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able and photopolymerisable TiO2

nanorods as dielectric layers for thin film
transistors†

Fei Cheng,a Emanuele Verrelli,b Fahad A. Alharthi, ac Satyajit Das,d

Thomas D. Anthopoulos, de Khue T. Lai,f Neil T. Kemp, b Mary O'Neill g

and Stephen M. Kelly *a

We report the fabrication of a solution-processed n-type Thin Film Transistor (TFT) with current on/off

ratios of 104, a turn-on voltage (VON) of 1.2 V and a threshold voltage (VT) of 6.2 V. The TFT incorporates

an insoluble and intractable dielectric layer (k ¼ 7–9) prepared in situ from solution-processed and then

photopolymerised ligand-stabilised, inorganic/organic TiO2 nanorods. A solution processed zinc oxide

(ZnO) layer acts as the semiconductor. The new surface-modified TiO2 nanorods were synthesised using

a ligand replacement process with a monolayer coating of photopolymerisable 10-undecynylphosphonic

acid (10UCYPA) to render them both soluble in common organic solvents and be photopolymerisable

using UV-illumination after having been deposited on substrate surfaces from solution and drying.
Introduction

Research on solution-processed Thin Film Transistors (TFTs) and
Organic Field-Effect Transistors (OFETs) has advanced rapidly in
recent years due to the advantages of low-temperature, solution-
processing fabrication over large-areas and on exible, inexpen-
sive and lightweight substrates.1,2 Solution-processed metal-oxide
TFTs are attractive due to high charge carrier mobility, good
uniformity and transparency at low cost.1 Thin gate insulator lms
with a high dielectric constant, k, would increase the capacitance
and lower the operating voltage of OFETs.2 Whilst some solution-
processed inorganic dielectric materials, such as titanium
oxide,1,3,4 have been developed, their use has so far been limited in
commercial TFTs and OFETs, mostly due to high post-deposition
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annealing temperatures.1,5 Thus, there is a need to develop new
approaches to solution-processed dielectrics based on inorganic
semiconductors, such as metal oxides, with low-temperature pro-
cessing for TFTs and OFETs in plastic electronics.

In order to render metal oxide nanoparticles, such as tita-
nium dioxide (TiO2), processable from solution in organic
solvents, the nanoparticle surfaces can be functionalised with
organic ligands to overcome the strong adhesion forces between
them. Ligands with long aliphatic chains are oen used to
stabilise nanoparticles of sphere- or rod-like inorganic core.
Generally, surface modication can be carried out either in situ
or as part of post-synthesis modication methods. Under in situ
modication, the attachment of the ligands onto nanoparticle
surfaces is completed during the growth of nanocrystals.5–7 So
far, surface-modication of TiO2 nanoparticles, for example,
has been achieved with carboxylic acids,8 mixed carboxylic acids
and amines,9 dicarboxylic acids,10 octadecylsilane with different
headgroups,11 phosphonic acid and phosphinic esters.12

Ligand-exchange reactions (LER) of polystyrene-capped TiO2

nanoparticles have been reported to yield hybrid, organic/
inorganic TiO2 nanoparticles as solution-processable dielectric
layers. Unfortunately, the TiO2 nanoparticle content is quite low
due to the high polymer content.13

Insoluble thin lms can be prepared by ultraviolet irradia-
tion of photopolymerizable materials to form insoluble polymer
networks. An example of this approach involves the attachment
of a photopolymerisable moiety, such as an acrylate, methac-
rylate or oxetane group, via an aliphatic spacer to a small
molecule organic semiconductor.14–18 A signicant advantage of
this approach is the capability to spatially pattern device
features with sub-micron resolution using photolithography,
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Preparation of mixed ligand-stabilized TiO2 nanorods with
10-undecynylphosphonic acid (10UCYPA) as a ligand exchanger for
oleic acid (OA).
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e.g., organic semiconductors for Organic Light-Emitting Diodes
(OLEDs), Organic Photovoltaics (OPVs) and Organic Field-Effect
Transistors (OFETs).14–20

