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ance of La-doped In2O3 thin-film
transistors prepared using a solution method for
low-voltage driving

Hongguo Du,ab Kamale Tuokedaerhan *ab and Renjia Zhangab

In this paper, La-doped In2O3 thin-film transistors (TFTs) were prepared by using a solution method, and the

effects of La doping on the structure, surface morphology, optics, and performance of In2O3 thin films and

TFTs were systematically investigated. The oxygen defects concentration decreased from 27.54% to 17.93%

when La doping was increased to 10 mol%, and La served as a carrier suppressor, effectively passivating

defects such as oxygen defects. In fact, the trap density at the dielectric/channel interface and within the

active layer can be effectively reduced using this approach. With the increase of La concentration, the

mobility of LaInO TFTs decreases gradually; the threshold voltage is shifted in the positive direction, and

the TFT devices are operated in the enhanced mode. The TFT device achieved a subthreshold swing (SS)

as low as 0.84 V dec−1, a mobility (m) of 14.22 cm2 V−1 s−1, a threshold voltage (VTH) of 2.16 V, and

a current switching ratio of Ion/Ioff of 105 at a low operating voltage of 1 V. Therefore, regulating the

doping concentration of La can greatly enhance the performance of TFT devices, which promotes the

application of such devices in high-performance, large-scale, and low-power electronic systems.
1. Introduction

Given their high carrier mobility, superior optical trans-
mittance, low processing temperature, high uniformity, and
exceptional environmental stability, metal oxide semi-
conductors have been the subject of extensive research.
Researchers have also applied metal oxides to thin-lm tran-
sistors, which can enable large-area, high-resolution displays.
For example, metal oxides such as ZnO,1 In2O3,2 GZO,3 and
IZGO,4 have been extensively studied. Among these materials
In2O3 is a highly representative material. It has high mobility
because of overlapping In 5s orbitals5,6 and has a wide bandgap
and high transparency compared with conventional amorphous
silicon. Moreover, amorphous metal oxides are highly deform-
able, and they can be used to fabricate wearable transparent
exible electronic devices on exible substrates.7

However, In2O3 TFTs suffer from a series of problems such as
high carrier concentration and defects such as oxygen defects,
which lead to a low current switching ratio and poor stability of
In2O3 TFTs under voltage, light and other conditions.8 Thus,
researchers have proposed many methods to improve the
performance of In2O3 TFTs. For example, the performance of
TFTs has been improved by selecting suitable dopants as carrier
suppressors such as Tb,9 B,10 Sr,11 and Ni.12
hysics and Devices, Xinjiang University,

@163.com

gy, Xinjiang University, Urumqi 830046,

the Royal Society of Chemistry
Standard electrode potential (SEP), electronegativity and the
ability to bind oxygen are the main criteria for selecting a suit-
able dopant.13,14 Notably, a dopant with a low SEP, low electro-
negativity, and strong oxygen-binding ability contributes to the
stability and performance of TFTs.8,15 Among these dopants, La
is selected as a dopant in this paper. First, the band gap of
lanthanum oxide (La2O3, ∼5.5 eV) is larger than that of In2O3

(∼3.6 eV), and the SEP of La (−2.37 V) is lower than that of
indium (−0.33 V).16 In addition, the bonding energy of the La–O
bond is 798 kJ mol−1, which is larger than that of the In–O bond
(346 kJ mol−1). The formation of oxygen defects and hydroxyl
groups can be reduced while controlling the carrier concentra-
tion. Moreover, the La3+ ion has the same valence state as the
In3+ ion. Therefore, the doping of La3+ ions in In2O3 does not
produce additional carriers.17 Furthermore, La is a good dopant
to increase the performance of In2O3 TFTs.

Most high-performance TFTs are prepared by RF magnetron
sputtering,18 atomic layer deposition,19,20 pulsed laser
method,21,22 and molecular beam epitaxy.23–26 These methods
are expensive and difficult to prepare, and they require vacuum
conditions. By contrast, the solution method has a simpler
process, and lower manufacturing costs without the need for
vacuum conditions, and this method can achieve large-area
deposition. In addition, the solution method is considered
a sustainable processing method.

