and image much more easily than the copolymer. This pro-
vides excellent contrast between the CNT’s and copolymer.
It should be noted that in all the images the bright spots
are amorphous carbon. To produce a film without polymer
present, the CNTs had to be spin coated immediately after
being probe sonicated. The pure SWCNT films (a) and (b)
display poor coverage where most of the SWCNTs did not
adhere to the surface during spin coating. Images (c–f)
show well dispersed CNTs embedded in the polymer



Fig. 5. AFM images (scan area: 10 lm � 10 lm) of films cast on OTS modified wafers. All films are primarily composed of DPP-QT polymer with varying CNT
contents. The images correspond to (b) 0 wt%, (c) 2 wt%, and (d) 5 wt% CNT-A, respectively; (e) 2 wt% and (f) 5 wt% CNT-C, respectively. Polymer crystal
domains are seen to shrink in size with increasing CNT content demonstrating the interruption of the CNTs have on the polymer crystal packing.
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matrix. As expected the CNT density increases with
increasing CNT loading in the dispersion. Performing a
visual count of the CNTs in each image, an average CNT
density was determined for each CNT wt%. The results
are summarized in Table 2. In contrast, CNT-B was found
to have a low loading capacity and formed aggregates in
the film (Fig. 1). This is likely due to the hydroxyl washing
used to purify CNT-B which can alter the chemical surface
of the SWCNTs.

After observing the excellent dispersion of SWCNT in
the film, we looked at how these affected film morphol-
ogy of the polymer. Atomic force microscopy (AFM)
images of the pure DPP-QT film reveal polycrystalline
domains of approximately 0.2–1 lm in size. These orga-
nized domains are important for achieving high mobility
devices. However, as the SWCNTs were introduced, there
is a noticeable decrease in the polycrystalline domain size
of the polymer. At 5 wt% CNT content, the polycrystalline
domains have been reduced to the nanoscale (Fig. 5).
There are two major ways the CNTs were thought to
interact with the polymer. The average radius of a SWCNT
is 1 nm, allowing it to insert itself between two layers of a
crystalline polymer. If this were to occur, the average
d-space between the polymer chains would change, creat-
ing a shift in the XRD signal. The other option is that the
CNTs would completely interrupt the crystalline packing
of the polymer, reducing the size of the polycrystalline
domains. This is confirmed by the lack of shifting in the
XRD spectra seen in Fig. 6. The peak at 5.26� corresponds
to the interlayer spacing of the polymer (between side
chains) [1]. The intensity of the peaks cannot be used as
a measure of polycrystallinity due to the low angle
required during sample collection generating a large
amount of background noise. The observation is consis-
tent with previous reports on systems containing CNTs
and other semiconductor polymers [4,37].



Fig. 6. XRD of the DPP-QT/CNT-A film shows no interaction of CNTs with
polymer crystals. No shifting of the main peak suggesting the CNTs are
not being inserted between polymer layers, but are interrupting the
packing of the crystal network, causing smaller crystal domains.
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2.3. Electronic characteristics

OTFT devices were fabricated using varying concentra-
tions of CNT-A and CNT-C. Fig. 7 provides a typical set of
data for the ISD vs VSG transfer curves. With increasing
CNT concentration, a noticeable decrease in the on/off ratio
is observed. This is consistent with other literature findings
and is largely due to the high metallic CNT content of the
sample [12,42]. Additionally we observe a reduced turn
on voltage corresponding to a shifted threshold voltage
VT when the SWCNT concentration is increased. This is
due to a reduced charge injection resistance caused by
the SWCNTs. Results of this were further explored using
3 different metal electrodes (Au, Cu, Al) where the results
are summarized in our previous article [43].

