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We report the synthesis, morphology, and organic field effect transistor (OFET) characteristics of novel
branched octithiophene oligomer: 5,5"””-dihexyl-3',5""-bis(5-hexylthiophen-2-yl)-2,2":5',3":5" 2"":4"",
214 " _sexithiophene (8T) prepared by the Stille coupling reaction. The effects of the surface
modification and film thickness on the crystallinity, charge transport and sensing characteristics were
explored systematically. 8T exhibited two absorption peaks at 300 and 350 nm with an optical band gap
of 2.88 eV. It showed a highly crystalline structure with a melting point at 65 °C and had a lamellar
packing structure, confirmed by grazing incidence small-angle X-ray scattering (GISAXS). Among dif-
ferent vapor-deposition conditions, the 8T based OFETs showed the field effect mobility up to 2.12 x 10
“2em? v' 571 and a high on/off ratio of 5.1 x 10° on the bare substrate. The relatively low-lying HOMO
energy level (—5.53 eV) of 8T led to the outstanding air stability of the OFET device. Also, the 8T sensor
devices maintained the stable device performance under aqueous conditions, and the current ratio be-
tween pH values of 5 and 10 could be above 3 orders of magnitude. The above results demonstrated that
the air-stable 8T could be as a promising candidate for high performance organic electronic devices.

© 2012 Elsevier B.V. All rights reserved.
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considerable interest for the potential applications in e-paper [36—
38], radio-frequency identification (RFID) tags [39,40], and chemi-

1. Introduction

Recently, organic semiconductors have been highly developed
for applications in organic electronics such as light-emitting diodes
(OLEDs) [1,2], field effect transistors (OFETs) [3—20], photovoltaic
cells (OPVCs) [20—30], and memory devices [31—35] due to their
advantages of low cost, light weight and the capability to fabricate
flexible electronic devices. In additional, OFETs have attracted
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cal sensors [41—43].

Among the organic semiconductors reported for OFETS,
regioregular poly(3-alkylthiophene)s, oligothiophenes, and fused
aromatic compounds have shown remarkable performance [4,5,13].
a-Conjugated oligothiophenes (a-nT) were widely investigated p-
type organic semiconductors [3,4,6]. Because their structural flex-
ibility for tuning morphology and electrical properties, such as
dihexyl-a-sexithiophene (DHo-6T) and dihexyl-a-octithiophene
(DHa-8T) However, the stability of a-nT materials was insufficient
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for the practical electronic device applications, because of the rel-
atively high highest occupied molecular orbital (HOMO) energy
level, leading to poor air stability [4,8]. Therefore, development of
thiophene oligomers with a low HOMO level and highly crystalline
structure may solve the air stability problem and have high carrier
mobility.

Dendritic and hyperbranched oligothiophenes exhibited the
relatively low-lying HOMO energy levels in comparison with linear
oligothiophenes and thus improved air stability [19—22]. The
HOMO energy level of various branched oligothiophene derivatives
were about —5.20 eV (oligothiophene-based swivel-cruciforms)
[19], —5.20 eV (star-shaped oligothiophene) [44], and -5.26
to —5.57 eV (X-shaped oligothiophene) [21—23], respectively. These
values are lower than linear oligothiophenes (—5.00 eV) [15]. Thus,
branched oligothiophenes may provide extended delocalized -
electrons for enhancing charge transport. For the OFET character-
istics, the best performance of branched oligothiophenes is
0.012 cm? V-1 s71 [19], indicating their charge transport ability is
comparable with that of linear oligothiophenes. On the other hand,
the OFET devices performance could be further improved by opti-
mizing the surface structure, such as the grain size, crystallinity,
and hydrophobic/hydrophilic characteristics [13,45].

In this work, we report the synthesis, morphology, properties,
and OFET device characteristics of new branched octithiophene
oligomer: 5,5""'-dihexyl-3’,5"”-bis(5-hexylthiophen-2-yl)-2,2":5,
37512141 141 211 _sexithiophene (8T) synthesized via the
Stille coupling reaction (Scheme 1). The morphology, thermal, op-
tical, and electrochemical properties of 8T were studied. The charge
transport ability of 8T was characterized by using the top-contact
OFETs. Our study revealed that the newly prepared 8T had the
characteristics of high OFET mobility, air stability and pH sensing
characteristics.

