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ABSTRACT: The replacement of SiO2 gate dielectrics with
metal oxides of higher dielectric constant has led to the
investigation of a wide range of materials with superior
properties compared with SiO2. Despite their attractive
properties, these high-k dielectrics are usually manufactured
using costly vacuum-based techniques. To overcome this
bottleneck, research has focused on the development of
alternative deposition methods based on solution-processable
metal oxides. Here we report the application of spray pyrolysis
for the deposition and investigation of Al2x−1·TixOy dielectrics
as a function of the [Ti4+]/[Ti4++2·Al3+] ratio and their
implementation in thin film transistors (TFTs) employing
spray-coated ZnO as the active semiconducting channels. The
films are studied by UV−visible absorption spectroscopy, spectroscopic ellipsometry, impedance spectroscopy, atomic force
microscopy, X-ray diffraction and field-effect measurements. Analyses reveal amorphous Al2x−1·TixOy dielectrics that exhibit a
wide band gap (∼4.5 eV), low roughness (∼0.9 nm), high dielectric constant (k ∼ 13), Schottky pinning factor S of ∼0.44 and
very low leakage currents (<5 nA/cm2). TFTs employing stoichiometric Al2O3·TiO2 gate dielectrics and ZnO semiconducting
channels exhibit excellent electron transport characteristics with low operating voltages (∼10 V), negligible hysteresis, high on/
off current modulation ratio of ∼106, subthreshold swing (SS) of ∼550 mV/dec and electron mobility of ∼10 cm2 V−1 s−1.
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1. INTRODUCTION

Oxide semiconductors-based thin film transistors (TFTs) are a
promising technology for application in next-generation thin
film transistors, as they offer numerous advantages over
competing technologies (organics, amorphous silicon) includ-
ing high optical transparency, high electron mobilities, excellent
chemical stability and processing versatility.1−5

Despite their relatively short history, metal oxide semi-
conductor-based thin film transistors have already been
demonstrated with high performance comparable to poly-
crystalline silicon;4,6 however, these high-performance metal
oxide-based TFTs are usually manufactured using vacuum-
based processing methodologies.4,7

In spite of their extraordinary performance, vacuum-based
deposition techniques still suffer from high manufacturing costs
and their limited large area deposition capabilities. To
overcome this technology bottleneck, significant research has
been focused on the development of alternative deposition
processes based on solutions including spin-casting, dip coating
and spray pyrolysis.8,9

Along with the progress on solution processed metal oxide
semiconductors, research toward solution processed gate
dielectrics including high-k dielectrics, nanodielectrics, electro-
lyte dielectrics has also been boosted.8,10−15 However, the vast
majority of the reported work employs conventional dielectrics
based on SiO2. Among the high-k dielectrics that include a wide
range of transition metals16 and rare earth17 metal oxides, which
can simultaneously enable low leakage currents through the use
of thicker films, as well as low-voltage operation, TiO2

18−21 and
Al2O3

22−24 are the most characterized compounds. Initially,
TiO2 attracted attention because of its high dielectric
permittivity, k > 50. However, TiO2 films exhibit a relatively
low band gap (∼3.6 eV), high leakage currents, and undesirable
crystallization at temperatures of about 400 °C. On the other
hand, Al2O3 exhibits a very large band gap (Eg ∼ 9 eV) but has
a relatively low k ∼ 9. Gate dielectric materials with high
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dielectric constants are desirable, but the band offset condition
that requires a reasonably large band gap should also be
satisfied.25,26 The latter point is of particular concern when
wide band gap metal oxide semiconducting channels are being
employed as the number of suitable candidate gate dielectric
materials to be used will be significantly reduced. The obvious
solution to both the low dielectric constant and narrow band
gap issues could be the use of an Al2O3·TiO2 composite
dielectric material with combined high permittivity, wide band
gap and low leakage current. To that end, TixAl1−xOy as well as
Al2O3·TiO2 stacked multilayers have been investigated11,27−29