Here, La-doped In2O3 TFTs were created using a solution
method, and the mechanism by which the microstructure,
optical characteristics, and electrical characteristics of the lms
were affected by 0mol%–10mol% La doping were examined. The
RSC Adv., 2024, 14, 15483–15490 | 15483
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results indicate that the doping of La reduces the content of
oxygen defects and enhances the electrical performance of TFTs.
Fig. 2 XRD pattern of thin-film LaInO.
2. Experimental details

A total of 0.1 moles of indium nitrate hydrate (In(NO3)3$xH2O)
and lanthanum nitrate hexahydrate (La(NO3)3$6H2O) were dis-
solved in 2-methoxyethanol, with varying La : In ratios of
0 mol%, 1 mol%, 3 mol%, 5 mol%, and 10 mol%. In addition,
ammonia and acetylacetone were added to the precursor solu-
tion as a uxing agent and stirred for 6 h until the solution was
clear and transparent. Finally, the solution was le to age for
a period of time at room temperature to obtain a stable
precursor solution.

The substrate must be cleaned before depositing the lm.
P(100)-type Si was selected as the substrate, which has a resis-
tivity of 0.005 U cm with 100 nm SiO2. The substrate was
sequentially sonicated through acetone, anhydrous ethanol and
deionized water for 15 min to clean the surface of the wafer
from impurities such as organic matter and grease. Finally, it
was treated with plasma for 1 min to increase hydrophilicity.
The precursor solution was ltered via a 0.22 mm injection lter
before being spun coated to generate a purer precursor solu-
tion. Spin coating was performed at 5000 rpm for 30 s at room
temperature and then placed on a heating table at 150 °C for
5 min. This method was repeated two times to obtain the
desired thickness. Aerward, LaInO lms were produced by
annealing for an hour at 500 °C in the air. Finally, the source
and drain electrodes were deposited using the shadow mask
plate technique with an electrode thickness of approximately
30 nm. The detailed preparation process of LaInO lms as well
as LaInO TFTs is shown in Fig. 1.

The electrical performance of TFTs was tested using a semi-
conductor parameter analyzer (Keysight B1500A). The
Fig. 1 Flowchart for the preparation of LaInO TFTs by using the solution

15484 | RSC Adv., 2024, 14, 15483–15490
crystallographic information of the lms was analyzed using X-
ray diffraction (XRD, Bruker D8 Advance). The chemical state
and structure of the lms were characterized using X-ray
photoelectron spectroscopy (XPS, Thermo scalable 250 Xi).
The surface morphology of the lms was analyzed using an
atomic force microscope (Bruker Dimension Icon). The surface
and cross-section of the lms were characterized by eld-
emission scanning electron microscopy (SEM, SU8020). The
optical properties of the lms were tested by using an
ultraviolet-visible spectrophotometer (UV-Vis). Finally, the
energy band structure of the lms was analyzed.
3. Results and discussion

Fig. 2 shows the XRD patterns of In2O3 and LaInO lms with
different doping concentrations. As shown in the gure, the
lm has (222), (400), (440), and (622) crystal planes, and the
corresponding diffraction angles 2q are 30.58°, 35.46°, 51.03°,
and 60.67°, respectively. The grain size was calculated on the
basis of the Debye–Scherrer equation:27
method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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D ¼ k$l

b$cos q
(1)

where l is the wavelength of X-rays (l = 0.154 nm), b is the half
height width of the diffraction peak and q is the diffraction
angle. The grain sizes of the lms (0 mol%, 1 mol%, 3 mol%,
and 5 mol%) were calculated from the (222) crystal plane as
14.97, 16.59, 16.75, and 28.31 nm, respectively. All diffraction
peaks correspond to the cubic phase of polycrystalline In2O3

lms. No other diffraction peaks appeared, indicating that La3+

was successfully doped into the In2O3 lm, and the crystalline
peaks gradually weakened with the increase of doping concen-
tration. When the doping amount is 10 mol%, the crystalline
peak disappears completely and becomes amorphous. The
addition of La3+ ions successfully increased the crystallization
temperature of In2O3 lms.

