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ABSTRACT 

In this work, lanthanum-doped indium oxide (InLaO) thin-film transistors (TFTs) are fabricated by atomic layer deposition (ALD) 
with different La concentrations. Effects of La concentration on crystallinity, surface chemical information, surface morphology, 
along with the electrical properties of ALD-grown InLaO TFTs, are systematically investigated. With increasing La content from 

0 to 20.2 at. %, the field-effect mobility ( µFE ) continuously decreases from 106.3 to 2.3 cm2 (V ⋅s)− 1 . In contrast, the negative bias 
stability (NBS) is remarkably enhanced, and the threshold voltage (VTH ) shifts from − 0.157 to − 0.005 V under − 2 V bias stress for 
1000 s. This trend is attributed to the stronger La ─O bonding energy compared to In ─O. The stable La ─O bonds effectively suppress 
the generation of oxygen vacancies (VO ) and associated defect states, which explains the superior stability. Concurrently, these 
bonds also restrain the formation of conduction pathways, leading to the observed mobility degradation. This work demonstrates 
that La doping is an effective strategy to precisely tune the stability-mobility balance in oxide TFTs. 
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 Introduction 

ince the discovery of amorphous indium gallium zinc oxide (a-
GZO), a-IGZO TFTs act as an important switching control device
f backplane technology for modern high-resolution active-
atrix displays, owing to relatively high mobility, excellent uni-
ormity, and optical transparency [ 1–8 ]. However, next-generation
isplay technology like flexible displays and micro-LED needs
uperior TFT performance [ 9, 10 ]. A critical issue for metal oxide
FTs is bias stress instability, which damages pixel fidelity and
ong-term device reliability [ 11, 12 ]. The instability is mainly
ttributed to intrinsic defects at the channel and channel/gate
nsulator (GI) interface, which can trap or release carriers under
ifferent stress conditions. The defects include oxygen vacancies
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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(VO ), weakly bonded O, undercoordinated O, and Hydrogen-
related defects, in which VO is the most prevalent and influential
defect [ 13–15 ]. 

Among various amorphous oxide semiconductors (AOS), indium
oxide (In2 O3 ) has an attractive prospect due to its high intrinsic
electron mobility coming from the large spatial overlap of In
5s orbitals [ 7, 16 ]. However, its practical application is severely
affected by the high density of VO . These vacancies act as shallow
donors, leading to excessive carrier concentration, poor turn-
off characteristics, and obvious bias stress instability [ 17, 18 ].
Therefore, effective defect engineering to suppress VO while
maintaining reasonable mobility is necessary for advancing
In O -based electronics. 
its use, distribution and reproduction in any medium, provided the original work is properly 
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TABLE 1 Spectroscopic ellipsometry-based thickness and XPS-based La atomic ratio (La/(La + In)) of the InLaO film according to the ALD super- 
cycle and cycle number of In2 O3 and La2 O3 . 

Sample Super-cycle (In + La) Number of super-cycle Thickness [nm] La [at. %] 

In2 O3 — 85 4.0 0 
In1.8 La0.2 O3 25 + 1 7 8.4 10.8 
In1.7 La0.3 O3 15 + 1 11 8.4 15.6 
In1.6 La0.4 O3 10 + 1 15 8.2 20.2 
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re
oping with stronger-bonding cations has proven to be a viable
trategy for defect modulation in oxides [ 19–22 ]. In this case, La,
 rare-earth element, presents a compelling choice. The La3 + has
 significantly larger ionic radius ( ∼ 1.032 Å) compared to In3 +
 ∼ 0.80 Å), and the La–O bond energy ( ∼ 802 kJ mol− 1 ) is substan-
ially greater than that of In–O ( ∼ 346 kJ mol− 1 ). These intrinsic
roperties indicate that La incorporation could frustrate the
rystallization of In2 O3 , promote amorphous phase formation for
etter uniformity, and most importantly, suppress the formation
f VO and decrease the concentration of trap states through the
ormation of more stable metal-oxygen bonds, thereby enhancing
ias stability. La doping in solution-processed or sputtered InLaO
FTs has been explored, while a systematic investigation with
tomic layer deposition (ALD) has rarely been reported [ 23–
1 ]. Because of its exceptional conformality, thickness control,
nd low-temperature processing, ALD has been widely used in
ntegrated circuits. While ALD faces challenges in growth rate,
ost, and relatively complex precursors compared to sputtering
nd solution processes, the layer-by-layer growth enabled by ALD
rovides an ideal way to achieve precise and uniform cationic
oping and high quality films growth. 