2. Experimental section
2.1. Materials

2,3-dibromothiophene, trimethyltin chloride and tetrakis
(triphenyl-phosphine) palladium(0) were purchased from Aldrich
(Missouri, USA), Alfa Aesar (Massachusetts, USA), and TCI (Tokyo,
Japan), and used without further purification. Common organic

Br. CeHa3

Pd(PPhg),

solvents and ultra-anhydrous solvents, such as acetonitrile, tetra-
hydrofuran, and chloroform, were purchased from Aldrich (Mis-
souri, USA) and used as received. Octadecyltrichlorosilane (95%)
(ODTS) was purchased from Acros (Geel, Belgium). 2-
Trimethylstannyl-5-hexylthiophene (1) and 4,4’-dibromo-2,2'-
bithiophene (4) were synthesized according to our previous work
[20,30].

2.2. Monomer synthesis

5,5"-dihexyl-2,2':3' 2" -terthiophene (2). A solution of 2-trime
thylstannyl-5-hexylthiophene (1, 6.5 g 20 mmol), 2,3-
dibromothiophene (1.9 g 8 mmol), and Pd(PPh3); (0.2 g,
0.17 mmol) in DMF (20 mL) and toluene (80 mL) was mixed in
a one-neck flask. After three freeze—thaw cycles, the mixtures was
heated up to 110 °C for 24 h under nitrogen purging. After cooling to
room temperature, water was added and then the aqueous phase
was extracted with hexane. The organic extract was dried over
MgSO4 to remove water, and the solvent was evaporated under
vacuum. The crude product was purified by flash column using
hexane as eluent to give 2 (1.3 g, 40%) as a chartreuse oil. 'H NMR
(400 MHz, CD,Cl,), 6 (ppm): 7.24 (d, 1H), 7.12 (d, 1H), 6.92 (d, 1H),
6.86 (d, 1H), 6.70 (m, 1H), 6.67 (m, 1H), 2.78 (m, 4H), 1.61—-1.67 (m,
4H), 1.30—1.38 (m, 12H), 0.87—0.90 (m, 6H).

(5,5"-dihexyl-[2,2':3' 2" -terthiophen]-5'-yl)trimethylstannane (3).
n-BulLi (2.5 M in hexanes, 8.8 mL, 22 mmol) was added dropwise
over 15 min to a solution of 5,5”-dihexyl-2,2:3’,2"-terthiophene (2,
7.6 g, 18 mmol) in anhydrous THF at —78 °C under nitrogen. The
reaction mixture was maintained with the temperature
below —10 °C. After the mixture was stirred for 2 h, trimethyltin
chloride (5.1 g, 25 mmol) was added in one portion, and then the
cooling bath was removed. After the solution warmed to room
temperature, the solution stirred at room temperature overnight
and then Na,COs solution was added. In the following, the aqueous
phase was extracted with ether twice. The organic extract was
dried over MgS0O,4 to remove water and concentrated to obtain 3
(10 g, 94%) as yellow oil. '"H NMR (400 MHz, CD,Cl,), 6 (ppm): 7.15
(s, 1H), 6.88 (d, 1H), 6.85 (d, 1H), 6.67 (m, 2H), 2.78 (m, 4H), 1.60—
1.67 (m, 4H), 1.25—1.39 (m, 12H), 0.83—0.90 (m, 6H), 0.37 (t, 9H).

5,5""-dihexyl-3',5""-bis(5-hexylthiophen-2-yl)-2,2':5',3":5" 2"":
4204 2" _sexithiophene (5, 8T). A solution of (5,5”-dihexyl-

c6H13

\,_sro

Scheme 1. Synthetic route of 5,5””'-dihexyl-3’,5"”-bis(5-hexylthiophen-2-yl)-2,2’:5',3":5",2"":4"" 2""":4"" 2""" -sexithiophene (5) (8T).
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[2,2':3',2"-terthiophen]-5’-yl)-trimethylstannane (3, 10.5 g,
18 mmol), 4,4’-dibromo-2,2’-bithiophene (4, 2.3 g, 7 mmol), and
Pd(PPhs)4 (0.2 g, 0.17 mmol) in DMF (50 mL) were mixed in a one-
neck flask. After three freeze—thaw cycles, the mixtures were
heated up to 100 °C for 24 h under nitrogen atmosphere. After
cooling to room temperature, water was added and then the
aqueous phase was extracted with hexane. The organic extract was
dried over MgS0O4 to remove water, and the solvent was evaporated
under vacuum. The crude product was recrystallized by hexane to
give 5 (4.6 g, 64%) as a yellow solid. 'TH NMR (400 MHz, CD,Cl,),
0 (ppm): 7.42 (d, 2H), 7.32 (d, 2H), 7.24 (s, 2H), 6.95 (d, 2H), 6.90 (d,
2H), 6.68 (m, 4H), 2.78 (m, 8H), 1.62—1.66 (m, 8H), 1.27—1.37 (m,
24H), 0.86—0.89 (m, 12H). Anal. Calcd. for [Cs6HggSs]: C, 67.55; H,
6.68; S, 25.76. Found: C, 67.43; H, 6.84; S, 25.93.