Fig. 3(a) and (b) shows the SEM surface and cross-section
images of the InLaO-5% lm. Based on the gure, the surface
of the LaInO lm is smooth, uniform, and dense, and the
thickness of the lm is approximately 25 nm. The thickness of
the lm can affect the electrical properties of the TFT, with an
exponential decrease in carrier surface scattering mobility
because of the thickness of the lm below a critical value of
Fig. 3 SEM surface images (a) and (b) cross-sectional images of LaInO-

Fig. 4 AFM images of LaInO films with different doping ratios: (a) 0 mo

© 2024 The Author(s). Published by the Royal Society of Chemistry
approximately 10 nm.28 Jozeph Park et al. showed that a 20 nm
thick active layer had the best mobility and demonstrated that
the mobility progressively deteriorated with the decrease of
thickness.29 Therefore, we controlled the lm thickness was
controlled to 25 nm. A clear interfacial separation between the
LaInO layer and the substrate can also be seen in the inset,
which indicates that no diffusion between the lm and the
substrate is has occurred.

Fig. 4 displays an image obtained using atomic force
microscopy (AFM) of the LaInO thin lm, with a scanning range
of 2 mm × 2 mm. The lms that were annealed at 500 °C and
doped at of 0 mol%, 1 mol%, 3 mol%, 5 mol%, and 10 mol%
had root-mean-square roughness values of 0.574, 0.536, 0.463,
0.527, and 0.783 nm, respectively. The roughness of all the lms
is less than 1 nm, which indicates that the lms are smooth and
uniform. As the doping concentration increases, the roughness
initially decreases, which is due to the fact that the homoge-
neous diffusion of atomic clusters can be promoted by proper
doping of La. However, excessive doping leads to an increase in
roughness, which may be due to the fact that the radius of La
ions (106.1 pm) is larger than the radius of In ions (80 pm),
resulting in the difficult embedding of La ions in the In2O3

lattice, moreover, with the increase of La content, roughness
5% films.

l%, (b) 1 mol%, (c) 3 mol%, (d) 5 mol%, and (e) 10 mol%.

RSC Adv., 2024, 14, 15483–15490 | 15485
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Fig. 5 XPS patterns of the thin films of O1s at (a) 0 mol%, (b) 1 mol%, (c) 3 mol%, (d) 5 mol%, and (e) 10 mol%. (f) Percentage of OV varying with
different doping ratios.
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increases with the increase of lm defects. Smooth lms are
important for high-performance metal oxide TFTs, indicating
their advantages of solution processing.

XPS analysis was performed to analyze the chemical struc-
ture of the lms. As shown in Fig. 5(a)–(e), all O1s peaks are
calibrated by the C1s peak (284.8 eV). The O1s peaks of the
LaInO lms were divided into three peaks: OM (529.6 eV), OV

(530.9 eV), and OH (532.1 eV). OM indicates lattice oxygen, which
refers to the bonds between metal atoms and oxygen atoms. OV

represents oxygen vacancies, which are vacant positions where
oxygen atoms are missing in the lattice. OH denotes bound
oxygen, which is related to the adsorption of O2, H2O, and –CO3

on the surface.30 Free electrons are produced from oxygen
defects, indicating the importance of OV. The ratio of OV/(OM +
OV + OH) was calculated. As shown in Fig. 5(f), the ratio of OV/
(OM + OV + OH) in LaInO lms with increasing La doping is
27.54%, 27.07%, 24.02%, 19.07%, and 17.93%. Based on the
abovementioned analysis, the addition of La can inhibit the
generation of oxygen defects in the lm and reduce the defects
in the LaInO lm. Oxygen defects can provide additional elec-
trons to oxide semiconductors. However, if elemental La is
doped into In2O3 to reduce oxygen defects, then electron
concentration decreases.

