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Abstract
A solution processed top-contact bottom gated SnO2 thin-�lm transistor (TFT) has been fabricated by
using a TiO2/ Li-Al2O3 bilayer stacked gate dielectric that show operating voltage of this TFT within 2.0 V.
It is observed that the bilayer dielectric has much higher areal capacitance with lower leakage current
density that signi�cantly improve the overall device performance of TFT. The TFT with bilayer gate
dielectric shows an effective carrier mobility (µsat) of 9.2 cm2V− 1s− 1 with an on/off ratio of 7.1x103

which are signi�cantly higher with respect to the TFT with a single layer Li-Al2O3 gate dielectric. The

origin of this improvement is due to the Schottky junction between the highly doped silicon (p++-Si) and
TiO2 of bilayer stacked dielectric that induced electrons to the channel which reduces the
dielectric/semiconductor interface trap state. This investigation opens a new path to develop TFT device
performance using a suitable bilayer stack of gate-dielectric.

1. Introduction
The charge carrier conduction of the channel of a thin �lm transistor (TFT) normally occurs within < 10
nm thickness of the semiconductor �lm next to the gate-dielectric.1 Therefore, the �eld effect charge
transport phenomena of a TFT is not only dependent on the microstructures of the semiconductor but is
also strongly affected by the surface properties of the gate-insulator. Conventional silicon gate dielectric
(SiO2) commonly offers smooth surface morphology which is capable of minimizing the defect density
of semiconductor-insulator interface. However, the dielectric constant of SiO2 is very low (3.9). Therefore,
to reduce the operating voltage of a TFT below 2 V for portable electronics application, it requires very
low thickness of SiO2 (< 10 nm) which sometime becomes very licky.2,3 Employment of high-k dielectric
materials insead of SiO2 is the best alternative which allow us to deposit thicker dielectric �lm by

maitaining the advantage of low operating voltage TFT fabrication.4,5,6,7,8 However, ionic bonds in high-k
dielectrics results in high defect concentrations with oxygen vacancies (VO) being the primary source of
traps. These can be source of �xed charges or act as electron traps, scattering carriers in channel
(decreasing mobility), changing the threshold voltage (VT) and assisting dielectric breakdown and gate-

leakage mechanism,9 decreasing device performance, and affects the stability and reliability of devices.
To overcome these problems different approaches like inorganic-organic hybrid dielectric,10{Canimkurbey,
2019 #81} Ta2O5/SiO2 multicomponent dielectric,11 bilayer-dielectric stack12,13,14, have been used. A new
method to reduce the semiconductor-insulator interface trap-states is found by implying n-type TiO2 as

interface layer between highly doped silicon (p++-Si) substrate and high-k ion conducting Li5AlO4

dielectric, which drastically enhance the TFT device performance due to the formation of Schottky
junction of p++-Si/TiO2.15However, capacitance of this Li5AlO4/TiO2 stacked dielectric reduce rapidly > 104

Hz. To enhance this frequency range and overall performance of TFT, more detailed study is required for
different combinations of stacked dielectric.
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In this work, we have synthesized Li-doped alumina (Li-Al2O3) thin �lm by sol-gel method and have used
this ionic dielectric to fabricate TiO2 /Li-Al2O3 stacked gate dielectric. The variation of areal capacitance

of this bilayer stacked gate dielectric only 20% up to the frequency 105 Hz. To realize the overall
improvement of TFT performance and the mechanism of this development, two sets of solution
processed SnO2 TFT were fabricated; one with TiO2 gate interface and another without gate interface.
Comparative studies of these two TFT reveals a signi�cant improvement of device performance. A
schematic presentation of energy band gap of multilayer thin �lms and related charge transfer of p++-
Si/TiO2 Schottky junction explain the probable reason for enhancing device performance.