2.3. Characterization

TH NMR spectra were recorded by Bruker Avance DRX-400 MHz
spectrometer. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements were performed under
a nitrogen atmosphere at a heating rate of 10 and 5 °C min~! using
the TA instruments Q-50 and Q-100, respectively.

Atomic force microscopy (AFM) measurements were obtained
with a NanoScope Illa AFM (Digital Instruments, Santa Barbara, CA)
at room temperature. Commercial silicon cantilevers with typical
spring constants of 21—78 N m~! were used to operate the AFM in
tapping mode. Images were taken continuously with the scan rate
of 1.0 Hz. Grazing incidence small-angle X-ray scattering (GISAXS)
was conducted on beamline BL23A1 in the National Synchrotron
Radiation Research Center (NSRRC), Taiwan. A monochromatic
beam of A = 1.240 A was used. The scattering patterns were col-
lected on a Mar-CCD with a diameter of 165 mm [46]. X-ray dif-
fraction (XRD) was performed by X'Pert PRO X-ray diffractometer
using Cu-Ko radiation (A = 1.5418 A) with a scan range typically of
2—35°, 0.2° per step. The thickness of polymer film was measured
with a Microfigure Measuring Instrument (Surfcorder ET3000,
Kosaka Laboratory Ltd.).

UV—vis absorption spectrum was recorded on a Hitachi U-4100
spectrophotometer. For the thin film spectra, 8T was first dissolved
in chloroform (20 mg ml~1), followed by filtering through a 0.45 pm
pore size PTFE membrane syringe filter, and then spin-coated at
a speed rate of 1000 rpm for 60 s onto quartz substrate. Cyclic
voltammetry (CV) was performed with the use of a three-electrode
cell in which ITO (8T films area were about 0.5 x 0.7 cm?) was used
as a working electrode. A platinum wire was used as an auxiliary
electrode. All cell potentials were taken with the use of a Ag/AgCl,
KCl (sat.) reference electrode. The electrochemical properties of the
8T films were detected under 0.1 M anhydrous acetonitrile solution
containing tetrabutylammonium perchlorate (TBAP) as electrolyte.

The surface energy of the substrates and 8T thin film was cal-
culated by measuring the contact angles of the two liquids, water
and diiodomethane, respectively. The surface energies of these
surfaces were obtained by the following equation [18]:

(1 +cos Oy = 2(75D>]/2 (71[\)/)1/2+2 (75)1/2 (VF\/)W 1)

where 75'3 and 7‘5’ are the dispersion and polar components of the
surface energy, respectively, and the liquid vapor interface surface
energy (v1v), the dispersion component WR/) and the polar compo-
nent (vk,) values were 72.2, 22.0 and 50.2 m] m~2 for water and 50.8,
48.5 and 2.3 mJ m~ for diiodomethane. Finally, the surface energy of
the substrate layer (7ys) was calculated as the following [18]:

Ys = 12+ 7% (2)

2.4. Fabrication and characterization of field effect transistors

Highly doped n-type Si (100) wafers were used as substrates. A
300 nm SiO; layer (capacitance per unit area G; = 10 nF cm™2) as
a gate dielectric was thermally grown onto the Si substrates. These
wafers were cleaned in piranha solution, a 7:3 mixture of H,SO4
and H,0,, rinsed with deionized water, and then dried by No.
Octadecyltrichlorosilane (ODTS)-treated surface on SiO, were pre-
pared by the following procedures: the cleaned substrates were
immersed into a 10 mM solution of ODTS in anhydrous toluene at
room temperature for overnight. Then, the substrate was rinsed
with toluene, acetone, isopropyl alcohol, and dried with a steam of
nitrogen. OFET device was deposited by thermal evaporation at
arate of 0.3—0.5 A s~ ! under a pressure of 9 x 10~ Torr on ODTS-
treated or bare substrates. The substrate temperature was con-
trolled by a heating source during deposition, and 8T was deposited
at the range of 25—80 °C with different film thickness. The top-
contact source and drain electrodes were defined by 100 nm-
thick gold through a regular shadow mask, and the channel length
(L) and width (W) were 50 and 1000 um, respectively. OFETs
transfer and output characteristics were recorded in a Ny-filled
glove box or in ambient by using a Keithley 4200 semiconductor
parametric analyzer. In the case of OFET for pH sensing, a 50 nm
layer of silicon monoxide was thermally evaporated on the elec-
trodes prevent the electrode from the damage of water.

