Journal of ELECTRONIC MATERIALS, Vol. 50, No. 4, 2021
https://doi.org/10.1007/s11664-021-08766-2
© 2021 The Minerals, Metals & Materials Society

o)

Check for
updates

ORIGINAL RESEARCH ARTICLE

Solution-Processable LaTiO,-PVP as Silicon-Free Gate
Dielectric at Low Temperature for High-Performance
Organic-Inorganic Field Effect Transistors

HAMED NAJAFI-ASHTIANI ®,1%% ALIREZA TAVOUSI,?
ALI RAMZANNEZHAD,? and ABBAS RAHDAR*

1.—Department of Physics, Faculty of Science, Velayat University, P.O. Box 99111-
31311, Iranshahr, Iran. 2.—Department of Electrical Engineering, Velayat University, P.O.
Box 99111-31311, Iranshahr, Iran. 3.—Department of Solid-State Physics, University of
Mazandaran, Babolsar, Iran. 4.—Department of Physics, University of Zabol, Zabol, Iran.
5.—e-mail: h.najafi@velayat.ac.ir. 6.—e-mail: hamednajafi59@yahoo.com

We report that the organic-inorganic composite of polyvinyl phenol (PVP) and
lanthanum titanate can be used as a gate dielectric layer of a low-voltage thin
film transistor (TFT). The high-k organic-inorganic composite is synthesized
at low temperatures through a solution-processable method and deposited by
a simple spin-coating technology on polyethylene terephthalate coated by in-
dium tin oxide (PET-ITO) film substrate. The fabricated devices show small
and positive threshold voltage, and thus are applicable for low-power and
high-speed operation. Thin film organic-inorganic composite transistors show
high current on/off on order of 10, dependent on composition. Organic-inor-
ganic thin film transistors (TFTs) fabricated using composite of polyvinyl
phenol and lanthanum titanate layers as gate dielectric and zinc oxide (ZnO)
films as channel layers exhibit superior electron transport characteristics with
the electron mobility of 1.04 cm? V! s7!, while the ratio of channel width (W)
to channel length (L) for these devices is 20.
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INTRODUCTION

Organic-inorganic thin film transistors (TFTs) are
a promising technology for a wide range of electronic
applications such as system-on-glass displays, flat-
panel displays, organic light-emitting diode displays
(OLED) and liquid crystal screens.’ ™ The production
process of organic-inorganic TFTs must have low
cost, low temperature and the potential for appropri-
ate-area solution-processable fabrication. Despite
their relatively short history, organic-inorganic TFT's
based on a silicon-free gate dielectric have already
demonstrated acceptable performance that is com-
parable to that of a silicon-based gate dielectric as
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conventional field-effect transistors (FETs).*® Whilst
progress in the field of semiconducting post-transi-
tion metal oxides (ZnO, ZrO,, Iny,O3, Al,05, HfO,,
InZnO, InGaZnO, etc.) has been rapidly advancing,
research efforts have been focused on the develop-
ment of new fabrication technologies for these oxide
TFTs.%'®

Although we can mention another group of func-
tional oxide materials with excellent electrical prop-
erties called ferrites, the importance of their
dielectric properties, which depends on their mag-
netic contribution, cannot be ignored.'®?° For these
purposes, it is more profitable to use not just the
dielectrics, but the magneto-dielectrics.