2. Experimental

2.1 Material Synthesis
As mentioned earlier, all TFTs are fabricated by low-cost solution processed technique. In this process,
both gate dielectric (TiO2 and Li-Al2O3) and semiconducting layers (SnO2) are deposited from the
precursor solution by spin coating method. For TiO2 deposition, a solution of 100 mM was prepared by
dissolving Titanium(IV) Butoxide in 2-methoxy ethanol (2ME) followed at the room temperature stirring
process by a magnetic stirrer about 30 minutes. Similarly, to prepare the Li-Al2O3 dielectric, two different
solutions of lithium acetate and aluminium nitrate nonahydrate of concentration 500 mM were prepared
by using 2-methoxy ethanol as solvent. These two homogeneous solutions are mixed with a ratio of 1:11
to maintain the atomic ratio of the �nal product of Li-Al2O3. This mixture of solutions was left for 24

hours for proper gelation before depostion.16 Finally, solution was �ltered by 0.45 µm PVDF �lter before
spin coating. For semiconductor (SnO2) thin �lm deposition, a solution of SnCl2 has been prepared by
using 2-methoxy ethanol as solvent.

2.2 Device Fabrication
Metal-Oxide TFTs are fabricated in a top-contact bottom-gate con�guration by using highly p-doped Si
wafer (p++-Si) as a substrate as well as gate electrode. Initially, all the Si wafers are cleaned with standard
cleaning process. After wet cleaning, wafers were treated with an oxygen plasma for 10 minutes before
spin coating. Plasma treatment makes the surface hydrophilic which increases the adhesive property and
helps to form pinhole free smooth �lm during spin coating. Two types of devices are fabricated without
and with TiO2 interface named as Device 1 and Device 2 shown in Fig. 1a and b, respectively. The TiO2

thin �lm is deposited on p++-Si wafer spin coating with a spinning speed of 3500 rpm for 40 seconds
followed by a drying process of a preheated hot-plate (set at 90 C) to evaporate the solvent. Afterwards,
this �lm was annealed at 350 C for 30 minutes to form a polycrystalline thin �lm of TiO2. On top of this,
the precursor solution of Li-Al2O3 was spin coated with a speed 5000 rpm for 50s followed by annealing
process at 350 C for 30 minute. The dielectric �lm coating was repeated three times to achieve a desired
thickness of the dielectric layer. Finally this �lm was annealed at 500 C for one hour to form Li-Al2O3 thin
�lm. For Device 1, the same procedure was followed except the TiO2 layer deposition. After dielectric
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deposition, the precursor solution of SnO2 was spin coated (4000 rpm for 40 sec.) and subsequent

annealing (500 C for 30 minute) process.17 Finally, aluminium source/drain electrode are deposited by
thermal evaporation method with width-to-length ratio of 118. In addition to this TFT fabrication, the
metal-insulator-metal (MIM) devices (Fig. 1c and d) were fabricated in a similar process for the electrical
characterization of single and bilayer dielectric thin �lms.

2.3 Material and Device characterization
Crystal phase/structural analysis of thin �lms were carried out by grazing incidence XRD (Rikagu, Smart
Lab) with monochromatized Cu Kα radiation (λ = 1.5405 Å). Atomic force microscopy (AFM) study has
been performed by using “NTMDTNTEGRA-prima” to measure the roughness of different thin �lm
surfaces. Thin �lms are deposited on p++-Si substrate in both cases. Frequency vs. Capacitance (C-f)
measurement has been done by LCR meter (keysight LCR meter E4990A). All the electrical characteristics
of TFTs and leakage current measurement of MIM devices have been measured by semiconductor
parameter analyzer (KEYSIGHT B1500A).

3. Results And Discussions

3.1 Grazing Incidence X-Ray Diffraction Pattern of Thin
Films
To analyse the structural properties of spin coated TiO2, Li-Al2O3 and SnO2 thin �lm, individually all these

thin �lms were deposited on p++-Si substrate under the same condition of TFT fabrication. Figure 2a
shows the GIXRD patterns of TiO2 thin �lm which indicates a crystalline peak at 2θ ~ 25.28 , which is
corresponding to the (101) plane of stable anatase phase of TiO2. The GIXRD patterns of Li-Al2O3

dielectric which is shown in Fig. 2b, didn’t show any diffraction peak, indicating the amorphous nature of
Li-Al2O3 dielectric.