3. Results and discussion
3.1. Structure characterization

The chemical structure of 8T was confirmed by 'H NMR in
CDCly, as shown in Fig. 1. The resonance peaks, at 7.42 (peak a),
7.32 (peak b), 7.24 (peak c), 6.95 (peak d), 6.90 (peak e), and 6.68
(peak f) ppm are assigned to the protons on the thiophene rings. On
the other hand, the proton peaks at 2.78 (peak g), 1.62—1.66 (peak
h), 1.27—1.37 (peak i), and 0.86—0.89 (peak j) ppm are attributed to
the hexyl group in the 8T. The numbers of aliphatic and aromatic
protons were estimated from the integration value of peaks, and
consistent with the proposed chemical structure. The 'H NMR
spectrum of the precursor, 5,5”-dihexyl-2,2":3/,2”-terthiophene (2),
is also consistent with the proposed chemical structure (Fig. S1 of
the Supplementary information). Moreover, the elemental analysis
of 8T is in a good agreement with the theoretical content. The above
results indicate the successful preparation of 8T.

3.2. Thermal properties

The thermal decomposition temperature (T4, 95 wt% residue) of
8T estimated from thermogravimetric analysis (Fig. S2 of the Sup-
plementary information) is 388 °C, indicating its good thermal
stability for electronic devices. The DSC curve of 8T shown in Fig. 2
has a phase transition temperature at 52 °C (T¢) followed by an
isotropic transition at 65 °C (Ty,). It implies that the intermolecular
packing of 8T can be manipulated by controlling thermal deposition
temperatures.

3.3. Optical and electrochemical properties

The UV—vis absorption spectra of 8T in dilute chloroform and
thin films are shown in Fig. 3(a). 8T has two absorption peak
maximum wavelengths (Amax): the one at longer wavelength
around 325—380 nm (Apax at ca. 350 nm) is corresponding to the
m—m* transition, while the shorter wavelength around 250—
320 nm (Apax at ca. 300 nm) comes from the electronic transition
of the individual thiophene moiety [7]. The optical band gap (Eg™)
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Fig. 1. "H NMR spectrum of 8T in CD,Cly. (x: CD,Cly, y: H0).

of 8T estimated from the long-wavelength absorption edge is
2.88 eV.

Fig. 3(b) shows the cyclic voltammetry (CV) curves of 8T thin
films in acetonitrile at a potential scan rate of 100 mV s~ . The-
HOMO energy level of 8T was estimated from onset
oxidation potentials (E%%..;), based on the following equations:
HOMO = —[E3%. — Efefiocene | 48] eV, where the potentials are
referred to an Ag/AgC{ reference electrode. The obtained HOMO
energy level of 8T was —5.53 eV, which was relatively low-lying in
comparison with those of the reported branched oligothiophene
derivatives [19,21—23,44] and suggested its good air stability.

3.4. Atomic force microscopy (AFM) characteristics

The surface structures of 8T vapor-deposited films with different
thickness of 25—100 nm, annealing temperatures of 25—80 °C, and
surface modification (ODTS-treated or bare substrate) were inves-
tigated by atomic force microscopy (AFM). The AFM images of all 8T
thin films are shown in Figs. 4 and 5, Figs. S3 and S4 (Supplemen-
tary information). Generally, all the thin films show well-connected
crystallites similar to common oligothiophenes [7,47]. However, as
the substrate temperatures raised above 65 °C, the grain
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Fig. 2. DSC curve of 8T at the heating rate of 5 °C min~—" under a nitrogen atmosphere.
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Fig. 3. (a) Optical absorption spectra of 8T in dilute CHCl5 solution and thin film on
a quartz plate. (b) Cyclic voltammograms of 8T thin film in an acetonitrile solution of
0.1 M TBAP at a scan rate of 100 mV s~
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boundaries are melted together and many deep gaps are formed
with large surface roughness, particularly on the ODTS-treated
substrate. For 50 nm-thick thin films, both on the bare and the
ODTS-treated substrates, 8T is consisted of well-connected grains
as the film is deposited at room temperature. When the deposition
temperature is elevated to 60 °C (Fig. 4), the surface structure has
a significant change that the grains become larger. On the other
hand, when the deposition temperature is raised higher than the
melting point of 8T (65 °C), the grain size is increased to micro-
meter scale, and many deep gaps between grains are formed. Note
that the surface roughness of 8T film on the bare substrate is
smaller comparing to the ODTS-treated substrate probably owing
to the better adhesion on the bare substrates. The surface energies
of the ODTS-treated substrate, the bare substrate, and 8T are 26.9,
54.1, and 45.5 m] m 2, estimated from the contact angles of water
(91.2°) and diiodomethane (29.1°) using the method reported in
the literature [18]. The larger surface energy mismatch between 8T
and the ODTS-treated substrates probably leads to the poorer
adhesion for 8T on the ODTS-treated surface. Furthermore, as the
deposition temperature increase, 8T has a larger kinetic energy to
form large aggregates (Fig. 4) on the substrate surface and become
more disordered. Therefore, 8T cannot form a uniform crystalline
film on the ODTS-treated substrates as the deposition temperature
of above 65 °C.