Despite the wide energy bandgaps and suitable elec-
trical properties of the transition metal oxides (TMO),
the utilization of higher fabrication temperatures for
producing, processing and device improvement can
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prevent the use of flexible substrates and organic
materials.?! Although there are various methods for
synthesizing precursor oxide nanoparticles,?>2* in
order to not be deprived of the benefits of flexible
substrates, optical transparency and organic materi-
als, low-temperature fabrication based on a solution-
processable method is needed.”*?5?% Nevertheless,
the development of new solution-processable gate
dielectric layers has been neglected in the domain of
metal oxide TFTs. That is because in low-cost deposi-
tion techniques such as spin-coating, post-annealing
(> 300 °C) is an important and powerful tool to
overcome unwanted impurities, such as peripheral
carbon, hydroxyl groups and oxygen vacancies, which
lead to performance enhancement of TMO high-k gate
dielectric films through modifying leakage current
and capacitance characteristics.?” Today, organic-
inorganic composites have shown various practical
advantages in the applied industries, which can
generally be referred to as polymer-ceramic compos-
ites and polymer-metal oxide composites.?** One
possible way to overcome such problems is utilization
of organic materials as an alternative gate dielectric
based on properties including low cost, low tempera-
ture, high flexibility and reduced leakage current. But
thin layers of organic gate dielectric (less than several
hundred nanometers) in TFTs suffer from numerous
pinholes and defects that subsequently result in
surface roughness and poor dielectric strength.?*3°
Typically, a thick layer of organic gate dielectric
decreases the capacitance density of the gate dielectric
that enables a high-voltage device to be achieved.*®
However, various organic dielectrics have been inves-
tigated, including polyimide (& = 2.5), polystyrene (k =
2.6), benzocyclobutene (& = 2.7), parylene (k = 2.7),
polymethylmethacrylate (2 = 3.5), polyvinyl chloride
(k =4.6), polyvinyl phenol (k£ = 5) and polyvinyl alcohol
(k = 7.8) as interesting organic gate dielectrics in
organic field-effect transistors (OFETSs).2"3® There-
fore, apart from the benefits of organic materials, they
typically have relatively low k& values, and thus at low
operating voltages, drain-source current exhibits fre-
quently insufficient current.>®> On the other hand,
utilization of high-k metal oxide layers typically
requires  high  post-annealing  temperatures
(> 400 °C) to ensure reasonable low leakage currents
that limits use of flexible substrates. Recently, the
hybrid or composite of organic-inorganic gate dielec-
tric films were introduced as a reliable nominate gate
dielectric for high-performance and low-temperature
organic inorganic TFTs, 2373840

In this work, it is shown that the low-tempera-
ture-synthesized organic-inorganic composite based
on lanthanum titanite as inorganic high-k dielectric
and polyvinyl phenol (PVP) as organic high-k
dielectric is a good candidate for silicon-free gate
dielectric in TFTs. The benefits of using fabricated
thin film transistors based on lanthanum titanite-
PVP gate dielectric are thoroughly shown by elec-
trical characterization. The positive and low thresh-
old voltage, current on/off on order of 10* and

acceptable output current of the source to drain
along with the low-temperature features of the
synthesis and simple deposition technique are the
advantages of this device.

EXPERIMENTAL
Materials

Lanthanum nitrate hexahydrate (La(NO3)3:6H50,
Aldrich), titanium chloride (TiCly, Aldrich), 3-
(trimethoxysilyl) propyl methacrylate (silane, 98%)
and poly(4-vinylphenol) (PVP) were procured from
Sigma-Aldrich and Alfa-Aesar. All solvents, includ-
ing ethanol (EtOH, 99.99%), deionized water and
nitric acid were purchased from Merck. The poly-
ethylene terephthalate coated by indium tin oxide
(PET-ITO) film (sheet resistance < 6 Q/J) was
obtained from Xinyan Technology Ltd. and used as
flexible gate electrode. The sputtering targets with
high purity (> 99.99%, American Elements), 75.6
mm diameter and 6.35 mm thickness were used for
deposition of the zinc oxide (ZnO) channel and
indium tin oxide (ITO) source and drain electrodes.