The GIXRD pattern of SnO2 thin �lm has been shown in Fig. 2c that clearly identi�ed diffraction peaks at
the 2θ angle 26.6, 34.2, 52.7, and 54.7 which are corresponds the re�ection planes of (110), (101), (211)
and (220) respectively; justify the tetragonal phase of SnO2 (JCPDS 88–0287).

3.2 Surface Morphology of Dielectric Thin Films
The surface morphologies of single layer Li-Al2O3 and bilayer TiO2/Li-Al2O3 dielectrics were studied by

atomic force microscopy (AFM). All these dielectric layers were deposited on p++-Si substrates with the
same condition as for TFT fabrication. The 2-D and 3-D morphologies of these two dielectric thin �lms
are shown in Fig. 3a and 4b represent the AFM images of Li-Al2O3 dielectric whereas, Fig. 3c and 4d are
AFM pictures of TiO2/Li-Al2O3 dielectrics. Figure 3 shows that the RMS roughness of both dielectric thin
�lms are < 1 nm which is suitable for high performance TFT fabrication. However, compared to single
layer Li-Al2O3 surface (0.26 nm) a little bit smoother than bilayer TiO2/Li-Al2O3 surface (0.46 nm).
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3.3 Dielectric and Electrical characterization
The leakage current density and areal capacitance of single layer and bilayer dielectric are measured with
metal-insulator-metal (MIM) architecture which is shown in Fig. 4. Figure 4a shows the leakage current
density vs. applied voltage graphs of both dielectric thin �lms. This data indicates that stacked dielectric
of p++-Si /TiO2/Li-Al2O3/Al device has one order lower leakage current density than p++-Si /Li-Al2O3/Al

device at applied voltage 2 V with a current density of 6.2 x10− 5 A/cm2 where as single layer dielectric
MIM device shows a current density of 2.0 x10− 4 A/cm2 at 2.0 V. The dielectric-leakage current of bilayer
�lm is reasonably low for TFT fabrication that operates within 2.0 V operating voltage. The reduction of
gate-leakage current in case of bilayer dielectric may be resulted from the lattice mismatch of two
different materials with different grain shapes at the interfaces, which is well understood from the earlier
multilayered dielectric studies.14

The variation of capacitance per unit area of the same set of MIM devices with frequencies (20 to 105 Hz)
at room temperature are represented in Fig. 4b. It is well known that the capacitance decreases with
frequency due to the different relaxation times originated from different types of polarization
contribution.6 Similar behavior is observed in both types of MIM devices that reduce signi�cantly > 103Hz.
However, the capacitance of single layer p++-Si/ Li-Al2O3/Al device changes more rapidly compared to

bilayer p++-Si/TiO2/Li-Al2O3/Al MIM device. The measured areal capacitance (C) values of single and

bilayer MIM devices are 55 nF/cm2 and 66 nF/cm2 at 50 Hz frequency, respectively. This study is the
indication of the higher areal capacitance value with wider frequency range of a bilayer stacked dielectric
thin �lm which originated from additional TiO2 layer. The TiO2/Li-Al2O3 bilayer act as series combination
of TiO2 and Li-Al2O3 parallel plate capacitor and the resultant capacitance can be written as;

1
Ceffective

=
1

CTiO2

+
1

CLi−Al2O3

The high-k value of TiO2 layer increases the capacitance of TiO2/Li-Al2O3 dielectric with respect to Li-
Al2O3 single layer.