Here we report the fabrication of a solution-processed proto-
type n-type Thin Film Transistor (TFT) incorporating an insoluble
and intractable dielectric layer prepared in situ from solution-
processed and then photopolymerised ligand-stabilised,
inorganic/organic TiO2 nanorods and zinc oxide (ZnO) as the
semiconductor, also deposited from solution. The new surface-
modied TiO2 nanorods were synthesised using a ligand
replacement process with a monolayer coating of photo-
polymerisable 10-undecynylphosphonic acid (10UCYPA) to
render them both soluble in common organic solvents and be
photopolymerisable using UV-illumination aer having been
deposited on substrate surfaces from solution and then drying at
moderately low temperatures (100 �C) for a short time (10 min).
Hence, we now report the synthesis and processing of solution-
processable and photopolymerisable, mixed ligand-stabilized
titanium dioxide nanorods using 10-undecynylphosphonic acid
(10UCYPA) as a ligand (Scheme 1) using a Ligand Exchange
Reaction (LER).21 The presence of a monolayer of this new ligand
on the titanium oxide nanorod surfaces is designed to render
them soluble in typical organic solvents used to deposit semi-
conductors from solution, e.g., by spin coating, drop casting,
inkjet printing etc. (Scheme, ESI†). A high density of the 10UCYPA
ligand should facilitate photopolymerisation of the triple bonds
of adjacent ligands to form completely insoluble and intractable
thin lms on illumination with UV-radiation. We have previously
reported that such thinlms of ligand-exchanged TiO2 inorganic/
organic semiconductors exhibit a dielectric constant, k ¼ 8, high
enough to allow them to function as dielectric layers inmultilayer
plastic electronic devices.21

Experimental
Materials

Titanium(IV) tetraisopropoxide (TTIP, $97.0%), oleic acid (OA,
90%), trimethylamine N-oxide (TMAO, 98%) and chlorobenzene
were sourced from Sigma-Aldrich. 10-Undecynylphosphonic
This journal is © The Royal Society of Chemistry 2020
acid (10UCYPA,$95.0%) was purchased from SiKEMIA, France.
Ultrapure water with a specic resistance of 18.2 MU cm was
obtained by reversed osmosis followed by ion-exchange and
ltration (UPQ PS system, ELGA, USA).

Synthesis of oleic acid stabilized titanium oxide nanorods
(TiO2-OA)

The oleic acid-stabilized TiO2 nanorods (TiO2-OA) were
prepared using a modied literature procedure.6,22 Oleic acid
(420 g) was dried under vacuum by heating to 120 �C for 1 h to
remove water. Aer that, it was allowed to cool to 85 �C under
nitrogen ow. Titanium(IV) isopropoxide (17.7 mL, 60 mmol)
was added under stirring whereby the reaction solution took on
a yellow colour. Aer 5 minutes, an aqueous solution of tri-
methylamine N-oxide (2 M, 60 cm3) was injected quickly using
a syringe. The subsequent mixture was heated to 100 �C and
reacted for 72 h under stirring and nitrogen ow. Then, the
reaction mixture was allowed to cool to room temperature and
dried under vacuum to remove water. An excess of isopropanol
(1.2 L) was added to the mixture solution, the precipitate was
centrifuged and washed twice with isopropanol. The resultant
solid was dissolved again in toluene and precipitated with
acetone. The precipitate was separated by centrifugation. This
purication step was repeated twice. The resultant precipitate
was dried overnight in a vacuum oven to yield the desired tita-
nium dioxide nanorods (TiO2-OA) coated with a monolayer of
oleic acid ligands (ca. 6.0 g) as a light yellow powder.

Ligand exchange of TiO2-OA by 10UCYPA

10-Undecynylphosphonic acid (10UCYPA, 25.0 mg) dissolved in
chlorobenzene (2 cm3) was added to a solution of titanium
dioxide nanorods (TiO2-OA) coated with a monolayer of oleic
acid ligands (100 mg) in chlorobenzene (2 cm3). The resultant
mixture was heated at 100 �C for 24 h. The chlorobenzene
solvent was removed under vacuum and the solid was dissolved
in acetone and then precipitated with hexane to purify the
nanocomposites. The desired ligand-exchanged nanocomposite
(TiO2-10UCYPA) was then obtained by centrifugation, washed
with hexane, and dried in a vacuum oven.