as candidate gate dielectric materials. Here we study the
structural, optical, electronic and dielectric properties of Al2x−1·
TixOy gate dielectrics grown by spray pyrolysis at ambient
conditions and varying the titanium to aluminum to atomic
ratio. Titanium to aluminum to atomic ratio was adjusted by
the simple physical blending of the soluble precursors in
alcohol-based solutions. We also demonstrate their implemen-
tation in high-mobility, low-voltage TFTs based on ZnO
semiconducting channels similarly grown by spray pyrolysis.30

The films’ microstructure was investigated using a wide range of
characterization techniques including UV−vis absorption
spectroscopy, spectroscopic ellipsometry, atomic force micros-
copy (AFM), X-ray diffraction (XRD) and impedance spec-
troscopy. Finally, the electron mobility of the spray coated ZnO
films was investigated using an optimized bottom-gate, top-
contact transistor architecture.

2. EXPERIMENTAL SECTION
2.1. Al2O3, TiO2, Al2x−1·TixOy and ZnO Deposition by Spray

Pyrolysis. Aerosols of 50 mg/mL of aluminum chloride (AlCl3), Ti n-
butoxide (Ti(OCH2CH2CH2CH3)4) solutions in 2,4-pentanedione
and methanol (1:5) were spray coated at 420 °C onto commercially
available indium tin oxide (ITO) coated glass (sheet resistivity Rs ∼ 15
Ohms/□) employing a pneumatic airbrush, held at a vertical distance
of about 30 cm. The composites were equally deposited by properly
blending AlCl3 and Ti(OCH2CH2CH2CH3)4 solutions, so that the
desired [Ti4+] to [Ti4++2·Al3+] atomic ratio in the solution could be
obtained. Aerosols of the precursors and blends were spray-coated for
30 s while the spray coating process was interrupted for 20 s to allow
the vapors to settle. The cycle was repeated until films of typical
thicknesses in the range between 100 and 200 nm were obtained.
Similarly, the ZnO semiconducting channels were spray coated onto
the dielectric-coated ITO substrates heated at 400 °C from 25 mg/mL
zinc acetate (Zn(CH3CO2)2)·2H2O solutions in methanol until films
of typical thickness of ∼35 nm were obtained.
2.2. TFTs Fabrication/Characterization. Bottom gate−top

contact (BG−TC) transistors were fabricated by employing aluminum
(Al) source and drain (S/D) electrodes (60 nm) that were thermally
evaporated under high vacuum (10−6 mbar) through a shadow mask
on the spray coated glass/ITO/composite/ZnO stacks. Device
characterization was performed under high vacuum (10−6 mbar), at
room temperature. Electrical measurements were carried out using an
Agilent B1500A semiconductor parameter analyzer. The electron
mobility was extracted from the transfer characteristics in both the
linear and saturation regime using the gradual channel approximation.
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The devices were thermally annealed at 100 °C in air for 30 min
prior to their characterization. The latter constitutes a routine process
for solution-processed ZnO-based transistors employing aluminum
contacts. Although the underlying mechanism is not clear yet, such
postannealing in air at 100 °C improved the transistors characteristics
by significantly reducing the negative threshold voltage, subthreshold
swing and hysteresis. We postulate that devices annealing in air repairs
the damaged ZnO lattice by eliminating the uncontrollable oxygen
vacancies in the surface of the subjacent ZnO layer.

2.3. Impedance Spectroscopy. Impedance spectroscopy meas-
urements on MIM devices (glass/ITO/dielectric/Al) were performed
using a Wayne Kerr 6550B Precision impedance analyzer at
frequencies between 100 Hz and 10 MHz applying a 50 mV AC
voltage. The Al electrodes were thermally evaporated on the
composite under high vacuum (10−6 mbar) through a shadow mask.