To determine an optimal loading of the unsorted
SWCNTs, a series of SWCNT concentrations was measured
from 0 to 5 wt%. All data points are a statistical average
Fig. 7. Transfer curves for the DPP-QT polymer with various amo
with a minimum of 8 data points measured for each con-
centration. Error bars are given for one standard deviation.
Referring to Fig. 8, it is clear that the addition of unsorted
SWCNTs has an enhancing effect on the mobility of the
DPP-QT/SWCNT film. Despite their interruption of the
polycrystalline domains in the film, an increase in mobility
is still observed when SWCNT’s are added to the film. Both
CNT-A and CNT-C show an increase in mobility reaching a
maximum at 2.5 and 2.0 wt%, respectively. The decrease
preceding these maximum is caused by the onset of perco-
lation of the m-SWCNTs. The increasing addition of m-
SWCNTs has a nearly exponential decrease in the on/off
ratio of the film. At 5 wt% SWCNT, the film has nearly
reached the percolation limit, providing pathways from
source to drain consisting primarily of m-CNTs generating
a short circuited device. Interestingly, reports of films
formed from pure SWCNT films hit the percolation limit
at a smaller SWCNT density of only 3 CNTs/l2 as opposed
to the 20 tubes/l2 required in this report. From this we
can conclude that the separation between SWCNTs caused
by the polymeric matrix allows for a larger loading of
unsorted SWCNTs before percolation is achieved [44]. For
commercial use, these devices require a minimum on/off
limit of 105, which sets an upper limit to how many
unsorted SWCNTs can be added. For these two CNT
sources, the average mobility with a current on/off ratio
over 105 was 1.1 and 0.72 cm2 V�1 s�1, corresponding to
an optimal loading concentration of 2.5 wt% and 1.5 wt%
for CNT-A and CNT-C, respectively. The maximum mobility
for DPP-QT/CNT-A composition was up to 1.3 cm2 V�1 s�1.
The loading of CNT-A is larger than CNT-C likely because
the CNT-A tubes have a shorter tube length and a higher
aspect ratio. These results show that although both CNT
types can be dispersed in the polymer matrix at variable
concentrations, but their mobility enhancement is differ-
ent. CNT-C has a large decrease in on/off ratio even at
low concentrations, showing that long tubes allow percola-
tion of m-CNTs faster than short tubes. The impact of the
long m-CNTs is so detrimental to device performance that
CNT-C has almost no positive impact on electrical perfor-
mance. Therefore we conclude that if one is to use
unts of CNT-A (a) and CNT-C (b) added by wt% to the film.



Fig. 8. Mobility and on/off ratio for DPP-QT/CNT-A blend (a) and DPP-QT/CNT-C blend (b). A maximum mobility was obtained at 2.5 and 2.0 wt% CNT for
these two films. The on/off ratio was found to decrease in an exponential fashion corresponding to increasing CNT concentration. The error bars represent
the spread of data, with the data points being an average value.
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unsorted SWCNTs for mobility enhancement, shorter CNTs
are ideal because m-CNT percolation occurs at higher con-
centrations. Another consequence of the addition of
unsorted SWCNTs is the shift of the threshold voltage.
The DPP-QT polymer has an average threshold voltage
around �4.0 V. Upon addition of CNTs, the threshold volt-
ages shifted to 6.4 and 6.6 V at 0.5 wt% CNT loading, and
subsequently stabilized at around 8.0 and 7.0 V at a higher
loading for CNT-A and CNT-C, respectively. Although the
threshold voltage shift has a negative impact on the DPP-
QT polymer, it could be useful for other semiconductor
devices that have a large negative threshold voltages
[45–47] to shift the value close to 0 V. The increased
threshold voltage also caused the subthreshold slope to
decrease from 0.67 dec/V for the pure DPP-QT device to
about 0.2 dec/V the DPP-QT/CNT devices having the
maximum mobility values.
3. Conclusion

We have demonstrated that three types of unsorted
SWCNTs can be stabilized by the DPP-QT polymer in a
1,1,2,2-tetrachloroethane solution. The CNT-B source was
found to have a low loading capacity, likely due to the
hydroxyl washing used to purify the tubes. CNT-A and
CNT-C which are not chemically altered during purification
were easily dispersed and stabilized by the DPP-QT copoly-
mer. Morphologies of the films showed that the CNT-A and
CNT-C were evenly dispersed in the DPP-QT with no large
aggregates, while CNT-B formed large aggregated clusters
in the film. AFM and XRD measurements indicated that
the CNTs interrupt the polycrystalline domains. Smaller
polycrystalline domains were observed at higher CNT con-
centrations. The commercial source of SWCNTs which
relates back to SWCNT length, thickness, and cleaning
methods, plays an important role in the interaction of the
SWCNT with the semiconductor polymer. These disper-
sions can be spin coated into films on an OTS modified sil-
icon wafer and annealed at 140 �C to form semiconductor
films for OTFTs. The addition of unsorted SWCNTs, consist-
ing of a mixture of approximately 2/3 sc-SWCNT and 1/3
m-SWCNTs, allowed for mobility enhancement. Maximum
loading concentrations for CNT-A and CNT-C were found to
be 2.5 wt% and 1.5 wt%, respectively, beyond which the on/
off ratio falls below 105. The CNTs (CNT-C) with relatively
longer length reach percolation at a lower concentration,
causing a quick reduction of the on/off ratio. The CNTs
(CNT-A) with the relatively shorter length and smaller tube
diameter provide the greatest mobility enhancement,
approximately doubling the mobility of the pure DPP-QT
polymer device.
4. Experimental section