Thin lms and electronic devices

The hybrid material TiO2-10UCYPA was solution processed and
spin coated onto planar glass substrates in order to create
smooth uniform thin lms with a thickness of 100–300 nm
depending on the deposition conditions. The required solu-
tions were prepared by dissolving the nanocomposite (TiO2-
10UCYPA) powders in chlorobenzene at concentrations of
10 wt%. Spin coating was carried out at 1000 rpm for 60 s
(unless otherwise specied) and the thin lms were subse-
quently baked at 100 �C for 10 min in air to remove excess
solvent. In these conditions the lm thickness (measured using
a Bruker Dektak XT prolometer) was �200 nm. The
morphology of the lms was investigated using an intermittent
contact mode AFM (Agilent 5500 AFM system). UV-crosslinking
of the thin lms was carried out in an inert glove box environ-
ment at 1 ppm O2, �86 �C dewpoint using a UV curing lamp
RSC Adv., 2020, 10, 25540–25546 | 25541
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Fig. 1 TEM of (a) TiO2-OA and (b) TiO2-10UCYPA.
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(OmniCure 2000, 250–450 nm) with a power density of 1.5 W
cm�2. A Bruker IFS 66/S Fourier transform infrared spectrom-
eter equipped with a water-cooled glowbar source, a potassium
bromide (KBr) beam splitter and a deuterated triglycine
sulphate detector was used to measure the transmittance of the
thin lms at room temperature. The KBr substrate spectrum
was taken under the same conditions as each sample
measurement in order to eliminate any inherent artefacts. The
resolution was 2 cm�1 and 1000 scans were combined and
averaged to produce each FTIR spectrum. The sample
compartment was continuously purged with anhydrous air to
reduce absorption due to atmospheric water vapour and carbon
dioxide.

Microscale capacitors with an active area of 10�4 cm2 were
fabricated in order to investigate the dielectric properties of the
thin lms. The capacitors were fabricated in a crossbar
approach on glass substrates and comprised a bottom
aluminium electrode, the hybrid thin lm deposited by spin
coating as mentioned above and a top aluminium electrode
deposited under high vacuum. Impedance spectra were
acquired using a Solartron S1260 with a dielectric interface
S1296. Test Thin Film Transistors (TFTs) were fabricated in
bottom-contact, top-gate conguration on glass substrates
using as a semiconductor ZnO lm deposited via spin coating
(4000 rpm for 30 s). The S/D contacts and gate electrodes used
were aluminium (50 nm-thick) evaporated in vacuum. The
precursor solution for ZnO lm was formed by dissolving zinc
oxide hydrate (ZnO$H2O, 97%, Sigma-Aldrich) in ammonium
hydroxide [50% (v/v) aqueous solution, Alfa Aesar] at a concen-
tration of 10 mg cm�3 and stirred at room temperature over-
night. The as-deposited ZnO lm was thermally annealed at 225
to 250 �C for 40 min with the nal thickness of ZnO around 4–
6 nm. The TiO2 nanorod dielectric layer was then deposited by
spin coating in a nitrogen glovebox (3000 rpm, 30 s) followed by
UV-crosslink treatment. Device fabrication was completed with
the deposition of a 50 nm-thick Al gate electrode in high
vacuum. The channel length (L) and width (W) of the resulting
devices were 30 mm and 1000 mm, respectively. Transistor
characterization was performed under inert atmosphere inside
a N2 lled glovebox.
Fig. 2 IR of (a) TiO2-OA, (b) TiO2-10UCYPA and (c) ligand 10UCYPA.
Characterization methods