2.4. Leakage Currents. Voltage−current density characteristics of
MIM devices (glass/ITO/dielectric/Al) were performed under
vacuum (10−6 mbar) using an Agilent B1500A semiconductor
parameter analyzer.

2.5. Atomic Force Microscopy. Atomic force microscopy images
were taken in contact mode under ambient conditions using a
MultiMode scanning probe microscope (MM-SPM) fitted to a
Nanoscope IIIa controller unit employing a silicon tip of a radius
<10 nm.

2.6. Sheet Resistivity. The sheet resistivity of glass/ITO was
measured by applying a four-terminal sensing technique using a Jandel
Multi Height Probe system with an Agilent B1500A semiconductor
parameter analyzer.

2.7. X-ray Diffraction. Grazing incidence XRD (GIXRD)
experiments were performed using a Rigaku Ultima+ diffractometer
with Cu Kα radiation operating at 40 kV.

2.8. UV−Vis Absorption Spectroscopy. Optical transmission
spectra of dielectrics and composites on fused silica were measured at
wavelengths between 190 and 1000 nm using a PerkinElmer Lambda
35 UV−vis spectrophotometer.

2.9. Spectroscopic Ellipsometry. SE measurements of dielectric
films on c-Si were performed in ambient conditions at an incidence
angle of 70° using a Jobin−Yvon UVISEL phase modulated system at
the spectral range between 1.5 and 6 eV.

3. RESULTS AND DISCUSSION
The UV−vis transmission spectra of Al2x−1·TixOy films grown
on fused silica substrates with varying [Ti4+]/[Ti4++2·Al3+]
atomic ratio were recorded in transmission mode in the range
between 190 and 1000 nm. The Tauc plots31 that show the
onset of the optical transitions of the films near the band edge
are illustrated in Figure 1. The calculated optical band gap as a
function of the [Ti4+]/[Ti4++2·Al3+] ratio is shown in Figure 2.
The optical properties of the Al2x−1·TixOy films on c-Si were

investigated independently by ex situ UV−visible spectroscopic
ellipsometry within the range of photon energies from 1.5 to 6
eV. The spectra were analyzed in terms of the Lorentz classical
model32 (including the high frequency dielectric constant term
ε∞) using two oscillators that model contributions from low
and high energy band-to-band transitions. The derived optical
band gaps as a function of the [Ti4+]/[Ti4++2·Al3+] ratio are
depicted in Figure 2 and are consistent with the those obtained
from the UV−vis absorption spectroscopy.
The optical band gap shows a monotonous decrease with

increase in the [Ti4+]/[Ti4++2·Al3+] atomic ratio and varies
between the 3.7 eV for anatase TiO2 and the 6.5 eV for spray-
deposited Al2O3, respectively. The films were further
characterized in terms of the Urbach tail energy (Eu).

33,34

The Urbach tail energy was first associated with electronic
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transitions from the valence band to the conduction band tail in
disordered alkali halides and silver halides. However, during the
last few decades, it has been proven to be universal in the study
of disorder in numerous systems, differing in structural features,
crystal lattice dimensionality, aggregate state, types of phase
transitions, low angle grain boundaries, oxygen vacancies, etc.

As shown in Figure 3, the Urbach tail energy of Al2x−1·TixOy
films exhibit a monotonous decrease with increase in the
[Ti4+]/[Ti4++2·Al3+] ratio with a discontinuity at [Ti4+]/
[Ti4++2·Al3+] ∼45%, where we postulate stoichiometric
Al2O3.TiO2 is being grown.

Figure 1. Tauc plots of Al2x−1·TixOy films as a function of the [Ti4+]/
[Ti4++2·Al3+] atomic ratio.

Figure 2. Optical band gap of Al2x−1·TixOy dielectrics as a function of
the [Ti4+]/[Ti4++2·Al3+] atomic ratio derived from both UV−vis and
spectroscopic ellipsometry measurements. The solid lines are a guide
to the eye.