his work presents a comprehensive study on La doping of ALD-
rown In2 O3 thin films for high-stability TFT applications for the
irst time. ALD-cycle engineering was used to achieve precise
nd wide-range La doping concentrations from 0 to 20 at. %.
razing incidence X-ray diffraction (GIXRD), X-ray photoelectron
pectroscopy (XPS), and atomic force microscopy (AFM) were
mployed to characterize the La-induced structural, chemical,
nd morphological changes related to the performance of InLaO
FTs. We demonstrated that La doping effectively passivates VO ,
nduces a crystalline-to-amorphous transition, and modulates the
lectrical properties. The fabricated InLaO TFTs exhibit excellent
hannel/GI interface with near-ideal subthreshold swing (SS).
ore significantly, we achieved high bias stress stability under
igh electric fields, exceeding previously reported La-doped In2 O3
evices. This work establishes ALD as a powerful tool for rare-
arth doping in metal oxide and provides a pathway to designing
eliable, high-performance devices through defect engineering. 

 Results and Discussion 

.1 Characterization of InLaO Thin Films 

he spectroscopic ellipsometry-based thickness and XPS-based
ation composition of the InLaO film are shown in Table 1 .
espite varying total cycle numbers, the thickness of all three
of 9
InLaO films was similar ( ∼ 8 nm). This result is attributed to the
designed super-cycle, wherein the final thickness is a sum of the
growth from single In2 O3 and La2 O3 sub-cycles. The measured
growth rates of In2 O3 and La2 O3 were 0.44 and 1.1 Å/cycle in
InLaO, respectively, aligning with findings in the literature [ 32,
33 ]. In2 O3 growth rate of 0.47 Å/cycle was measured in the In2 O3 
process, similar to the growth rate in InLaO. Correspondingly,
the La atomic concentration, defined as the atomic radio of La
to (In + La), decreases gradually from 20.2 to 10.8 at. % with the
proportion of In2 O3 sub-cycles in the ALD sequence increased.
This trend confirms that the cation composition (In/La ratio) can
be effectively tuned by adjusting the sub-cycle ratio of the metal
oxides. 

AFM topological images of the InLaO thin film with differ-
ent concentrations are shown in Figure 1a–e . The Root Mean
Square roughness (RMS) values of the In1.6 La0.4 O3 , In1.7 La0.3 O3 ,
In1.8 La0.2 O3 , and In2 O3 films are estimated to be 0.45, 0.40, 0.33,
and 0.29 nm, respectively. Although the incorporation of La
leads to a mild increase in surface roughness compared to the
undoped film, the surfaces of InLaO films are smooth. Such
low surface roughness is essential for high-performance devices,
as it effectively reduces carrier scattering at the interface [ 34 ].
The crystallinity of InLaO films annealing in O2 at 400◦C for
10 min was examined using grazing incidence X-ray diffraction
measurement, as shown in Figure 3f . The In2 O3 film showed
a polycrystalline phase exhibiting dominant diffraction peaks
at 2 θ values of 30.58◦, corresponding to the (222) diffraction
peaks. In contrast, all La-doped films showed an amorphous
phase, suggesting that La could frustrate In2 O3 crystallization.
The transition from a polycrystalline to an amorphous phase
with La doping can be mechanistically understood through a
combination of crystallographic constraints and thermodynamic.
According to the Hume-Rothery rules, when the radius difference
between dopant and host ions is greater than ∼ 15% severely
limits substitutional compound formation [ 35 ]. In this case, the
ionic radius of La3 + ( ∼ 1.03 Å) is approximately 29% larger than
that of In3 + ( ∼ 0.80 Å), far exceeding the threshold. This severe
mismatch makes the incorporation of La3 + into the In2 O3 lattice
highly energetically unfavorable, preventing the development of
a periodic crystalline structure. Besides, the significantly higher
bond strength of La ─O compared to In ─O creates substan-
tial energy barriers for atomic rearrangement during thermal
annealing. These stable La ─O bonds effectively pin local atomic
configurations, hindering the long-range diffusion and ordering
necessary for crystallization. Consequently, the strong La ─O
bonding and the large ionic size frustrate the crystallization and
stabilize the amorphous phase of the InLaO films. 
Advanced Electronic Materials, 2026
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FIGURE 1 AFM surface morphology images of (a–d) as-deposited InLaO films with different La concentrations and (e) Si substrate. (f) XRD 