Dielectric Film Preparation

An initial precursor solution for the inorganic
contribution of gate dielectric (LaTiO,) was formu-
lated by dissolving titanium chloride (TiCly,
Aldrich) and lanthanum nitrate hexahydrate
(La(NO3)3:6H50, Aldrich) in ethanol with the same
molar ratio of La/Ti, which was then stirred contin-
uously for 5 h at 60°C until titanium chloride and
lanthanum nitrate had dissolved completely and
produced a uniform solution with the concentration
of 0.1 M. The nitric acid and HO (1 M) were added
as an oxidant and silane as a coupling agent into the
LaTiOy precursor solution at room temperature and
under gentle stirring for 1 h. In order to provide an
organic material contribution solution for gate
dielectric composite, ethanol as solvent was used
to dissolve PVP as organic dielectric by continuous
stirring for 1 h. The prepared organic and inorganic
solutions were combined and stirred to complete
hydrolysis and condensation proceeding at 70 °C
with the various ratios of PVP solution (presented in
Table I) to obtain dilute, homogeneous and
stable gel. Figure la shows a schematic of the
synthesis process. The LaTiO,-PVP (LTOP) gate
dielectric layers were deposited by spin-coating
technique on the silicon-free PET-ITO substrate at
5000 rpm for 20 s, followed by drying at room
temperature for 12 h to eliminate the solvent.

Material Characterization Techniques

Thermogravimetric Analysis (TGA)

The thermal response of synthesized LaTiO,-PVP
composite was examined by thermogravimetric
analysis (TGA) using an STA 504 thermal analyzer
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Table I. The material weight ratios to obtain organic-inorganic composites.

Sample Titanium chloride Lanthanum nitrate hexahydrate PVP Silane
LTOP1 1 0.33 0.5 0.1
LTOP2 1 0.33 1.0 0.1
LTOP3 1 0.33 1.5 0.1

(a)
TiCla La(NO3)3 Silan
HNO3

- Stirring 5 h
EtOH 60°C

EtOH

(b)

@ LaTiOx @

Stirring 1 h
Room temperature

—

Inorganic
solution
~

Organic
solution

DC sputtering

Strirring 1 h
at70°C

Stirring 1 h
Room temperature

LaTiOx-PVP
(gate dielectric)

[PET

mmmmms > DC sputtering

Spin coating

Fig. 1. (a) Schematic of LaTiOx-PVP composite synthesis. (b) Schematic diagram of the thin film transistors (TFTs) in bottom-gate/top-contact/

PET-substrate configuration based on silicon-free substrate.

at a heating rate of 283 K per min in air
atmosphere.

X-ray Diffraction

The structural properties of the LaTiO,-PVP
composite were characterized by using a GBC
MMA x-ray diffractometer with Cu-Ka radiation (1
=1.54056 A) operated at 35 kV in the 20 range of 5°—
70° with a step of 0.04°.

Fourier Transform Infrared Spectroscopy (FTIR)

The chemical functional groups of LaTiO,-PVP
composite coatings were identified using Fourier
transform infrared spectroscopy (FTIR) (Bruker,
Tensor 27) in the range of 400—4000 cm 1.

X-ray Photoelectron Spectroscopy

The chemical properties of LaTiO.-PVP composite
gate dielectric layers were evaluated by x-ray
photoelectron spectroscopy (XPS) using a Thermo
Scientific K-Alpha spectrometer with an Al Ka
source (1486.7 eV) operated at a power of 200 W
(10 kV and 20 mA). The binding energy estimates
were calibrated by fixing the Cls peak with a
binding energy of 285 eV.

Atomic Force Microscopy (AFM)

The surface morphology of the LaTiO,-PVP com-
posite gate dielectric coatings was investigated by
atomic force microscopy (AFM; AutoProbe, CP
Research, Veeco).
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Fig. 2. (a) TGA spectra of organic-inorganic composites for an organic-inorganic composite gate dielectric with different ratios of organic
materials as a function of temperature in a range from 25 °C to 400 °C. (b) XRD patterns of organic-inorganic composites for the lanthanum
titanite-PVP (LTOP) structures with different ratios of PVP. (c) FTIR spectrum of the synthesized organic-inorganic composite (LTOP1) in the

range of 400-4000 cm~".

Capacitance—Voltage and Current—Voltage
Characterization

The capacitance—voltage (C-V) was evaluated due
to the capacitor structure by using an HP 4284A
analyzer at frequencies in the 1 kHz to 1 MHz
range, and the current—voltage (I-V) curves were
obtained using a Keithley 4200 semiconductor
analyzer.