Figure 3. Urbach tail energy (Eu) of Al2x−1·TixOy dielectrics as a
function of [Ti4+]/[Ti4++2·Al3+] atomic ratio.

Figure 4. High energy dielectric constant (ε∞) of Al2x−1·TixOy
dielectrics as a function of [Ti4+]/[Ti4++2·Al3+] atomic ratio derived
from spectroscopic ellipsometry measurements based on Lorentz
classical model data modeling. The solid line is a guide to the eye.
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The slight divergence around 50% could be explained in
terms of the moisture sensitive character of the precursors used
in ambient conditions that could potentially result in

absorption of H2O molecules whose mass contribution to the
atomic ratio calculations were neglected.
This Eu trend could be interpreted using the formalism of

separation of the contributions of static and dynamical
structural disordering and can be attributed to a decrease of
the dynamic disorder (exciton−phonon coupling) that is
expected with the increase in the titanium content and,

Figure 5. Schottky barrier pinning factor S of solution processed (SP)
Al2O3, TiO2, and stoichiometric Al2O3·TiO2 dielectrics as well as a
wide range of dielectrics grown by vacuum-based deposition
techniques as well as solutions.

Figure 6. Leakage current density-electric field characteristics of
Al2x−1·TixOy solution processed dielectrics as a function of the [Ti4+]/
[Ti4++2·Al3+] atomic ratio.

Figure 7. Leakage current density of solution processed Al2x−1·TixOy
gate dielectrics at 3 MV cm−1 as a function of the [Ti4+]/[Ti4++2·Al3+]
atomic ratio in the solutions.

Figure 8. Capacitance dispersions of Al2x−1·TixOy thin films in the
frequency range between 100 Hz and 10 MHz.
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consequently, the inclusion of nanocrystalline TiO2. However,
the sharp decrease of the Urbach tail energy for a [Ti4+]/
[Ti4++2·Al3+] ratio of about 45% (in the solution) in an
amorphous (as will be shown later) Al2x−1·TixOy composite can
be attributed to the decrease of the disorder-related parameter
of the Urbach tail energy, i.e., decrease of the static disorder in
stoichiometric Al2O3·TiO2.
The expected monotonous increase of the electronic

dielectric constant (ε∞) obtained from spectroscopic ellipsom-
etry as a function of the [Ti4+]/[Ti4++2·Al3+] atomic ratio (in
the solution) is shown in Figure 4. Based on the electronic
dielectric constant (ε∞), Figure 5 illustrates the Schottky barrier
pinning factor, S, for Al2O3, TiO2 and solution processed
stoichiometric Al2O3·TiO2 composite and for comparative
purposes a wide range of dielectrics35 that were deposited from
solutions,12−14 as well as those produced using vacuum
deposition techniques.36−38

The current−voltage characteristics and dielectric properties
of Al2x−1·TixOy films were assessed by employing a metal−
insulator−metal (MIM) device architecture. Al2x−1·TixOy films
of thicknesses in the range between 100 and 200 nm were
sandwiched between ITO and Al electrodes. The current-
density/electric field characteristics of the stacks are shown in
Figure 6. The recorded leakage currents, as a function of the
[Ti4+]/[Ti4+2·Al3+] atomic ratio at an electric field of 3 MV/
cm, are also depicted in Figure 7. No dielectric breakdown has
been observed for electric fields up to 3 MV cm−1. The results
demonstrate extremely low leakage currents (<5 nA/cm2) for
[Ti4+]/[Ti4++2·Al3+] with an atomic ratio of ∼45% where we
anticipate stoichiometric Al2O3·TiO2 to be produced.
The static dielectric constant dispersions in the range

between 100 Hz and 10 MHz are shown in Figure 8. The
geometric capacitances that were extracted from the Bode plots
at 10 kHz are also illustrated in Figure 9.