In addition, the effect of film thickness on the surface structure
is shown in Fig. 5. As the substrate temperature is controlled at

RMS =%1116 nm «Unm} RMS=16.15nm 0 nm

60 °C, 25 nm-thick film seems too thin to grow the regular grains
and the roughness is slightly large. When the film thickness is
increased above 50 nm, well-connected grains are formed, and the
surface roughness is generally smaller than 3.5 nm. However, if the
film thickness is raised to 100 nm, the roughness increases again as
shown in Fig. S4 of the Supplementary information.

3.5. X-ray diffraction (XRD) characteristics

The grazing incidence small-angle X-ray scattering (GISAXS)
patterns of all 8T thin films with different processing conditions are
shown in Figs. 6 and 7, Figs. S5 and S6 (Supplementary informa-
tion). Generally, 8T is a highly crystalline thin film with different
processing condition. From the 2D GISAXS pattern, strong dif-
fraction signals are observed in g, direction but not in the gy di-
rection. Moreover, a strong peak at 3° (d-spacing = 14.73 A’l) of the
X-ray diffractogram is observed in Fig. 6(e). The above result in-
dicates that 8T has a lamellar packing structure in g, direction on
the substrate. Interestingly, in the g, direction of the GISAXS pat-
tern, around the main diffraction peak, the present of multiple
Bragg reflections and Laue oscillations demonstrates that 8T thin
films possess long-range ordering in the thin film [17,48].

The 8T film (thickness: 50 nm) on the bare substrate with dif-
ferent deposition temperatures all exhibit a high crystallinity, as
shown in Fig. 6, and Fig. S5 (Supplementary information). From the
multiple diffraction peaks in Fig. 6(b), the film thickness is

Fig. 4. Tapping mode AFM images of 8T films (thickness: 50 nm) using different vapor-deposition temperatures: (a) 60 °C, and (b) 70 °C on the bare substrates; (c) 60 °C, and

(d) 70 °C on the ODTS-treated substrates. All images are 3 um x 3 pm in sizes.
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Fig. 5. Tapping mode AFM images of 8T films vapor-deposited at 60 °C with different thicknesses: (a) 25 nm and (b) 75 nm on the bare substrates; (c) 25 nm and (d) 75 nm on the

ODTS-treated substrates. All images are 3 um x 3 pm in sizes.

estimated to be 52 nm and consistent with the result of microfigure
measurement. However, from the multiple diffraction signals in
Fig. 6, the crystallinity of 8T thin film decreases on the ODTS-
treated substrate as the deposition temperature is increased.
Especially when the temperature is heated above the melting
temperature of 8T (65 °C), the multiple diffraction patterns are
vanished and only the arc pattern is observed.

Fig. 7 and Fig. S6 (Supplementary information) show the GISAXS
patterns of 8T on the bare or the ODTS-treated substrates with
different film thickness with the vapor-deposition temperature of
60 °C. 8T films on the bare substrates all show high crystallinity at
different film thickness. Compared to the bare substrates, 8T films
on the ODTS-treated substrates exhibit less crystallinity, probably
due to poor adhesion between 8T and substrate surface [18].

The GISAXS and XRD results indicate that 8T film on the bare
substrate have a higher crystallinity than that on the ODTS-treated
substrate. From the X-ray diffractogram (Fig. 6(e)), the full widths at
half-maximum on the bare and ODTS-treated substrates are
approximately 0.052 and 0.064, respectively. It suggests that 8T has
a higher degree of texturing and ordering on the bare substrate
than that on the ODTS-treated substrates due to the better adhesion
[17]. When 8T deposited on the ODTS-treated substrates at a high
temperature, the relative low surface energy of the ODTS-treated
substrate facilitates the movement of 8T on the substrate surfaces
to reduce the crystallinity [18].

