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Organic thin film transistors (OTFTs) with bottom gate and top contact structure had
been prepared by inkjet printing. It is found that the surface properties of the substrates
have a great influence on the morphology of the inkjet printed droplet and film. An
appropriate surface was vital to form a uniform semiconducting film by inkjet printing
and also strongly improved the electric characteristics. When a bare SiO; layer was
applied, the best field-effect mobility of inkjet printed OTFT devices was only 2.37 x
1073 ecm?V=1s~1, with an on/off current ratio of 10°. When the PETS treatment or the
PTS treatment was applied on the SiO; dielectric layer, the field-effect performances
were substantially improved and the best field-effect mobility was enhanced to 8.07 x
1073 em™V=1s7" and 7.95 x 1073 ecm™?V~1s™!, respectively and with an on/off current
ratio of 10°.

Keywords Inkjet print; organic thin film transistor; poly(3-hexyl)thiophene;
self-assembled monolayers

Introduction

Over the past decades, there was a fast progress in the field of organic thin-film transistors
(OTFTs) [1, 2]. The interest arises from the unique advantages of organic semiconductors
including light weight, low-cost, good compatibility with flexible substrates, and great
opportunities in structural modifications [3-5]. In particular, the conjugated polymer semi-
conductors enable process via high-throughput printing process instead of traditional sili-
con technologies, which offers an appealing approach to creating ultra low-cost, large-area
printed electronics [6—8]. There are a large number of reports on the preparation of OTFTs
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using established printing technologies such as micro-contact printing [9], screen printing
[6], gravure printing [10], nanotransfer [11], or inkjet printing [12—14]. Among them, inkjet
printing is very promising because it is a drop-on-demand digital lithographic approach
without using other lithography process and physical masks which leads to cost-savings
and pattern with ease [15-19]. However, the inkjet printing of organic semiconductor films
with uniform morphology and desired crystalline microstructures is challenging for the
achievement of high-performance printed devices [20-23].

It has been reported that the semiconductor/dielectric interface plays a key role in the
improvement of OTFT performance because the surface characteristics of the dielectric can
determine the growth of the semiconductor in the first few monolayers which is the main
transport channel of carriers [24 , 25]. In order to control the dielectric surface properties
for favorable mesoscale/nanoscale ordering of organic semiconductors, one of the most
practical methods is to insert an interface buffer layer such as a self-assembled monolayer
(SAM) or a thin polymeric layer between the gate dielectric and the semiconductor due to the
easy fabrication of such layers with nanoscale thickness [26 , 27]. For solution-processed
OTFTs, organosilanes SAMs are preferential due to their insolubility in most organic
solvents because they are anchored on the surface by chemical bonds. The performance
of solution-processed OTFTs can be efficiently improved by treating the dielectric surface
with alkylsilane such as octadecyltrichlorosilane and octyltrichlorosilane (OTS) because
the presence of a SAM layer can reduce the number of charge trapping states at the interface
by covering silanol groups and ionic impurities of Si0, [28-30]. Furthermore, the treatment
of dielectric surface with alkylsilane makes the surface hydrophobic and smooth, which
induced order molecular orientation of semiconductors.

However, in the case of inkjet printing of organic semiconductors, the wetting and
evaporation behaviors of inkjet-deposited droplets on the substrate surface should also be
concerned [31]. If the surface wetting for inkjet printing is inadequate to pin the contact
line of the droplet on the surface, the contact diameter tends to recede continuously during
solvent evaporation and the solutes will be concentrated at the center of the droplet, which
hinters the formation of uniform films and reduces the printing accuracy [32]. Therefore, a
surface with suitable wettability is very important for the fabrication of high-performance
organic transistors via inkjet printing.

In this work, the effect of surface property of semiconductor-insulator interface on
inkjet printed organic semiconductor OTFT devices of poly(3-hexylthiophene) (P3HT)
was investigated. Three kinds of SAMs have been introduced onto the SiO, gate dielectrics
to alter the surface energy. We study the impact of surface property on the morphology and
microstructures of inkjet-printed single droplets and films. We also examine the dependence
of the field-effect electrical performance of inkjet printed P3HT films on surface treatment
with different kinds of SAM layer.

Experimental

Materials

Regioregular P3HT (Mw ~ 50 kg mol~!) was obtained from the Rieke Metals Incorporation.
Phenyltrichlorosilane (PTS), phenethyltricholosilane (PETS) were purchased from J&K
Chemical. OTS, 1, 2, 4-Trichlorobenzene (TCB) were purchased from Aldrich Chemical
Co. All materials were used as received without further purification and their chemical
structures were displayed in Fig. 1, respectively.
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Figure 1. Chemical structure of (a) poly(3-hexylthiophene) (P3HT), (b) 1,2,4-trichlorobenzene
(TCB), (c) phenethyltricholosilane (PETS), (d) phenyltrichlorosilane (PTS), and (e) octyltrichlorosi-
lane (OTYS).