One can immediately observe the monotonous increase of
the static dielectric constant with increase in the titanium
content and it reaches a value of about 13 for the stoichiometric
[Ti4+]/[Ti4+2·Al3+] atomic ratio (in the solution). Also, it
should be noted that the dielectric loss of the film deposited
from solutions with [Ti4+]/[Ti4++2·Al3+] ∼ 50% commences at
higher frequencies compared to the rest of the Al2x−1·TixOy
composites. The dielectric relaxation at lower frequencies
denotes a degradation in the insulating performance of the
dielectric thin films, presumably, due to leakage current,39 as is
evidenced in Figure 6. The dielectric relaxation in this study for
anatase TiO2 is a common issue in high-k dielectrics;40

however, a more detailed investigation is outside the scope of
this study.
One of the gate dielectric requirements is that the oxide’s k

value should be high enough to be used for a reasonable
number of years of scaling; however, there is a tradeoff with the
band offset condition,35 which requires a reasonably large band
gap. It is known that the static dielectric constant of candidate
oxides tends to vary inversely with the band gap,26,36−38 so for
wide band gap semiconducting channels such as ZnO (Eg = 3.3
eV), a relatively low k value could be accepted. Based on our
previous findings for the optical band gap, nominal leakage
currents and dielectric constant of Al2x−1·TixOy as a function of

Figure 9. Static dielectric constant of solution processed Al2x−1·TixOy
gate dielectrics versus the [Ti4+]/[ Ti4++2·Al3+] atomic ratio. The solid
line is a guide to the eye.

Figure 10. AFM and topography images (RMS roughness inset) of
solution processed (a) Al2O3, (b) stoichiometric Al2O3·TiO2 and (c)
TiO2 dielectrics on glass.
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the [Ti4+]/[Ti4++2·Al3+] atomic ratio, it appears that
stoichiometric Al2O3·TiO2 should be a promising candidate
high-k dielectric for ZnO-based thin films transistors.
The surface morphologies of Al2O3, Al2x−1·TixOy and TiO2

films were investigated by atomic force microscopy (AFM).
The topography images of the layers that are depicted in Figure
10 demonstrate films of low roughness (∼1 nm for

stoichiometric Al2O3·TiO2), a desired characteristic for the
implementation of Al2x−1·TixOy dielectrics into thin film
transistors. The images presented are the raw images after
they have been simply flattened out. Further image processing
(e.g., for tip dilation) was omitted, as it had no effect on the
image quality. The films’ surface roughness was calculated in
terms of root-mean-square and found to be ∼0.97, ∼0.99 and
∼1.45 nm for Al2O3, stoichiometric Al2O3·TiO2 and TiO2,
respectively. Such low roughness in particular for stoichiometric
Al2O3·TiO2 indicates the promise for the implementation of
Al2x−1·TixOy dielectrics into thin film transistors.
The Al2x−1·TixOy films were further characterized by X-ray

diffraction. Grazing incidence (GIXRD) diffraction patterns of
Al2O3, TiO2 and selected Al2x−1·TixOy films on glass are
illustrated in Figure 11. Basal spacings were obtained using the
Bragg equations. The average crystallite size for TiO2 was
determined using the Debye−Scherrer formula based on a
shape factor of 0.9.
The background contribution mainly due to the glass

substrate was subtracted using the Sonnerveld method.41 As
evidenced from the diffraction patterns, no obvious diffraction
peaks (ICDD 41-0258, 84-1641, 42-1468, 73-1199, 75-1863,
21-1272) from Al2TiO5, TiO2 or Al2O3 were detected for
Al2x−1·TixOy films other than pure TiO2, indicating the
amorphous nature of films. Analysis of the (101) diffraction
peak of the pure TiO2 pattern at ∼25.3° using the Debye−
Scherrer formula yields an average crystallite size of 22 nm.
Note that indexing of the TiO2 pattern is based on the
tetragonal anatase phase (ICDD 21-1272) of TiO2 (space
group I41/amd) and further pattern analysis provided with the
lattice parameters a = 3.7763 Å and c = 9.4471 Å in excellent
agreement with previously reported values.42,43