3.6. Organic field-effect transistor (OFET) characteristics

All OFET devices were fabricated by employing top-contact
device geometries for reducing contact resistance [9]. The OFET
characteristics of 8T using different deposition temperature (25—
80 °C) and film thickness (25—100 nm) are summarized in
Tables 1 and 2. The saturation-regime mobility was calculated
from the slope of the plot of drain-source current (Ipg)'/? as
a function of the gate voltage (V) [49]. The p-type output charac-
teristics of 8T with different processing conditions are shown in
Fig. 8 and Fig. S7 (Supplementary information), which exhibit well-
defined linear and saturation regions with a good current modu-
lation. Moreover, the transfer characteristics are represented in
Fig. 8, Figs. S8 and S9 (Supplementary information). On the bare
substrates, the maximum mobilities of the 8T OFETs using the 50-
nm-thick films using different deposition temperature are
7.71 x 1073 (25 °C), 1.59 x 1072 (50 °C), 2.12 x 1072 (60 °C),
1.89 x 1072 (70 °C), and 1.52 x 102 (80 °C) cm? V! 57!, respec-
tively, while those on the ODTS-treated substrate are 3.63 x 107>
(25°C), 619 x 1073 (50 °C), 1.34 x 1072 (60 °C), 5.65 x 10~4(70°C),
and 5.11 x 1074 (80 °C) cm? V! s~, respectively. The on/off ratios
for all devices on the bare and the ODTS-treated substrates range
from 10° to 10°. In additional, 8T-based OFETs show a small hys-
teresis around 10 V under the dual-sweep -V scan (Fig. S10 in
Supplementary information). This hysteresis may be attributed to
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Fig. 6. GISAXS patterns of 8T film with the thickness of 50 nm using different vapor-deposition temperatures: (a) 60 °C, and (b) 70 °C on the bare substrates; (c) 60 °C, and (d) 70 °C
on the ODTS-treated substrates. The range of qy is from —0.1 to 0.25 A~ q, is from 0 to 0.23 A~ (e) X-ray diffractograms of 8T film (thickness: 50 nm) vapor-deposited at 60 °C on

the bare and ODTS-treated substrate.

the hydroxyl group on the bare substrate [50]. For the 8T OFET
devices on the bare and ODTS-treated substrates, the hole mobil-
ities generally increase with the elevated deposition temperature
as the deposition temperature lower than 70 °C [45,51]. The best
performance is observed at substrates temperature of 60 °C, due to
the less grain boundaries and larger crystallite grain sizes. The
lower mobility of 8T film on the ODTS-treated substrates is prob-
ably due to the poor adhesion [18], reducing the interconnection
between grains. Consequently, the hole mobilities decrease due to
the deep grain boundaries [45,50] when the deposition tempera-
ture increase over 70 °C.

To further investigate the relationship between mobilities and
channel thickness, the deposition temperature is controlled at
60 °C. The maximum mobilities of the OFETs fabricated with dif-
ferent thickness on the bare substrates are 1.27 x 1072 (25 nm),
212 x 1072 (50 nm), 212 x 1072 (75 nm), and 5.16 x 107>

(100 nm) cm? V-1 s~ respectively, while those on the ODTS-
treated substrates are 1.32 x 1072 (25 nm), 1.34 x 102 (50 nm),
115 x 1072 (75 nm), and 9.43 x 10~4 (100 nm) cm? V! s7],
respectively. The on/off ratios for all devices on the bare and the
ODTS-treated substrates are up to 106, From the AFM images, the
connection between grain crystals is enhanced with the increase of
the film thickness on the bare substrates, leading to better charge
carrier transporting. On the contrary, OFETs with thinner thickness,
a shorter charge carrier transport path from the interface of 8T/SiO,
to drain electrodes results in better hole-transporting [52]. There-
fore, an optimum thickness to have the highest mobility is 75 nm
because 100 nm film thickness has a large resistance. The threshold
voltages (V;) of 8T devices are quite high. This is due to its relatively
low-lying HOMO energy level of —5.53 eV, leading to a large hole-
injection barrier between 8T and Au electrodes (—5.1 eV) [10]. The
highest mobility of 8T OFET device in this study is
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qy

Fig. 7. GISAXS patterns of 8T vapor-deposited at 60 °C with different film thicknesses: (a) 25 nm and (b) 75 nm on the bare substrates; (¢) 25 nm and (d) 75 nm on the ODTS-treated

substrates. The range of gy is from —0.1 to 0.25 A" g, is from 0 to 0.23 A",

212 x 1072 cm? V! 5! on the bare substrate, which is among the
best mobilities reported in the branched oligothiophenes
[19,23,24,44].