patterns of the InLaO films with different La concentration 400◦C annealing in O2 for 10 min. 
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rea
n order to further explore the components and chemical states
f InLaO films, XPS was carried out, as shown in Figure 2 . No
istinct binding energy shift is observed in the In 3d and La 3d of
ifferent InLaO samples (Figure 2a–d ), indicating the formation
f In ─O and La ─O bonding in the InLaO films. Furthermore,
o analyze oxygen-metal bonding, the O 1s peak is deconvoluted
nto three subpeaks. The subpeaks centered at 529.56–529.59,
30.28–530.34, and 531.5–531.65 eV, which are related to oxygen in
etal oxides (M-O), VO , and metal hydroxide species (M ─OH),
espectively, are shown in Figure 2e–h . As seen in Figure 2d ,
he area radio of VO /(VO + M-O + M ─OH) after the introduction
f La decreases from 24.0% to 15.94%. This result indicates the
xcellent ability of La3 + in suppressing the formation of VO , which
s directly attributed to the stronger La ─O bonding strength
ompared to In ─O bonding. 

.2 Electrical Performance of InLaO TFTs 

o investigate the effect of La concentration on electrical perfor-
ance, devices with different La concentrations were fabricated,
he schematic of the TFT is shown in Figure 3a . Figure 3b
resents the transfer curves at VDS = 0.1 V with a channel
ength (L) of 10 µm. The excellent subthreshold swing (SS)
alues (72–77 mV dec− 1 ) benefit from the high-quality interface
etween the ALD-grown HfO2 GI and the InLaO channel,
hich is further confirmed by the double-sweep transfer curves
easured at VDS = 0.1 and 1.2 V (Figure 4e–h ) showing negligible
dvanced Electronic Materials, 2026
hysteresis. The corresponding field-effect mobility ( µFE ) and
threshold voltage (VTH ), extracted from the transfer curves at
VDS = 0.1 V, are shown in Figure 3c . The In2 O3 TFT shows high
µFE (106.3 cm2 (V ⋅s)− 1 ) and highly negative VTH ( − 1.35 V), which
suggesting a very conductive channel. As the La concentration
increases from 10.8 to 20.2 at. %, the µFE decreases from 41.2 to
2.3 cm2 (V ⋅s)− 1 , and VTH shifts positively from − 0.83 to 1.16 V.
This trend is corroborated with the output curves in Figure
4e–h , which show a reduction in drain current (IDS ) at the same
gate voltage, indicating lower channel conductivity. Based on the
XPS and XRD results, it can be inferred that the less conductive
channel can be attributed to the La-induced amorphization and
the suppression of VO (which acts as a shallow donor), due
to stronger La ─O bonding. Besides, TFTs with different L are
shown in Figure 5 , In2 O3 TFTs suffer from significant short-
channel effects (negative VTH roll-off and SS degradation), InLaO
TFTs maintain stable VTH , µFE , and SS with L down to 5 µm,
demonstrating that La incorporation enhances the scalability. 