Device Fabrication

The ZnO layer was coated as a transistor channel
with thickness of 50 nm on the LaTiO.-PVP com-
posite gate dielectric substrates by direct-current
(DC) magnetron sputtering in an argon atmosphere.
The sputtering parameters such as working pres-
sure and DC power were 0.32 Pa and 90 W,
respectively, during the deposition of ZnO layer.
The ITO pads as source and drain electrodes were
coated on the ZnO layer by DC sputtering technique
and usage of a shadow mask with a working
pressure of 0.67 Pa, argon flow rate of 15 sccm and
DC power of 50 W. Figure 1b shows the schematic
diagram of fabricated thin film transistors.

RESULTS AND DISCUSSION
Structural and Morphological Studies

Thermogravimetric analysis (TGA) was carried
out to estimate the effects of temperature on the
stability of the organic inorganic gate dielectric
structure. The consumption of power in electronic
devices results in an increases of device tempera-
ture, while the only way to cool the device is by a
thermal transmission process through the periph-
eral environment. Thus, the thermal decomposition
behavior of organic inorganic gate dielectrics, shown
in Fig. 2a, is an important parameter. The curve
behavior exhibits two steps of weight loss as a
function of temperature in the range of 25 °C to 400
°C, and by increasing the organic material in
structures, the weight loss process increases. For

these structures, evaporation of water and solvent
occurs in the range of 65 °C to 85 °C, while the
decomposition of organic bonds occurs between
180 °C and 225 °C. Therefore, the temperature
tolerance threshold of these structures is as high as
180 °C.

The chemical synthesized metal oxides have an
amorphous structure, and by the post-annealing
process, they exhibit microcrystal structures. Fig-
ure 2b shows the XRD characterization of organic
inorganic gate dielectric films deposited on Si wafer
substrate by spin-coating technique in the range of
2q from 5° to 70°. The x-ray diffraction data exhibit
broad amorphous-like features located at around 20
= 30°, which is in accordance with the low-temper-
ature synthesis process. In order to show the
chemical functional groups of the organic—inorganic
composite gate dielectric (LTOP1 sample), the FTIR
spectrum is presented in Fig. 2c. The spectrum is
measured in the wavelength range of 400-4000
cm !, The transmission peaks at 3427 and 2923
em ! correspond to the stretching vibration of the
O-H bond and the stretching vibration of the C-H
bond. The peaks appearing at 1578, 1438, 834 and
797 cm ! are assigned to the stretching vibrations
of the C—C bond of the quoined, the vibration modes
of the C—O bond, the vibration modes of the C-H
bond and the stretching of the C—H bond for para-
substituted aromatic rings, respectively. Addition-
ally, the peaks observed at 1020, 655 and 467 cm ™!
are related to the stretching vibration of the La—-O
bond, Ti—O bond and the La—O bond.

In order to evaluate the stoichiometry and chem-
ical composition of lanthanum titanite film (LTO),
we employed x-ray photoelectron spectroscopy
(XPS). Figure 3a shows the survey XPS spectrum
for LTO film deposited on Si wafer substrate by
spin-coating technique. All the spectra are corre-
lated with the Cls peak located at 285.0 eV. The
stoichiometry of LaTiOy can be evaluated by the
XPS survey spectrum. The lanthanum and titanium



2500

atomic concentrations are 11.1% and 11.1%, respec-
tively, while the oxygen concentration is 66.0%.
These percentage concentrations show that the
stoichiometry of synthesized lanthanum titanate
with x = 2.97 4+ 0.05 is LaTiOy o7. It is well known
that the complex ceramic samples easily allow the
oxygen excess or deficit.*™*® Furthermore, oxygen
excess and deficit can change electrical parameters
such as the DC and AC resistivity and bandgap. An
increase in the unit cell parameter may be also due
to oxygen deficiency. XPS high-resolution spectra
introduce a higher signal-to-noise ratio compared to
survey scans and are therefore reasonable for the
estimation of minor changes in surfaces chemistry
that are not observable in survey spectra. Figure 3b,
¢ and d show the high-resolution XPS La 3d, Ti 2p
and O 1s spectra for the LTO film. The La 3d is two
doublets because of the spin-orbit splitting of La 3d 5/,