The performance of Al2x−1·TixOy films as gate dielectrics was
investigated in a bottom-gate, top-contact (BG−TC) TFT
architecture (inset, Figures 12 and 13) employing spray coated
ZnO as the channel semiconductor. Al2x−1·TixOy composites

Figure 11. GIXRD patterns of Al2x−1·TixOy dielectrics deposited by SP
on glass substrates. Indexing of the patterns (when applicable) is based
on tetragonal anatase phase of TiO2.

Figure 12. (a) Linear (VDS = 1 V) and saturated (VDS = 12 V) transfer characteristics of bottom-gate, top-contact (inset: architecture employed)
TFTs with channel width W = 2000 μm and channel length L = 20 μm, fabricated with spray coated ZnO films on a 60 nF/cm2 Al2O3 dielectric by
SP. (b) Output characteristics of ZnO TFT employing SP deposited Al2O3 gate dielectric.
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were deposited by spray pyrolysis (at ∼420 °C) onto ITO
electrodes followed by the sequential deposition of ZnO (∼400
°C) under ambient conditions. Device fabrication was
completed with the deposition of Al source and drain (S/D)
electrodes by thermal evaporation under high vacuum (10−7

mbar). Figures 12 and 13 show a representative set of transfer
and output characteristics obtained from a ZnO TFT (L = 20
μm, W = 2000 μm) based on a ∼130 nm thick Al2O3 and 120
nm thick stoichiometric Al2O3·TiO2 ([Ti4+]/[Ti4++2·Al3+] ∼
45% in the solution) high-k dielectric, respectively. The TFTs
exhibit excellent operating characteristics with negligible
hysteresis and high current on/off ratio electron mobility of
approximately 10 cm2 V−1 s−1. Implementing stoichiometric
Al2O3·TiO2 rather than Al2O3 as a gate dielectric did not affect
the electron mobility; however, the current modulation ratio
was improved by 1 order of magnitude (105 for Al2O3 and 106

for stoichiometric Al2O3·TiO2) and the subthreshold swing
(SS) decreased to 441 mV/dec (990 mV dec−1 for Al2O3 and
549 mV dec−1 for stoichiometric Al2O3·TiO2). It should be
noted that the implementation of TiO2 as a gate dielectric in
ZnO-based TFTs was unsuccessful probably due to negative
band offsets between TiO2 and ZnO.

4. CONCLUSION

We have investigated solution processed large area Al2x−1·TixOy
gate dielectrics under ambient conditions with varying [Ti4+]/
[Ti4++2·Al3+] atomic ratios and also investigated their
implementation in spray coated ZnO-based transistors. The
physical properties of Al2x−1·TixOy gate dielectrics were
investigated using a wide range of characterization techniques
that revealed smooth Al2x−1·TixOy composites with a wide band
gap, high-k, high transparency and an amorphous phase. In
particular, stoichiometric Al2O3·TiO2 films show very low
leakage currents (<5 nA/cm2 at 3 MV cm−1), high dielectric
constant, k ∼ 13, wide band gap Eg ∼ 4.5 eV and a Schottky
pinning factor, S ∼ 0.44. The ZnO-based TFTs that were also
manufactured from solutions employing stoichiometric Al2O3·
TiO2 dielectrics showed excellent characteristics, i.e., electron

mobilities of ∼10 cm2/(V s), negligible hysteresis, and
improved (compared to solution processed Al2O3 gate
dielectrics) on/off current modulation ratio and subthreshold
swing of 106 and 549 mV/dec, respectively. In addition, the
excellent reproducibility over large areas indicates the potential
for the rapid development of transparent oxide electronics at
low manufacturing cost employing solution processing
paradigms.
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