3.4 Electical Characterization of Single and Bilayer
Dielectric Thin Film Transistor
To realize the performance of these dielectric layers for the application of gate dielectric of TFTs, two sets
of devices have been fabricated. Device 1 is the reference TFT without TiO2 gate interface and Device 2 is
TFT with TiO2 gate-interface in between gate electrode and Li-Al2O3 gate-dielectric. A higher channel
length of 200 µm with W/L (W = 23.6 mm, L = 0.2 mm) ratio of 118 is chosen to avoid the overestimation
of carrier mobility value due to grain boundary effect, which is highly dominating below 25 µm channel
length and W/L ratio of 10. 17, 18 Additionally, high-performance TFT with larger device area demands
good quality of dielectric with pinhole-free uniform thin �lm with very low defect states. Figure 5 shows
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transistor characteristics of two types of device, and are measured at ambient conditions. The ID-VD

characteristics of Device 1 and Device 2 are shown in Fig. 5 a and b, respectively. The applied VD are
swept from 0 to 1V with different constant gate voltages ranging from − 0.2 to 2.0V with step of 0.2V. The
linear and saturation region of the output characteristics are clearly shown by the �gurefor both sets of
devices.

The Transfer characteristics of SnO2 TFT without and with TiO2 interface are shown in Fig. 5c and d. The
gate to source voltages is swept from − 0.2 to 2V keeping VD constant at 1V for both devices. All the
measurement conditions and parameters are kept the same for all devices. From comparative data of
transfer characteristics (Fig. 5e and f), it is observed that the threshold voltage of Device 2 (0.29V) is
su�ciently lower than Device 1 (0.85 V). Besides, the calculated value of ION/IOFF ratio for Device 2 is 7.2

x 103 which is higher than Device 1 (i.e. 3.6 x103). The effective carrier mobility (µ), subthreshold swing

(SS) and dielectric/semiconductor interface trap-states  of TFT have been calculated by using
the following equations.19

SS =
d logID

dVG

−1
…………. . …(1)

ID = μC
W
2L VG − VT

2…………(2)

NMax
SS =

SS × loge
kT
q

− 1
C
q …. . . (3)

Where k, T and q are the Boltzmann constant, temperature in absolute scale and charge of electron
respectively. The saturation carrier mobilities of both devices are calculated by using Eq. 1 and extracted
from the linear �tting of (ID)1/2 vs. VG plot. From comparision of both devices, it is observed that device 2

shows better performance having saturation electron mobility of 9.2 cm2V− 1s− 1 than device 1 that shows
saturation electron mobility of 7.7 cm2V− 1s− 1. The subthreshold swing (SS) value of both devices are
extracted from the slope at lower gate-voltage regime of the log (ID) vs. VG graphs (shown in Fig. 5 e and
f) and by using Eq. 2. Device 2 has lower SS value (250 mV/decade) than Device 1 (280 mV/decade).
The dielectric-semiconductor interface trap-state densities have been derived from Eq. 3. Device 1 has a

1.5 time higher interface trap-state density than Device 2. The lower  leads to less trapping of

[ ( ) ]
( )

[ ]
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charge carriers in the dielectric-semiconductor interface, resulting in improvement of effective mobility
and higher drain current.20 All the TFT parameters are summarized in Table 1.

Table 1 : Summary of the TFT parameters of SnO2 transistors with single layer and bilayer
stack gate-dielectrics.

Device Threshold
Voltage

(V)

ION/IOFF Subthreshold Swing
(mV/decade)

Saturation
Mobility (cm2V-1s-

1)

Interface trap-state
density (cm-2)

Si++/Li-
Al2O3/SnO2/Al

0.85 3.6x103 280 7.7 1.6x1012

Si++/TiO2/Li-
Al2O3/SnO2/Al

0.29 7.2x103 250 9.2 1.1x1012

To understand the reason behind the higher performance of device 2 with TiO2/Li-Al2O3 stack dielectric, a

schematic diagram of energy bands of two types of SnO2 TFTs have been illustrated in Fig. 6. Since p++-
Si(111)/TiO2 interface forms a Schottky junction at zero gate bias, the electron of TiO2 layer transferred

to the p++-Si gate-electrode creates a depleted layer of positive charge at TiO2 thin �lm. However, hole is

not allowed to transfer from p++-Si to TiO2 layer due to large potential barrier in p++-Si(111)/TiO2

interface.21,22 Hence, the layer of positive charge of TiO2 thin �lm induces electrons of the channel of TFT
(SnO2) to accumulate at the Li-Al2O3/SnO2 interface, which initially �lls up the electron trap-states 

 at the dielectric/semiconductor interface (Fig. 6a).