Najafi-Ashtiani, Tavousi, Ramzannezhad, and Rahdar

while each doublet is split with a separation energy
of 4.4 eV due to a transfer of an electron from O 2p to
the empty La 4f shell leading to the 3d° 4f! final state
(Fig. 3b).** The convoluted-high resolution XPS
spectrum of the Ti 2p orbital is shown in Fig. 3c.
The Ti 2p is a doublet because of the spin-orbit
splitting of Ti 2p3. (located at 459.5 eV) and Ti 2p1/,
(located at 465.4 eV) with a separation energy of 5.9
eV.? The asymmetric O 1s peak (Fig. 3d) can also be
fitted into 531.3 and 532.5 eV. The main lattice peak
(located at 531.3 eV) of O 1s is consistent with the
typical O 1s peak position of stoichiometric LasO3 or
TiOg, while the peak at 532.5 eV is attributed to the
oxygen deficiency lattice peak.?”*°

The transistor efficiency based on the charge
carrier transport, dielectric constant and contact
resistance in organic-inorganic gate dielectric
strongly depends on the interface between the gate

and La 3dss with a separation energy of 17 eV, dielectric ~and  semiconductor layers.l®11:46
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Fig. 3. XPS surface chemistry characterization of LTOP composite. (a) XPS survey spectrum of LTOP composite. (b) High-resolution XPS
spectrum of La 3d. The La 3dis two doublets based on the spin-orbit splitting of La 3ds/» and La 3ds» with a separation energy of 17 eV. (c) High-
resolution XPS spectrum of Ti 2p. The Ti 2p is a doublet because of the spin-orbit splitting of Ti 2p;,» and Ti 2py, with a separation energy of 5.9

eV. (d) High-resolution XPS spectrum of O 1s.
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Therefore, the device performance depends on the
properties of these interfaces. To evaluate this
property, the surface morphology and roughness
are examined by AFM, and the scanned areas of
samples and their data are show in Fig. 4. Figure 4a,
b and c¢ shows the tapping-mode AFM images of
LTOP1, LTOP2 and LTOPS3 coatings, respectively,
with their histogram curves due to the Gaussian
form with the least breadth. As seen, no surface
defects and pinholes are observed, which confirms
the high quality of the solution-processed film
fabricated by spin-coating technique. The size of
the crystallites influences the properties of the
crystal structure, and therefore the electrical prop-
erties are affected by the average grain size of the
composites. Mass transport, and especially oxygen
vacancies transport, destroys the grains in a crys-
talline structure, and a decrease in the grain size
reduces the wunit cell volume, which can be
explained by an increase in the surface tension
compared to elastic forces in the bulk material.*"*®