4.1. Materials and general methods

All solvents were reagent grade purchased from Sigma
Aldrich and used as received. CNT-A was purchased from
Sigma Aldrich (704,148) (6,5) chirality, carbon >90%, 77%
(carbon as SWCNT), 0.7–0.9 nm diameter, 0.5 – 2 lm
length; CNT-B was obtained from Bucky USA BU-203 –
OH Hydroxy 95 wt%, 0.7–2.5 nm diameter, 0.5–5 lm
length; and CNT-C was purchased from Cheap Tubes
(SKU-0111) SW/DWCNTs, >99 wt%, 1–2 nm diameter, 3–
30 lm length.

DPP-QT was synthesized following the procedure
reported by Choi et al. [2]. Diketopyrrolopyrrole-quaterthi-
ophene copolymer (DPP-QT) (0.02 g) was dissolved in
1,1,2,2-tetrachlorethane (3.98 g) for 2 h at 80 �C in the
absence of light to form a 0.5 wt% solution. 1.5 mg, of
SWCNTs was added to 5.699 g of 0.5 wt% DPP-QT solution.
The solution was immersed in an ice bath and probe soni-
cated on a Branson Digital Sonifier-450 (400 W) at 35%
amplitude for 2 min. The resultant solution was a 0.5 wt%
solution with a 5 wt% CNT concentration with respect to
the polymer weight. All subsequent solutions were created
via dilution by adding additional 0.5 wt% DPP-QT solution.
For DPP-QT/CNT-B composition, the resultant dark green
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solution was centrifuged at 2054 g for 15 min and the super-
natant collected. The resultant solution was a 0.5 wt% DPP-
QT polymer with an unknown CNT concentration.

For SEM, samples were imaged in their native condition
(no conductive coating applied) using a Hitachi SU-8000
field emission scanning electron microscope (SEM) operat-
ing in deceleration mode with a landing voltage of 700 V.
A Park Systems XE-100 AFM operated in dynamic force
mode was used to obtain AFM images. A cantilever with a
nominal spring constant of 40 N/m, a resonant frequency
of 300 kHz and a probe having a radius of 10 nm was used.
Each sample had 2–3 spots imaged at each scan size with
the most representative image presented in this report.
UV–Visible spectra were collected on a Varian Cary UV–
Vis-IR Spectrometer. Data in the 325–1150 nm range was
collected using a 1 cm cell with a solution diluted to
0.004 wt% DPP-QT. Data in the 800–2000 nm range was col-
lected using a 1 mm cell and an undiluted sample with an
undiluted DPP-QT background used for the 0 g and
25,000 g samples. X-ray diffractions (XRD) were obtained
using a Co source (D8 Discover) knife edge experiment, 1�
incidence, 19.934 cm detector distance, 2 h collection time.

4.2. OTFT fabrication and evaluation

All fabrication and characterization of organic thin-film
transistor devices (OTFTs) was done under ambient condi-
tions taking precautions to isolate the material and device
from light, but no precautions were taken to isolate the
material or device from exposure to air or moisture. Bot-
tom-gate TFT devices were built on n-doped silicon wafer
as the gate electrode with a 110 nm thermal silicon oxide
(SiO2) as the dielectric layer. The SiO2 surface was plasma
cleaned for 2 min. The wafer was subsequently rinsed with
H2O than isopropanol and dried with an air stream. The
SiO2 surface was modified with octyltrichlorosilane (OTS-
8) by immersing a cleaned silicon wafer substrate in 0.1 M
OTS-8 in toluene at 60 �C for 20 min. The wafer was subse-
quently rinsed with toluene and isopropanol and dried with
an air stream. The semiconductor layer was deposited onto
the OTS-8-modified SiO2 layer by coating one of the above
prepared solutions and allowing it to sit on the wafer for
2 min, then spin coating with a 2 s ramp time, at 2000 rpm
for 120 s. The sample was vacuum dried at 70 �C for
30 min and annealed at 140 �C for 40 min, and allowed to
return to room temperature under vacuum. Subsequently,
the gold source and drain electrodes were deposited by vac-
uum evaporation through a shadow mask with a channel
length (L) of 90 lm and a width (W) of 1 mm.

From ID–VG measurements, the mobility was extracted
from the saturated regime using the following equation
(VD > VG):

ID = Cil(W/2L)(VG – VT)2, where ID is the drain current, Ci

is the capacitance per unit area of the gate dielectric layer,
VG and VT are the gate voltage and threshold voltage,
respectively.
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