The XPS patterns of In3d and La3d are shown in Fig. 6(a) and
(b). The In3d energy-level spin orbital splits into In3d3/2 and
In3d5/2 peaks corresponding to peaks centered at 451.8 eV and
444.28 eV at 0 mol% doping, respectively. With the increase of
doping, the peak of In3d is gradually shied toward a lower
binding energy because the bond energy of the La–O bond
(798 kJ mol−1) is greater than that of the In–O bond
15486 | RSC Adv., 2024, 14, 15483–15490
(346 kJ mol−1), which will combine with oxygen to form more
metal–oxygen bonds. Therefore, the oxygen defects can be
reduced to lower the trap state density, which improves the
performance of the TFTs.16 The La3d energy level spin orbital
splits into La3d3/2 and La3d5/2 peaks. Their main peaks are
located at 851.5 eV and 834.6 eV, respectively. With the increase
of La3+ doping, the peak intensity is gradually enhanced, indi-
cating that La3+ is completely doped into the In2O3 lm.

The transfer characteristic (IDS–VGS) curve of La-doped In2O3

TFTs is shown in Fig. 7(a). The TFT devices were tested at room
temperature using a Lake Shore TTPX probe stage and an Agi-
lent semiconductor parameter analyzer at a source-drain
voltage (VDS) of 1 V and a gate voltage (VGS) ranging from
−40 V to +40 V. As shown in the gure, the curve is shied in the
positive direction as the amount of La doping increases, indi-
cating that La doping leads to a decrease in the conductivity of
the active layer.31 The addition of La suppressed the concen-
tration of oxygen defects, which led to a decrease in carrier
concentration and a shi in the curve's positive orientation. The
electrical performance parameters of the TFTs are summarized
in Table 1, which are all extracted from the transfer character-
istic (IDS–VGS) curves. Among them, VTH is obtained by tting the
transfer characteristic (IDS–VGS) curve to obtain the IDS

1/2–VGS
curve. The VTH value is the junction point of the linear part's
tangent and the horizontal axis VGS. The value of m for all TFTs is
calculated as follows:32

mFE ¼ gmL

VDSCOXW
(2)

where COX is the insulating layer of the capacitance per unit area
of SiO2 (100 nm). The width (W) and length (L) of the channel
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) XPS profile of In3d, and (b) XPS profile of La3d.

Fig. 7 (a) Transfer characteristic curves at different La-doping concentrations (VDS = 1 V), (b) output characteristic curves for pure In2O3, and (c)
output characteristic curves for La doping concentration of 5 mol%.

Table 1 Electrical performance parameters of LaInO TFTs with different La-doping contents

La-doping ratio
(%)

m

(cm2 V−1 s−1) VTH (V) SS (V dec−1) Ion/Ioff Dit (cm
−2 eV−1)

0 28.14 1.08 1.45 104 1.55 × 1013

1 21.52 1.34 0.97 104 1.03 × 1012

3 16.74 1.68 0.87 104 9.23 × 1012

5 14.22 2.16 0.84 105 8.91 × 1012

10 5.63 5.71 0.51 105 5.32 × 1012
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are 1000 mm and 250 mm, respectively. gm is the trans-
conductance of the TFTs, which is calculated as gm = dIDS/
dVGS.

The m value of pure In2O3 TFTs was obtained as 28.14 cm2

V−1 s−1 by performing calculations using the abovementioned
equation. With the increase of La doping to 10 mol%, m
© 2024 The Author(s). Published by the Royal Society of Chemistry
decreased from 28.14 cm2 V−1 s−1 to 5.63 cm2 V−1 s−1, and VTH
increased from 1.08 V to 5.71 V. VTH is shied in the positive
direction and the TFT device is in the enhanced mode of
operation. The current switching ratio is increased from 104 to
105, indicating an increase of one order of magnitude in Ion/Ioff
compared with pure-phase In2O3 TFTs. The increase in Ion/Ioff
RSC Adv., 2024, 14, 15483–15490 | 15487
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was also attributed to the suppression of VO. The oxide semi-
conductor conduction theory states that a drop in carrier
concentration causes m to fall and VTH to increase.13 With the
increase of La doping, the production of oxygen defects is
suppressed. Oxygen defects are usually generated because of the
dehydration and condensation of hydroxyl groups when oxide
semiconductor lms are solution treated.33 This result is due to
the fact that the binding capacity of La to O is stronger than the
binding energy of In to O. Therefore, the oxygen defects can be
decreased by La doping, which lowers the charge concentration
and inuences m and VTH. This nding is consistent with the
earlier XPS examination. In addition, Ne was estimated as
follows:34