Preparation of Self-Assembled Monolayer

The heavily doped n-type Si wafer capped with a 300-nm-thick thermally grown oxide
layer is employed as the substrate for inkjet printing of the organic semiconductor. For
OTFT device fabrication, the n-type Si and the oxide layer is used as the gate electrode
and gate dielectric respectively. The wafer was firstly cleaned with acetone, ethanol, and
distilled water in sequence followed by nitrogen blow-off. Prior to the surface treatment,
the wafer was cleaned in piranha solution (70 vol% H,;SO4 + 30 vol% H,0,) for 40 min
at 90°C and rinsed with copious amounts of distilled water.

Vacuum-dried reaction flasks were filled with anhydrous toluene and the cleaned silicon
wafers or cover glasses under argon protection. Solutions of the alkylsilanes (10 mM) were
then added to the flask to be self-assembled on the wafers for 1 hr under argon atmosphere.
The treated wafers were rinsed with toluene and ethanol several times and then baked in an
oven at 120°C for 30 min. After baking, the samples were unltrasonic cleaned in toluene,
then rinsed thoroughly with ethanol, and finally vacuum driedying for inkjet printing.

Inkjet Printing Process

Inkjet printing was performed with a Dimatix DMP3000 printer in a 25°C air-conditioned
ambient environment with the relative humidity controlled at 50%. P3HT was dissolved
in TCB at a concentration of 6.5 mg mL~! and injected into the cartridge equipped with
16 squarish nozzles through a 0.45 pm tetrafluoroethylene filter. Each nozzle of the jetting
module, 21 pm in diameter, normally produces a 10 pL droplet in each ejection. The jetting
frequency was fixed at 1 kHz in all printing process, and the jetting velocity was adjusted
around 2.5 m/s. We have optimized the jetting parameters in order to make stable droplets
with good repeatability and to remove satellite drops before printing onto the substrate.
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Figure 2. Schematic illustration of the fabrication of inkjet printed OTFTs on the substrates with
different treatments.

Preparation of OTFT Devices

Figure 2 schematically describes the fabrication of OTFTs with different SAM-treated SiO,
layer in this work. Firstly, a heavily doped, n-type Si wafer with 300 nm thermal oxide
(capacitance = 10.8 nFcm™~2) was carefully cleaned and grown with a SAM to modify the
hydrophilic oxide surface. Then the P3HT films were prepared by inkjet printing and then
vacuum annealed at 120°C for 20 min to remove the residual solvent. A 60-nm-thick Au
layer was prepared by thermal evaporation and patterned through shadow masks (channel
length = 80 um, channel width = 800 pm) on the film to form the source-drain electrodes.

Measurements

The surface property of the prepared SAMs was determined by measuring the contact
angle with an OCA15 video-based automatic contact angle measuring instrument from
Data Physics. The surface energy of SAMs was calculated from the contact angle of
distilled water and diiodomethane measured at a room temperature of 25°C. The electrical
characteristics of the OTFT devices were measured in the accumulation mode using Keithley
4200 units under ambient conditions. The film morphology was characterized by a fiducial
camera, an optical substrate inspection system of the inkjet printer and the atomic force
microscope (AFM) (Digital Instruments Multimode) operated in tapping mode.

Result and Discussion

The SAM can chemically modify the surface property of the SiO, dielectric layer since the
silane can react with —OH groups on the SiO, surface and form a SAM, as shown in Fig. 3.



Downloaded by [University Of Gujrat] at 13:32 11 December 2014

Inkjet Printed Poly(3-hexylthiophene) Thin-Film Transistors 205

Selt-Assemble Monolayer

Liquid Phase Method

Heavily doped Si AN

2=
O~

Figure 3. Schematic diagram showing the forming process of self-assemble monolayer.

Change in surface property of the SAM-treated SiO, layer was confirmed by contact
angle analysis as shown in Fig. 4. It was clearly observed that self-assembled mono layer
made the surface of SiO, layer more hydrophobic.

The surface energy (Fig. 5) of the substrates including the dispersion component
s and the polar component y (P were evaluated from contact angle measurements using
distilled water and diiodomethane (CH,I,) as test liquids; their values were calculated
according to the geometric mean method based on the equation:

(1 + cosb)y, = 2{(7/[‘1),;1)1/2 + (yrpnp)l/z}’

where 6 is the contact angle of the test liquid on a solid surface, and y, and y are the
surface energies of the test liquid and solid surface, respectively.