3.7. Air stability of the OFET device

The air stability of the devices is monitored by measuring hole
mobility and on/off ratio as a function of time, as shown in Fig. 9. 8T
OFET exhibits great air stability on the bare and the ODTS-treated
substrates, and the corresponding mobility decreased slightly
from 736 x 10~ to 3.56 x 107> and from 110 x 1072
6.31 x 1073 cm=2 V-1 571, respectively, after exposure to air for
about one month. The high crystallinity and the relatively low-lying
HOMO energy level (—5.53 eV) could resist the intrusion of oxygen
and moisture, showing excellent air-stable performance and a large
on/off current ratio of 10° in air. Intriguingly, the 8T OFET on the
ODTS-treated substrate exhibited higher ambient stability than
that on the bare substrate. It is attributed to the fact that the ODTS-
treated surface possesses a hydrophobic long alkyl chain, pre-
venting the influence of oxygen and moisture, thus leading to
better air stability [53,54].

Table 1
OFET device characteristics of 8T with the film thickness of 50 nm at different
substrate temperature (Ts).

T,  Substrate Mobility™* On/offve  V2Ve
surface

6 (em?Vv-1s!) (em?Vv-ls) (V)

Mobility®"8

25  Bare 771 x 1072 (631 +1.03) x 1073 4.6 x 10° —22 +03
ODTS 363 x 1073 (226 £0.68) x 103 3.6 x 10° —32 + 12
50 Bare 159 x 1072 (117 £0.14) x 1072 56 x 10° —30+4
ODTS 619x 103  (3.06£127)x 10> 1.1 x10% —21+6
60 Bare 212x1072  (132+£039)x 1072 51x10% —35+6
ODTS 134 x 1072 (958 +0.37) x 107> 1.2 x10° -24+3
70  Bare 189 x 1072 (1.21+0.20) x 1072 51 x10° —-25+9
ODTS 565x107%  (342+1.07)x107% 1.0x10° —17+2
80 Bare 152 x 1072 (1.12+0.18) x 1072 43 x 10° -26+4
ODTS 511 x 1074 (294 +0.24) x 107% 35 x 10° —-19+2

3.8. pH sensor characteristics

For the case of OFET for sensor applications, it is important that
the active layer material possesses a low-lying HOMO energy level
can eschew the doping of moisture and oxygen for enhancing the
operating stability. Furthermore, 8T with a highly-crystalline hy-
drophobic surface provides a good charge transporting ability and
kinetically reduce the penetration of water. Therefore, 8T may have
stable OFET performance under aqueous conditions for sensory
applications.

Sensory applications under aqueous conditions are charac-
terized using the 8T OFET on the bare substrate with the optimized
condition of substrate temperature at 60 °C and 75 nm thickness.
The top-contact gold electrodes were encapsulated by 50-nm-thick
silicon monoxide. The applied source—drain voltage bias is con-
trolled below —30 V to reduce the influence of degradation and
delamination in aqueous phase. In ambient condition, we observe
stable device performance with the source—drain voltage bias is
controlled at —30V, as shown by the black curve in Fig. 10(a). After
dropping water onto the channel, a positive shift is observed in
threshold voltage and an increase in the on and off currents due to
hydronium (H30™) doping, as shown by the blue curve (in the web

Table 2
OFET device characteristics of 8T are deposited at 60 °C with different film thickness.

x 1073 2.4 x 105 -33 + 8
x107% 8.1 x 10° —28 +4

100 Bare 5.16 x 1073
ODTS 943 x 1074

3.50 + 0.96
4.63 + 1.50

Film Substrate Mobility™*  Mobility®'% On/off*e V{vé
thickness surface
(nm) (em?V='s™) (em?V-'s) (V)
25 Bare 127 x 1072 (6.65 + 1.56) x 107> 1.0 x 10 —26 + 6
ODTS 132 x 1072 (1.04 +0.15) x 1072 5.1 x 10° —44 + 12
50 Bare 212 x 1072 (1.324+0.39) x 1072 5.1 x 105 —35 + 6
ODTS 134 x 1072 (958 +0.37) x 1073 1.2 x 105 —24 + 3
75 Bare 212 x 1072 (128 £0.16) x 1072 2.0 x 10° —30 + 4
ODTS 115 x 1072 (8.86 + 1.63) x 107> 3.6 x 10° —48 + 16
( )
( )
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Fig. 8. P-type transfer characteristics of OFETs (V4s = —100 V) using 8T film (thickness:
50 nm) vapor-deposited at 60 °C on (a) the bare substrate, and (c) the ODTS-treated
substrate; P-type output characteristics of OFETs using 8T films on (b) the bare sub-
strate, and (d) the ODTS-treated substrate.