2.3 Bias Stability of InLaO TFTs 

The modulation of channel properties by La doping has been
established through basic electrical characterization. To further
evaluate the impact of reliability, the bias stability is systemati-
cally investigated, as shown in Figure 6 . The positive-bias-stress
(PBS) and negative-bias-stress (NBS) conditions were Vstress = ± 1,
2, and 3 V in vacuum at room temperature for 1000 s, respectively.
3 of 9
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FIGURE 2 (a–c) In 3d, La 3d and O 1s XPS spectra of InLaO thin films with different La concentration, (d) VO ratio in InLaO thin films with 
different La concentration extracted from (e–h) deconvoluted O 1s XPS spectra. 

FIGURE 3 (a) The schematic cross-section of a bottom-gate and top-contact InLaO transistor. (b) Transfer curves of the InLaO transistors with 
different La concentrations. (c) µFE and VTH extracted from (b). 
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s shown in Figure 6a–c , the undoped In2 O3 TFTs exhibit a
egative ΔVTH under PBS from 1 to 3 V. However, with light
a doping, the ΔVTH shifts to positive at the higher Vstress of
 V. This result implicates that the negative ΔVTH in In2 O3 is
irectly attributed to the donor defects in the channel, especially
O → VO 

2 + + 2e− . La incorporation effectively suppresses this
echanism. This conclusion corresponds with the XPS results,
hich show a decreasing VO concentration with increasing
a content. The suppression mechanism originates from the
tronger La ─O bonding, which stabilizes the oxide lattice against
he field-assisted breaking of the weaker In ─O bonds and the
ubsequent formation of VO under PBS. Besides, with further
ncrease in La concentration, the positive ΔVTH under 3 V, PBS
ecomes larger, as shown in Figure 6d . This indicates that while
oderate La doping suppresses bulk VO -related instability, a
of 9
new degradation pathway becomes dominant at high La content.
This positive shift is attributed to enhanced charge trapping
at the GI or the channel/GI interface. While La doping sup-
presses oxygen vacancy-related defects in the channel bulk, the
stability under PBS at high La concentrations can be limited
by the degradation of the channel/GI interface. This interface
degradation may generate traps, which capture electrons under
PBS and lead to a positive ΔVTH . Excessive La doping, despite
its efficiency in passivating VO , can degrade high-field stability,
highlighting the need for optimal doping concentration. Mean-
while, the same negative ΔVTH observed under low-field PBS
(Vstress = 1 and 2 V) for both undoped and lightly La-doped
samples suggests a common defect. In addition to VO , hydrogen,
commonly incorporated during ALD growth, could contribute
to negative ΔVTH . Hydrogen may exist as interstitial hydrogen
Advanced Electronic Materials, 2026
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FIGURE 4 (a–d) The double-sweep ID -VGS and IG -VGS curves measured at VDS = 0.1 and 1.2 V, and (e–h) corresponding output curves of the 
InLaO transistors with different La concentration. 

FIGURE 5 Transfer characteristics of the (a–d) In2 O3 and InLaO TFTs with different L. (e–f) VTH , µFE , and SS extracted from the corresponding 
TFTs. 
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r substitutional hydrogen in VO , under positive bias, hydrogen
an act as an electron donor, and leading to negative ΔVTH .
a-doping effectively suppresses oxygen vacancy formation and
onsequently reduces the concentration of both VO -related and
ydrogen-related donors. 

he NBS stability of InLaO TFTs was shown in Figure 6e–h , and
he NBS of the devices was significantly improved with La doping.
nder NBS of Vstress = − 3 V, the ΔVTH systematically decreases
rom − 0.58 to − 0.36, − 0.16, and finally to − 0.01 V with increasing
a concentration, as shown in Figure 6e–h . The improvement
n NBS stability directly results from the suppression of VO by
he stronger La ─O bonds, as shown in Figure 7 . Besides, the
dvanced Electronic Materials, 2026
In1.6 La0.4 O3 TFTs show an initial positive shift followed by a
gradual reversal to a negative shift, suggesting the existence of
more than once mechanisms with different time constants. The
positive shift is much smaller than the stability gains from La
doping. Consequently, this phenomenon does not influence the
conclusion of the effective enhancement of bias stability via
La-induced defect passivation. 