Electrical Characteristics of Gate Dielectrics

To demonstrate the performance of our organic-
inorganic composite gate dielectric system, bottom-
gate, top-contact LTOP FETs with ITO source-drain
electrodes are arranged using the thin film struc-
ture. Three organic-inorganic composite gate dielec-
trics (LTOPs) based on ITO substrates as gate are
used and tested. ITO source and drain electrodes
are deposited by using a shadow mask with dimen-
sions of L (channel length) = 100 um and W (channel
width) = 2000 ym. In mobile communication sys-
tems, dielectric materials constitute an important
part of radio-frequency transceiver devices. With
the deployment of 5G mobile communication tech-
nology, microwave devices are developing toward
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high frequency, miniaturization and low loss. The
dielectric constant for diamagnetically substituted
M-type hexaferrites decreases slowly at low frequen-
cies, and it monotonically depends on the diamag-
netic substitution concentration.*>°° The increase of
the resonant frequency upon bias field increase is
observed since the internal anisotropy field
increases. Resonant frequency increases approxi-
mately 1.5 GHz at a bias field increase of 1 kOe.
The transistor characteristics of LTOP FETs are
exhibited in Fig. 5. The output current behavior of
the fabricated devices is investigated by applying
gate voltage from 2.5 V to 10 V in increments of 2.5
V. As can be seen, the devices exhibit low-voltage
operation and an acceptable current on/off ratio
(~ 10%*. Figure 5a, b and c¢ shows the Ips—Vps
characteristic for the LTOP1, LTOP2 and LTOP3
devices, exhibiting typical square-law behavior and
reaching an on current for the devices of almost 12.5,
10.0 and 8.0 nA at Vgg = 10 V, respectively. The
operating voltage of organic-inorganic gate dielectric
is decreased by increasing the organic material
molar ratio of the organic-inorganic composite. This
is because of the large barriers due to trap states
faced by charge carriers, which increase by increas-
ing organic material (PVP) in the gate dielectric
structure. Ipg—Vgg transfer curves of the organic-
inorganic TFT devices on silicon-free substrate oper-
ated at Vpg = 10 V are show in Fig. 5d, e and f.
The values of current on/off (I, for LTOP gate
dielectric structural FETs using a ZnO channel (W/
L= 20) are 1.79 x 10%, 2.06 x 10* and 2.09 x 10* for
LTOP1, LTOP2 and LTOPS3 devices, respectively.
The threshold voltage (Vi) of TFTs is extracted
from a linear fit of Ing™“ versus Vgg. The increase in
trap state numbers at the organic gate dielectric
interface leads to increased Vi and the large
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Fig. 4. The surface morphology of organic-inorganic hybrid thin films based on AFM analyze with scan size of 3 um x 3 um. Tapping mode AFM
image with histogram curve duo to the Gaussian form with the least breadth for (a) LTOP1 sample, (b) LTOP2 sample and (c) LTOP3 sample.
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Fig. 5. Leakage current vs. voltage through the organic-inorganic composite gate dielectric of LTOP by applying gate voltages from 0 V to 10 V
that raise with 2.5 V steps for (a) LTOP1 sample, (b) LTOP2 sample and (c) LTOP3 sample. The transfer characteristics of the thin film
transistors based on organic-inorganic composite gate dielectric at the gate voltage equal to 10 V for (d) LTOP1 sample, (e) LTOP2 sample and

(f) LTOP3 sample.

barriers due to traps faced by charge carriers. As
expected, the values of Vi, for LTOP1, LTOP2 and
LTOP3 structures deduced from their correlated
transfer curves increase from +0.3 to +1.0 and +1.3
V. These positive low values of V, guarantee the
channel current equal to zero at Vgg = 0 V by return
switching without applying negative voltages.
Another important parameter for transistor char-
acterization is the saturation field-effect mobility

(Ugne) that is calculated from the following
equation:®%?
Cug W
Ips sat = stiaLt (Vas — Vin)? (1)

where L and W are channel length and width,
respectively, and C is the capacitance per unit area
of gate dielectric film. The evaluated ug,; values for
LTOP1, LTOP2 and LTOP3 are 1.04, 0.87 and 0.49
em? V- !s7! respectively. These values together
with threshold voltage and current on/off are sum-
marized in Table II.

CONCLUSION

Lanthanum titanate-PVP composite was pre-
pared successfully by a low thermal synthesis
method using a solution-processable technique. In
order to characterize the organic-inorganic compos-
ite, various evaluating methods were utilized,
including TGA, XRD, FTIR and XPS analyses. The
facile deposition technique (spin coating) was used
to coat the synthesized organic-inorganic composite

Table II. Properties of the fabricated organic-
inorganic composite gate dielectric.

Sample Vi, (V) gy (em? Vis™h) I oniotp

LTOP1 +0.3 1.04 1.79 x 10*
LTOP2 +1.0 0.87 2.06 x 10*
LTOP3 +1.3 0.49 2.09 x 10*

gate dielectric layer on PET-ITO substrate. The
operation voltage of the device was estimated and
reduced to 10 V. The electron mobility, threshold
voltage and current on/off were 1.04 cm? V- 1s71,
+0.3 and 1.79 x 10% respectively, for the best
fabricated sample (LTOP1). Low-voltage organic-
inorganic composite FETs have the potential advan-
tage of low cost and low power consumption for
portable and flexible electronics.
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