Due to the high density of hydroxyl group on the surface, the wafer cleaned in the
piranha solution showed a high surface energy up to 68.29 mJm~2. However, a substrate with

(@) H,0 OTS+UV8 H,0

_-ﬂ--.--ﬂ-—

Bare CH,l, CHyl, OTS CH,l, OTS+UVS

“‘-‘-‘

CgH,Cl, PTS CgH,Cl, OTS CH,Cl, OTS+UVE CgH,Cly

Figure 4. Contact angles of different test liquid on the substrates with different treatments: (a) water,
(b) diiodomethane, and (c) 1, 2, 4-trichlorobenzene.
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Figure 5. Surface energy and droplet diameter on the surfaces with different treatments.

such a high surface energy was instable in an ambient air environment since contaminants
in the air adhered onto the surface rapidly. Organosilanes can be effectively connected to
the hydroxylated substrates via forming Si—O—Si bonds which resulted in the replacement
of the natural hydroxyl group on the SiO, substrate with hydrophobic group. The treatment
of hydroxylated wafer with PETS, PTS, and OTS considerably reduced the surface energy
from 68.29 to 41.71, 37.16, and 27.69 mJm~2, respectively (Fig. 5). In addition, the surface
property after silane treatment became more stable which was beneficial to prolonged and
reliable inkjet printing in the air ambient.

A solution of P3HT dissolved in trichlorobenzene (6.5 mg mL~!) was inkjet-printed
on the surface-modified dielectrics. The morphologies of inkjet-printed single droplets and
films of P3HT deposited on various SAMs are shown in Fig. 6. The diameters of the single
droplets on bare surface were about 90 um and were much larger than the dimension
of a spherical 10 pL flying droplet, suggesting high wettability of the ink solution on
bare substrates. In the case of PETS-, PTS-, or OTS-treated surfaces, the surface energy
is lower compared to bare surface and the droplet diameter decreases monotonously to
80, 71, and 30 um, respectively, with the reduction of the surface energy as plotted in

90um SUurn:{e] 71um

Bare PETS PTS OTS  OTS+UV8min

Figure 6. The morphology of the inkjet printed droplets and films on the substrates with different
treatments.
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Fig. 5. P3HT films in the geometry of a 0.24 mm x 1.20 mm rectangle were also printed at
20 pum drop spacing on the substrates with different surface treatment using three adjacent
nozzles. The jetting velocity of the flying droplets is 2.5 m s~!. Images of the printed films
were immediately taken with a fiducial camera, an optical substrate inspection system of
the inkjet printer, as shown in Fig. 6 (b, d, f, and i). It can be observed that a continuous
film can be obtained on the bare SiO, wafer (Fig. 6b) the PETS-treated (Fig. 6d) and the
PTS-treated (Fig. 6f) SiO, wafer. Moreover, the printed films based on the PETS-treated
and PTS-treated wafer were more transparent and uniform than those prepared on bare
Si0,. However, in the case of OTS-treated wafer, the P3HT film is incontinuous (Fig. 6i).

There are two basic evaporation modes for a droplet on a substrate. One is the constant
diameter mode in which the contact line of the droplet is pinned immediately after deposition
and remained constant until complete drying, the other is the constant contact angle mode
in which the contact angle of the droplet on the surface remains constant with decreasing
contact diameter as the evaporation proceeds. As the surface energies of the bare, PETS-,
and PTS-treated silicon wafers are higher than or comparable to the surface tension of
trichorobezene (i.e., 39.9 dyne/cm), the ink droplets wet well on these substrates, and thus
dry in the constant contact diameter mode. In contrast, the OTS-treated substrate has a
very low surface energy and is nonwettable to the solvent, which can also be confirmed
by the contact angle measurements using the solvent of TCB as shown in Fig. 4c. The
contact angle measured on the PETS-, PTS-, or OTS + UV8min-treated wafer was very
close to 0°, while it was about 13° on the OTS-treated wafer. The contact line recedes
without pinning during the evaporation, and as a result the single droplet shrinks to small
size and no continuous film forms the OTS-treated wafer. The hydrophobic surface with
SAM-modifier can reversely become hydrophilic by treating the substrates with UV-ozone.
While a UV-ozone clean was applied for 8 min, the isolating dots printed on the substrate
were dramatically enlarged from 30 um (Fig. 6h) to 94 pum (Fig. 6g) and a continuous film
can be printed as shown in Fig. 6k.

AFM was used to examine the surface topography of the films. Fig. 7 shows AFM
height and phase images of the P3HT thin films inkjet printed on four different substrates.