Table 2 benchmarks the performance of InLaO TFTs in this
study with other reported InLaO TFTs [ 23–27 ]. A wider range
of La doping concentrations was achieved by ALD, and the SS
values as low as ∼ 70 mV dec− 1 are significantly lower than
those reported in other works, benefiting from the high-quality
5 of 9
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FIGURE 6 Bias stress instabilities of the InLaO transistors with (a–d) PBS and (e–h) NBS. The PBS and NBS stress conditions are VGS = ± 1, 2, and 
3 V at room temperature for 1 ks. 

FIGURE 7 (a) Mechanisms of the negative bias instability. Donor-like traps and oxygen vacancies (VO → VO 2 + + 2e− , VO → VO + + e− ) under NBS 
release electrons, resulting in a negative shift of VTH . (b) Schematic diagram of InLaO structure, illustrating the suppression of VO due to strong La ─O 

bonding after doping. 
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nterface between the ALD-grown gate dielectric and channel.
nder a high Vstress /EOT (equivalent oxide thickness) value of
.6 MV/cm, the ΔVTH is remarkably small ( ΔVTH < 0.1 V).
eanwhile, NBS stability is enhanced with increasing La content,
ltimately reaching a negligible shift of − 0.005 V. These results
emonstrate the superior interfacial quality and exceptional bias-
tress stability achieved through ALD-engineered La doping in
n2 O3 TFTs. 

 Conclusions 

his study systematically investigates the impact of La dop-
ng in ALD-grown In2 O3 for the first time. InLaO thin films
ere characterized by comprehensive characterization, and these
esults are in accordance with the electrical performances of
orresponding TFTs. The strong La ─O bonding leads to the
of 9
suppression of VO, resulting in a decrease in µFE from 106.3 to 2.3
cm2 (V ⋅s)− 1 coupled with a positive VTH shift from − 1.35 to 1.16 V.
Benefiting from ALD, the devices exhibit excellent SS values as
low as ∼ 70 mV dec− 1 . Meanwhile, the PBS and NBS of the InLaO
TFTs were also evaluated, In1.6 La0.4 O3 TFT represents excellent
bias stability, such as ΔVTH of − 0.042 and − 0.005 V under ± 2 V for
1ks. These results establish ALD-grown La doping as an effective
VO suppression and pave the way for the exploitation of La-doped
In2 O3 devices. 

4 Experimental Section 

4.1 InLaO Film and TFT Fabrication Methods 

The InLaO thin films were deposited by ALD with
(3-(dimethylamino)propyl)-dimethyl indium (DADI) and
Advanced Electronic Materials, 2026
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TABLE 2 Benchmarking of the relevant InLaO TFT devices, including mobility, VTH , SS, EOT, and bias stress stabilities [ 23–27 ]. 

Film 

Technique 
La 
[at.%] 

µ
[cm2 (V ⋅s)− 1 ] 

VTH 
[V] 

SS 
[V/dec] 

Measurement 
condition a 

PBS 
∆VTH 
(V) 

NBS 
∆VTH 
(V) 

EOT 

(nm) Refs. 