This phenomenon is happening without gate-bias. Therefore, TiO2 thin �lm effectively reduces the
interface trap-states, resulting in a lower sub-threshold swing and threshold voltage. Although, this
phenomena is not occurring in device 1 because of the high barrier height of insulating Li-Al2O3 layer.

Therefore, electrons cannot be ejected from Li-Al2O3 to p++-Si gate-electrode (Fig. 6c). Under
accumulation mode operation, a positive gate voltage is applied to both of the devices (Fig. 6band d).
However, this bias does not change the depletion layer width of p++-Si(111)/TiO2 interface due to the
intermediate insulating Li-Al2O3 layer. This phenomena effectively enhances the accumulation of mobile
charge carriers in the channel of device 2, that improves the device performance over Device 1.

4. Conclusion
In conclusion, high-performance solution processed low operating voltage SnO2 thin-�lm transistor has
been fabricated onto sol-gel derived ion-conduction Li-Al2O3 dielectric by using TiO2 gate interface. A
comparative study of two sets of SnO2 TFTs with and without TiO2 interface have been demonstrated.

The Schottky junction formation between p++-Si and n-type TiO2 help to accumulate extra electrons at the
Li-Al2O3/SnO2 interface, which essentially �lls up the interface trap-states and reduces the sub-threshold
swing (SS) as well as threshold voltage (VT) and enhance the saturation carrier mobility of the device
with compared to the device without TiO2 interface. The high-k value of TiO2 improves the capacitance of
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the TiO2 / Li-Al2O3 stack dielctric as well as it’s leakage current also reduced compared to single layered

Li-Al2O3 dielectric. We have achieved an effective carrier mobility (µsat) of 9.2 cm2V− 1s− 1, SS of 250

mV/decade, and VT of 0.29 V in TiO2/ Li-Al2O3 stack TFT with an ION/IOFF ratio of 7.2x103. This
investigation opens a new path to develop high- performance TFT devices by using a suitable bilayer
stack of gate-dielectrics.
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Figures

Figure 1

Schematic diagram of TFT devices , a) Device 1 with single layer Li-Al2O3 gate-dielectrc, b) Device 2 with
bilayer TiO2/Li-Al2O3 gate-dielectric. MIM devices with c) Li-Al2O3 gate-dielectric and, d) TiO2/Li-Al2O3
gate-dielectric.

Figure 2

The GIXRD patterns of a) TiO2, b) Li-Al2O3 dielectric, and c) SnO2 semiconductor layer annealed at
500 C.
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Figure 3

2D AFM image of a) Li-Al2O3 and b) TiO2/Li-Al2O3 dielectric. 3D AFM images of c) a) Li-Al2O3 and b)
TiO2/Li-Al2O3 dielectric.

Figure 4

Variation of a) Leakage current density with applied voltage, and b) Areal capacitance with frequency for
p++-Si/Li-Al2O3/Al and p++-Si/TiO2/Li-Al2O3/Al MIM devices.
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Figure 5

Transistor characterization of single layer and bilayer gate-dielctric SnO2 TFT. a) and b) Output
chracteristics; c) and d) Transfer characteristics; e) and d) Linear �t of log(ID) vs. VG curve to extract SS
value; g) and h) Linear �t of (ID)1/2 vs. VG to extract carrier mobility of Device 1 and Device 2,
respectively.
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Figure 6

Metal-Insulator-Semiconductor structures illustrating the mechanism of variation in transistor
performances with single layer and bilayer dielectric stack. Enery band diagram of a) and c) without
applied bias, and b) and d) with applied positive bias of Device 2 with bilayer TiO2/Li-Al2O3 dielectric
and Device 1 with single layer Li-Al2O3 dielectric, respectively.