Ne ¼ COXðVGS � VTHÞ
qtch

(3)

where q is the unit charge density and tch is the thickness of the
active layer. Ne of LaInO TFTs with different doping concen-
trations (0, 1, 3, 5, and 10 mol%) was calculated to be 1.28 ×

1018, 1.26 × 1018, 1.17 × 1018, 1.09 × 1018, and 5.95 × 1016

cm−3, respectively. These results indicate that La is an excellent
carrier inhibitor, modulating carrier concentration, and is
consistent with previous analyses. Another crucial metric for
assessing TFT performance is the SS value, which may be
computed using the following equation:35

SS ¼ dVGS

dðlog IDSÞ (4)

The SS values were 1.45, 0.97, 0.87, 0.84 and 0.51 V dec−1 when
the doping amount was 0 mol%, 1 mol%, 3 mol%, 5 mol% and
10 mol%, respectively. The SS value responds to the ability of
TFTs to switch quickly. With the increase of La doping, the SS
value decreases gradually, and the TFT performance is improved.
This nding is associated with the decrease in oxygen vacancies
and hydroxyl groups. The result demonstrates that La doping is
an effective method to increase the TFT performance. SS is
closely related to the density of trap states (Dit) at the interface
between the insulating and active layers, and the Dit value can be
estimated from the SS value using the following formula:36

Dit ¼ COX

q2

�
SS logðeÞ
kBT=q

� 1

�
(5)

where kBT and T indicate the Boltzmann constant and temper-
ature, respectively, and q is the unit charge density. Dit was
calculated to be 1.55 × 1013, 1.03 × 1012, 9.23 × 1012, 8.91 ×

1012 and 5.32 × 1012 cm−2 eV−1 for doping amounts of 0, 1, 3, 5,
Table 2 Summary of the literature on solution-treated In2O3-based TFT

Channel
Annealing temperature
(°C) Dielectric

In–Y–O 500 SiO2

In–Sr–O 300 Al2O3

In–B–O 350 SiO2

In–La–O 500 SiO2

15488 | RSC Adv., 2024, 14, 15483–15490
and 10 mol%, respectively. These results indicate that the
interfacial trap-state density is reduced by La doping, and the
performance of the TFTs is improved. The output characteristic
(IDS–VDS) curves of pure In2O3 TFTs and LaInO-5% are shown in
Fig. 7(b) and (c). As shown in the gure, the IDS–VDS curve shows
a linear relationship at low VDS. This result suggests that the
LaInO active layer and the source-drain electrode have estab-
lished a good ohmic contact. As shown in Table 1, when the
doping concentration is 5 mol%, m is 14.22 cm2 V−1 s−1, VTH is
2.16 V, and the SS value is 0.84 V dec−1, which is optimized
compared with pure In2O3 TFT. Ion/Ioff is also better than pure
In2O3 TFT. Although m at a La doping concentration of 5 mol%
is reduced compared with pure In2O3 TFT and LaInO TFT (1 and
3 mol%), the SS value and Ion/Ioff are improved and the reduc-
tion of m is within an acceptable range. Although the SS value
and Ion/Ioff are better for La doping concentration of 10 mol%, m
and VTH considerably deteriorate. Aer comparison, the best
performance of the device was achieved with La doping
concentration of 5 mol%. Under a low voltage of 1 V, m = 14.22
cm2 V−1 s−1, VTH = 2.16 V, SS = 0.84 V dec−1, Ion/Ioff = 105, and
Dit = 8.91 × 1012 cm−2 eV−1. The pertinent literature on the
latest solution method preparation of indium oxide – based
TFTs is compiled in Table 2. Therefore, a LaInO thin-lm
material is a potential channel material for future large-area,
eco-friendly electronics.