0.0 rm

Figure 7. AFM images (2 um x 2 um) of the inkjet printed P3HT films on the substrates with
different treatments.
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Figure 8. The best field-effect characteristics of the inkjet printed OTFTs with different dielectric
surface treatments. (W = 800 um, L = 80 pm).

The AFM phase images of the films formed on PETS and PTS treated surface shows well-
defined nanometer-scale fibers with a diameter on the order of 30-50 nm and an height on
the order of 3—5 nm. These nanofibers are similar to the crystalline structures observed in the
P3HT films reported by others [24, 33]. It has been demonstrated that the extended P3HT
chains in the nanofibers preferentially packed parallel to each other, with their long-chain
axis perpendicular to the length direction of the fiber. The structure enables charge transport
in the 2D conjugation direction, i.e., along the axis of the nanofiber, thus contributes to
enhanced the charge carrier mobility in the TFT devices. However, the AFM phase images
of the P3HT films on bare and OTS + UV8min-treated silicon wafers showed much less
ordering feature compared with those on PETS and PTS treated surfaces. The difference
in micro-morphology can be ascribed to the different evaporation rate. The diameter of
the droplets on the PETS and PTS treated surface were smaller than those on the bare
and OTS + UV8min-treated surface. The smaller contact diameter tends to slow down the
solvent evaporation and elongate the solidification time. A longer solidification time can
facilitate the growth of a highly crystalline film because P3HT chains can self-organize over
a long period of time to form thermodynamically favored crystalline structures [34, 35].
Therefore, the films on the PETS and PTS treated surface had better structural ordering.

Fig. 8 shows the field-effect characteristics of the inkjet printed OTFTs on different
SAM-treated gate dielectrics. The field-effect mobility of each transistor was calculated in
the saturation regime (Vps = —60 V) by plotting the square root of the drain current versus
the gate voltage (Fig. 9) and fitting the data to the following equation:

WC; )

Ips = YM(VGS - Vr)

where C; = 10.8 nF cm ™2, L = 80 um, and W = 800 um.
Fig. 9 shows the transport and output curves of the best-performing OTFTs fabricated
on the SiO, gate dielectrics with different surface treatments. When a bare SiO, layer
or the OTS + UV8min layer was applied, the best field-effect mobility of inkjet printed
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Figure 9. Transfer (a, c, e, and g) and output characteristics (b, d, f, and h) of the inkjet printed

OTFTs with different dielectric surface treatments.
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OTFT devices was only 2.37 x 1073 cm?V~!s7!and 3.52 x 1073 cm?V~!s~!, respectively.
When the PETS treatment or the PTS treatment was applied on the SiO; dielectric layer, the
field-effect performances were substantially improved and the best field-effect mobility was
enhanced to 8.07 x 107> cm™2V~!s~'and 7.95 x 1073 cm~2V~!s~!, respectively, while the
on/off current ratios reached 10°. All inkjet printed P3HT transistors have high threshold
voltages. This shift in threshold voltage can be ascribed to the doping of P3HT with oxygen
and moisture because the film processing and device measurement were performed in
ambient air environment. It is known that the conductivity of P3HT films was found to
increase upon a few minutes exposure to air.

To examine the reproducibility of the printed P3HT OTFT devices, the electrical
properties of 30 transistors were examined for each treatments. The numbers of devices
showed the field-effect characteristics were 20, 21, 22, and 17 on bare, PETS-, PTS-,
and OTS + UV8min treated substrates, respectively. Fig. 10 shows that the average field-
effect characteristics obtained from the printed P3HT OTFTs on different substrates. It
can be clearly observed that the devices with PETS treatment or PTS treatment exhibited
the highest field-effect mobility both in the best value and on average. Moreover, the
threshold voltage (Vi) was also better than devices without SAM layers. Consequently, it
is confirmed that PETS treatment and PTS treatment on the SiO, dielectric layer in OTFTs
can effectively improved the device performances by contributing to the self-organized
formation of P3HT. This phenomenon shows that the surface property not only substantially
affected the morphologies of inkjet-printed single droplets and films of P3HT, but also the
electrical performance of the inkjet printed OTFT devices. The field-effect mobility was
enhanced when the semiconductor is printed on substrates with lower surface energy.

Furthermore, the field-effect characteristic of the OTFT devices was effectively opti-
mized with the different SAM treatments. The self-assemble monolayer of PETS and PTS
were found to be the most suitable material for SAM treatment of the substrate for the
inkjet printed OTFTs among all the SAMs in this work. It may be explained by the fact
that the surface energy of PETS and PTS SAMs are comparable to the surface tension
of trichorobezene (i.e., 39.9 dyne/cm), thus the ink droplets wet well on these substrates,
which can promote the self-organization of P3HT and form interconnected P3HT fibrils in
the inkjet printed films.
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