Fourier transform infrared spectra were recorded on a Nicolet
Magna-500 FTIR spectrometer. 31P NMR spectroscopy was
carried out using a JEOL Eclipse 400 MHz spectrometer.
Deuterated chloroform with an internal standard of tetrame-
thylsilane (TMS) was typically used as the solvent. Transmission
electron microscopy (TEM) was carried out using a Jeol 2010
TEM operating at 200 kV. Images were obtained with a Gatan
Ultrascan 4000 digital camera. The liquid sample was mixed in
a vial and a 5 mL aliquot was placed on a hydrophilic carbon
coated copper grid and allowed to dry in air. X-ray powder
diffraction (XRD) analyses were performed using a SIEMENS
D5000 instrument. The concentration of the titanium and
phosphorus present in the samples was determined using an
inductively coupled PerkinElmer plasma 40 emission ICP
25542 | RSC Adv., 2020, 10, 25540–25546
instrument. The concentration of carbon, hydrogen and
nitrogen present in the samples was analysed using a Fisons EA
1108 CHN apparatus. Polarized optical microscopy (POM) was
conducted using an Olympus BH2 polarising microscope, with
images taken between crossed polarizers.
Results and discussion

Anatase titanium oxide nanorods attached with oleic acid (OA)
were synthesized by hydrolysis of titanium(IV) isopropoxide
(TTIP) in the presence of aqueous trimethylamine N-oxide
(TMAO) and oleic acid (OA) based on a modied literature
procedure,6,22 as described previously.21 The oleic acid-stabilized
titanium oxide nanorods (TiO2-OA) are cylindrical in shape with
aspect ratio of between 5 and 8 (Fig. 1). The FTIR spectrum
(Fig. 2a) shows two strong peaks at 1525 and 1430 cm�1, which
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD patterns of TiO2-OA and ligand-exchanged product TiO2-
10UCYPA.

Table 1 Chemical analyses of precursor inorganic/organic TiO2-OA
nanocomposites and their ligand exchanged TiO2-10UCYPA product

TiO2-OA TiO2-10UCYPA

Ti (%) 42.80 45.80
P (%) 3.94
C (%) 18.60 17.36
H (%) 3.20 2.37
N (%) 0.36 0.00
LERa (%) 74.0

a Percentage of oleic acid ligands attached to the surface of the TiO2-OA
nanorods replaced by 10-undecenylphosphinic acid (10UCYPA) ligand
to yield the nanocomposites TiO2-10UCYPA.
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can be attributed to antisymmetric and symmetric stretching
vibrations of the bidentate COO� group. The presence of these
peaks indicate the formation of a complex by coordinating the
carboxyl groups of the oleic acid (OA) ligand with surface tita-
nium centers in a bidentate chelating mode.23,24

The oleic acid on the surface of the TiO2 nanorods was partly
replaced in ligand exchange reactions (LER) using 10-undece-
nylphosphinic acid (10UCYPA) as the reagent and new ligand
(Scheme 1). The XRD patterns (Fig. 3) and TEM image of the
ligand-exchanged titanium dioxide nanorods (TiO2-10UCYPA)
are very similar to that of TiO2-OA nanorods, suggesting that the
ligand exchange reaction carried out at 100 �C for 24 h has very
little effect on the phase, size and shape and, hence, shape
anisotropy, of the core of TiO2 nanorods, as could be expected.21

The two peaks at 1525 and 1430 cm�1 in the FTIR spectrum of
TiO2-10UCYPA nanorods is very weak compared to that of the
TiO2-OA nanorods, suggesting that most of oleic acid in TiO2-
OA has been exchanged for the 10UCYPA ligand. The IR spec-
trum of 10UCYPA shows a P]O double bond valence vibration
at 1220 cm�1 and a P–O–H absorption band at 950 m�1.
However, these two bands are not present in the TiO2-10UCYPA
Fig. 4 31P NMR of (a) 10UCYPA and (b) TiO2-10UCYPA in CDCl3. Tri-
phenylphosphine gave a reference peak at �4.86 ppm.