version). In additional, transfer characteristics of pentacene-based
OFETs in ambient and aqueous conditions are shown in Fig. S11
(Supplementary information). Pentacene-based devices cannot
show typical transfer characteristics under aqueous condition
owing to its poor environmental stability as well as high-lying
HOMO level. The stability of materials acts a crucial role for the
sensor applications. Therefore, the highly-stable 8T is more suitable
materials for sensory device, as compared to pentacene.

To understand how pH values affecting the electrical behavior of
the OFET devices, the influence of pH solution on the drain current
is evaluated. The increase in drain current is observed when the
devices are operated under aqueous conditions. This phenomenon
could be ascribed to exposure onto either hydronium (H30™) or
hydroxide ions (OH™) [42]. Fig. 10(b) shows that the drain current
increases with decreased pH values, i.e. an increase of the con-
centration of H30". We observed that the H3O™ concentration
forthrightly affects the current. First, when the pH solutions are
dropped on the channel, the drain current is changed immediately
from a low current level (10~° A) to a high current level (10—
1077 A), and as pH increases, the drain current decreases. This
variation of drain current may be due to the fact that the drain
current combines the hole current from the semiconductor film
and the ionic current from the pH solutions [42]. The well-
defined grain boundaries of the 8T films may also facilitate H30™"
to penetrate into the channel region, thus observe an increase of 3
orders of magnitude on the drain current.

Secondly, probably due to an increasing coulomb blockade for
pH 5 and 7 solutions, the slower response of drain current is
observed. This means the repulsion of H30" by positive charges
already occupying the channel, and diminishing the rate of H30"
diffusion into the channel. For the pH 9 and 10 solutions, the con-
centration gradient of H3O1 is away from the channel and the
diffusion of ions is unobstructed, so the drain current response
becomes faster [55,56]. In the pH values from 5 to 10, the 8T devices
can maintain stable device characteristics in aqueous solution, and
the current ratio between pH 5 and 10 can be above 3 orders. These
results indicate that 8T sensor devices can have good sensitivity in
the aqueous condition.

15

107 ¢ y 10

—o—Bare substrate 10"

[ —0—ODTS substrate 10"

LB a. 410"

O % G — ‘ e
> F &S 00— ———— _! 10" Q
e [ 3 =
§ | 1100 O
P q10° ;?
E e As _ . =

§ 4 | E‘\‘"ﬂ)’u 7 L:.'.G< j.-:______‘(*——__——_——_(_\____c: !; 102

10" e 110°

110

410°

10-5 A PR BT RPN RPN BEPUN BT SRR R P | 3 2

— 10
0 12 14 16 18 20 22 24 26 28 30
Time (day)

0 2 4 6 81

Fig. 9. Air-stability test on the OFET characteristics using 8T thin films: (blue line,
circle) — film thickness of 75 nm deposited at 60 °C on the bare substrate, and (red line,
square): film thickness of 25 nm deposited at 60 °C on the ODTS-treated substrate. The
solid symbols correspond to an electrical performance in a nitrogen glove box. Relative
humidity ranges from 50 to 60% in air. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. (a) Transfer characteristics of 8T film based OFETs operation under ambient
and aqueous condition. (b) The drain current response of 8T OFETs response to pH
under aqueous condition.

4. Conclusions

We have successfully synthesized new branched octithiophene
oligomer of 8T, by palladium(0)-catalyzed Stille coupling reaction.
8T had an optical band gap of 2.88 eV, and low HOMO energy level
of —5.53 eV. The highest mobility (0.0212 cm?V~' s~!) of 8T on bare
substrate is due to the highly crystallinity, which was confirmed by
AFM and GISAXS analysis. Moreover, the highly crystallinity and
relatively low-lying HOMO energy level of 8T reduce the chemical
degradation and the intrusion of oxygen and moisture, showing
great air-stable devices performance. With different pH solutions,
the 8T OFETs maintained stable device performance in aqueous
solution, and the current ratio between pH 5 and 10 solutions was
above 3 orders. The above results indicated that 8T could enhance
the air stability and charge-transport characteristics for OFET and
sensory applications.
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