Fig. 8(a) displays the optical characteristics of thin-lm
samples. The transmittance of the lms was tested by using
a UV-Vis spectrophotometer. The lms have a transmittance of
over 90% in the visible range. High transparency is important
for the fabrication of transparent devices, which proves its
potential application value in the fabrication of transparent
electronic devices. Considering that doping elements may cause
changes in the energy band structure, we have systematically
studied them. The inset shows the optical band gap (Eg) proles
of In2O3 lms and LaInO lms at 5 mol% doping. The trans-
mission spectra were tted to the data using the following
standard Tauc plot formula: ahn= A(hn− Eg)

1/2,39 where a is the
absorbance index, h and n are the Planck's constant and
frequency, respectively, and A is the constant. The Eg value of
the In2O3 lm is 3.63 eV, whereas the addition of La increases
the Eg value to 3.72 eV. La–O has a higher binding energy than
In–O. Thus, as the amount of La doping increases, the oxygen
vacancy defects are eliminated, leading to an increase in
bandgap. In addition, the band gap of lanthanum oxide (La2O3)
is larger (∼5.5 eV) than that of In2O3 (∼3.6 eV). Thus, La-doping
results in a larger optical band gap. As shown in Fig. 8(b), the
valence band maxima (EV) were taken from the XPS valence
s

Mobility (cm2 V−1 s−1) Ion/Ioff Ref.

0.95 105 37
8.32 105 11
0.8 108 38

14.22 105 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Optical transmittance of LaInO films. The inset shows the optical band gap of pure In2O3 and LaInO-5% films, (b) valence bandmapping
of pure In2O3 and LaInO-5% films, and (c) energy band structure of pure In2O3 and LaInO-5% films.
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band spectra of In2O3 and LaInO (5 mol%) lms, from which
the conduction band minima (EC) and the Fermi energy levels
(EF) were estimated. The energy band structures of In2O3 and
LaInO (5 mol%) lms are shown in Fig. 8(c). The EV value of
In2O3 and LaInO (5 mol%) lms was 2.74 eV and 2.78 eV,
respectively. A slight increase in EV was observed aer La doping
compared with pure In2O3. The conduction band offset is
calculated as follows: DECB = Eg − EVB. The ECB of In2O3 and
LaInO (5 mol%) lms were 0.89 and 0.94 eV, respectively.
According to semiconductor physics, the carrier concentration
Ne can be estimated from DECB using the following equation40

Ne = NCe
(−ECB/KT) (6)

where NC is the effective density of the conduction zone in state.
Notably, the carrier concentration in La-doped lms decreases
relative to pure In2O3. This nding is due to the fact that in n-type
oxide semiconductors, the presence of oxygen vacancies provides
additional free electrons, thereby increasing the electron
concentration. Consequently, electrons are transported more
efficiently in the semiconductor by osmotic conduction. Thus,
carrier mobility decreases with La doping. This result is consis-
tent with previous analyses of electrical properties, which
explains the shi in the positive direction of VTH aer La doping.

4. Conclusions

In this study, LaInO thin lms and LaInO TFTs were prepared
using the solution method with La as the dopant. The micro-
structure of LaInO thin lms with different doping concentra-
tions and the electrical properties of the devices were
© 2024 The Author(s). Published by the Royal Society of Chemistry
investigated. XRD analysis shows that La doping can increase the
crystallization temperature of In2O3. The AFM and SEM images
show that the lms prepared by the solution method are smooth
and uniform, and the roughness is less than 1 nm, which is an
ideal material to be used as the active layer of TFT. The XPS
analysis results show that La doping can suppress the oxygen
defects inside the lm because that La has a low SEP (−2.37 V)
and a large bond energy of the La–O bond (798 kJ mol−1), which
can serve as a carrier suppressor in thin lms. Electrical tests
show that moderate amount of La doping can effectively
improve the Ion/Ioff, VTH, and SS values of TFT devices. The best
performance of the device was achieved when La doping was
5mol%, driven by a low voltage of 1 V with m= 14.22 cm2 V−1 s−1,
VTH = 2.16 V, SS = 0.84 V dec−1, and Ion/Ioff = 105. Therefore,
LaInO thin lms prepared by the solutionmethod are considered
as promising next-generation good active layer materials for TFTs
with great application potential in future low-cost, low-power and
large-area oxide electronic devices.
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