This journal is © The Royal Society of Chemistry 2020
nanorods. Also, a broad band, attributable to PO3 stretching, is
observed at about 1051 cm�1 for the TiO2-10UCYPA nanorods.
These data indicate that 10UCYPA is attached to the TiO2

surface through a tridentate bonding mode.12,25 The formation
of tridentate phosphonate site P(OTi)3 in the TiO2-10UCYPA
nanorods is conrmed by 31P NMR analysis as only one reso-
nance at 29.6 ppm can be observed in the 31P NMR spectrum of
TiO2-10UCYPA (Fig. 4).13,21,25

Chemical analysis (ICP and CHN) of the TiO2-OA and TiO2-
10UCYPA nanorods (Table 1) indicates that 74.0% of oleic acid
on the TiO2 nanorod surface has been replaced with 10UCYPA,
which is consistent with the results from the FTIR analysis. This
degree of ligand exchange is much higher than that (24.1%)
observed using a much bulkier diethyl-6-[(7-oxycoumaryl)-
undecenyl]phosphonate ligand under identical LER condi-
tions.21 Therefore, the density of (alkynyl) photoreactive groups
on the TiO2 surface is much higher for the TiO2-10UCYPA
nanorods than that of the corresponding TiO2 nanorods with
much bulkier photodimerisable coumarin groups.

The TGA curves of the oleic acid stabilized titanium oxide
TiO2-OA and 10UCYPA-exchanged product TiO2-10UCYPA are
shown in Fig. 5. A major weight loss occurs in the temperature
range of 350 �C to 450 �C due to thermal decomposition of the
organic ligands for the TiO2-OA nanocomposites. The residue at
930 �C is 71.6%. As for TiO2-10UCYPA, themajor weight loss has
moved to 400 �C to 510 �C and residue at 930 �C is 77.7%. These
Fig. 5 TGA traces for the TiO2-OA and TiO2-10UCYPA inorganic/
organic nanocomposites.

RSC Adv., 2020, 10, 25540–25546 | 25543
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Fig. 6 Images of the stable colloidal solutions of TiO2-10UCYPA
inorganic/organic nanocomposites in chlorobenzene at two different
concentrations (20 wt% and 40 wt%).

Fig. 8 FTIR spectra of the TiO2-10UCYPA thin films before and after
UV crosslinking.
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data future support the FTIR, 31P NMR and chemical analyses
above.

The ligand-exchanged product TiO2-10UCYPA can be easily
dissolved in chlorobenzene at high concentrations (40 wt%),
which is much higher than that (20 wt%) observed for the cor-
responding TiO2 nanorods with photodimerisable coumarin
groups prepared under identical conditions.21 Solutions of the
TiO2-10UCYPA nanorods (20 wt%), suitable for deposition as
a thin lm on substrate surfaces, are stable for at least one
month (Fig. 6).

Samples of the oleic acid-stabilized titanium dioxide nano-
rods (TiO2-OA) and the 10UCYPA-exchanged titanium dioxide
nanorods (TiO2-10UCYPA) were dissolved in chlorobenzene to
produce 20 wt% solutions in each case. The chlorobenzene
solvent was then allowed to slowly evaporate at room tempera-
ture and the percentage concentration of the nanorods deter-
mined by changes in the weight of the residual solution. The
images of these chlorobenzene/nanorod solutions using polar-
ized optical microscopy (POM) at a concentration of 60 wt%,
show the presence of coloured, birefringent domains (Fig. 7).
Disclinations are observed at domain boundaries characteristic
of the lyotropic liquid crystalline state and, in this case, of
a nematic phase. These samples are uid and disturbed by
application of slight pressure, resulting in ‘ashing’ of the POM
Fig. 7 POM images of (a) TiO2-OA and (b) TiO2-10UCYPA inorganic/
organic nanocomposites captured at concentration of 60% (wt/wt) in
chlorobenzene.

25544 | RSC Adv., 2020, 10, 25540–25546
images, as typically observed in nematic phases. Further
investigations are required to conrm the lyotropic liquid
crystalline nature of these colloidal solutions. However,
a nematic phase could facilitate domain formation of nanorods
with their long axes in the substrate plane, due to the drying and
spin coating process.21

The IR spectra of the TiO2-10UCYPA lms before and aer
polymerisation, shown in Fig. 8, reveal that the peak at
1050 cm�1, due to the phosphate group bonded with TiO2

surface, is not affected by the polymerisation reaction. However,
the triple bond stretch at about 2150 cm�1 and acetylenic C–H
stretch at about 3300 cm�1 are both much lower in intensity
aer polymerisation, suggesting that most of the TiO2-10UCYPA
nanorods have been joined together by polymerisation of the
alkyne functional groups.26,27 The polymer network lms are
insoluble in the chlorobenzene solvent used to prepare the
initial solutions as shown in Table 2.

Thin lms of the TiO2-10UCYPA nanorods were created by
spin coating of the colloidal solutions as shown in Fig. 6 on pre-
Table 2 Thickness of a TiO2-10UCYPA crosslinked film before and
after rinsing in the chlorobenzene solvent as determined by using
a Bruker Dektak profilometer shows no film shrinkage or removal

Sample
Film thickness
before washing (nm)

Film thickness
aer washing (nm)

TiO2-10UCYPA 210 � 10 207 � 7

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Relative dielectric constant of the TiO2-10UCYPA thin films
as extracted from impedance spectra. (b) AFM scan over a 1 mm� 1 mm
region of a thin film of the TiO2-10UCYPA nanorods.

Fig. 10 (a) Schematic of the TFT device with ZnO as the semi-
conductor and TiO2-10UCYPA as the dielectric layer. (b) Transfer
characteristic ID–VG at a drain voltage of 5 V. (c) output characteristics
ID–VD at gate voltages of 0 V, 4 V, 8 V, 12 V, 16 V and 20 V; a slight
hysteresis of the curves is at the origin of the non-zero crossing of
these output characteristics. (d) The threshold voltage was estimated
by a linear fit of ID

1/2 vs. VG is z6.2 V.
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deposited electrodes. The dielectric constant of the lms were
extracted using a simple parallel RC model. The relative
dielectric constant, k, was found to be 7–9 at frequencies
between 1 kHz to 1 MHz, see Fig. 9a. The morphology of the
lms was studied with AFM, as shown in Fig. 9b, and is in line
with the results obtained for TiO2-OA, with a RMS roughness of
the order of 2–3 nm (ESI†).

In order to demonstrate the potential of this organic/
inorganic hybrid dielectric material top-gate, bottom-contact
thin-lm transistors (TFTs) were fabricated using solution-
processed ZnO as the channel material (Fig. 10a). In brief, 50
nm-thick Al source and drain electrodes were deposited onto
glass substrates via thermal sublimation under high vacuum
followed by the deposition (spin coating and annealing) of the
ZnO channel layer in air. Device fabrication was completed with
the deposition of the dielectric and the Al gate electrode. Elec-
trical characterization was performed under inert atmosphere
inside a nitrogen glovebox. The transfer (drain current ID versus
gate voltage VG) and the output (drain current ID versus drain
voltage VD) characteristic (Fig. 10b and c respectively) demon-
strate clear n-channel transistor behaviour (electron accumu-
lation under positive gate bias) with current on/off ratios of 104,
turn-on voltage (VON) 1.2 V and a threshold voltage (VT) of 6.2 V
(Fig. 10d). The electron mobility calculated from the square root
of ID vs. VG in saturation is around 4.6 10�3 cm2 V�1 s�1. The
results highlight the potential of TiO2-10UCYPA as a cross-
linkable hybrid dielectric for TFTs. Further optimization in
processing conditions is still needed to reduce both hysteresis
and sub-threshold leakage.
This journal is © The Royal Society of Chemistry 2020
Conclusions

Photopolymerisable anatase TiO2 nanorods (TiO2-10UCYPA)
have been prepared by ligand exchange reactions (LER) from
oleic acid capped TiO2 nanorods (TiO2-OA). Solutions of these
nanorods in chlorobenzene were used to deposit uniform thin
lms of the TiO2-10UCYPA nanorods on an aluminium elec-
trode on a glass substrate and then photopolymerised to form
insoluble thin lms with a moderately high dielectric constant,
k ¼ 7–9. Microscale test Thin Film Transistors (TFTs) fabricated
using a zinc oxide channel semiconductor, also deposited from
solution, a TiO2-10UCYPA nanorod dielectric layer and an
aluminium gate electrode, show n-type transistor behaviour
with current on/off ratios of 104, a turn-on voltage (VON) 1.2 V
and a threshold voltage (VT) of 6.2 V.
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