Sputter 5 34.7 − 3.4 0.19 PBS: 10 V, 1 h 
NBS: − 10 V, 1 h 

Vstress /EOT = 1.2 MV/cm 

0.20 − 0.6 83.9 [ 23 ] 

Solution 0 48.8 1.12 0.33 PBS: 2.5 V, 1 h 0.21 0.21 9.7 [ 24 ] 
1 42.3 1.26 0.22 NBS: − 3 V, 1 h 0.50 0.14 
4.8 36.5 1.41 0.15 VPBS /EOT = 2.6 MV/cm 0.36 0.10 
9.1 32.7 1.76 0.12 VNBS /EOT = 3.1 MV/cm 0.19 0.08 

nanofiber 0 7.5 − 4.1 1.09 PBS: VGS -VTH = 2 V, 1 h 13.52 — 100 [ 25 ] 
2 5.3 − 0.6 0.98 Vstress /EOT = 0.2 MV/cm 6.10 —
5 5.0 4.5 0.51 2.90 —
8 1.2 6.66 0.5 0.38 —

solution 5 3.5 − 4.1 — PBS: 20 V, 1 h 
NBS: − 20 V, 1 h 

60◦C 

Vstress /EOT = 2.2 MV/cm 

E = 2.2 MV/cm 

2.90 0.5 90.5 [ 26 ] 

solution 0 22.5 0.8 0.13 PBS: 2 V, 1 h 0.17 − 0.08 11.3 [ 27 ] 
0.5 21 1.2 0.75 NBS: − 2 V, 1 h 0.13 − 0.03 
1 5 1.5 0.09 Vstress /EOT = 1.8 MV/cm — —
3 2.5 1.7 0.09 — —

ALD 0 106.3 − 1.35 0.073 PBS: 2 V, 1 ks − 0.006 − 0.120 3.6 [this 
work] 

10.8 41.2 − 0.83 0.079 NBS: − 2 V, 1 ks − 0.074 − 0.157 
15.6 9.3 − 0.07 0.072 Vstress /EOT = 5.6 MV/cm 0.050 − 0.074 
20.2 2.3 1.16 0.077 0.042 − 0.005 

a Measurement condition includes stress voltage, time, and Vstress /EOT. 
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ris(N,N ′ -diisopropylformamidinato) lanthanum (La(i PrfAMD)3 )
ith ozone (O3 ) as the oxidant at 225◦C. And the metal precursors
ere held at 60 and 150◦C, respectively. The metal precursor
ulse times were 0.3 s for DADI and 0.5 s for La(i PrfAMD)3 ,
ollowed by corresponding O3 pulse times of 0.1 and 0.5 s. For
he deposition using each precursor, N2 gas was used as purge
as with a purge time of 20 s. The ALD super-cycle consisted of
 values of 0, 5, 10, and 15, corresponding to the samples denoted
s In2 O3 , In1.8 La0.2 O3 , In1.7 La0.3 O3 , and In1.6 La0.4 O3 , respectively.
he InLaO TFTs with a bottom-gate and top-contact structure
ere fabricated on a Si wafer with 90 nm thermally grown
iO2 . A 50 nm Mo was used as the gate electrode by magnetron
puttering, after which an 8-nm HfO2 gate dielectric was grown
y ALD. The channels (InLaO and In2 O3 ) were deposited by
LD using the above-mentioned films, and patterned with
ilute hydrochloric acid at a ratio of 1:10. The post-deposition
nnealing process for the TFT was conducted for 10 min at 400◦C
n O2 . Finally, magnetron sputtering was used to deposit 50 nm
ungsten (W) as the source and drain (S/D) electrodes, which
ere patterned using UV lithography and lift-off processes. The
hannel width and length were 40 and 10 µm, respectively. 
dvanced Electronic Materials, 2026
4.2 Analysis Methods 

The electrical properties were evaluated using a Keysight 1500
semiconductor parameter analyzer in vacuum conditions ( ∼ 1
mPa) and at room temperature to avoid any influence from the
ambient environment. The bias stability was measured in a dark
and vacuum environment, and a constant stress voltage ( ± 1, 2,
and 3 V) was applied to the TFTs. The degradation was monitored
by intermittently interrupting the stress at 10, 30, 70, 100, 300, 500,
and 1000 s to perform a fast transfer characteristic measurement
at VD = 0.1 V. The VTH was extracted from each of the transfer
curves using the constant-current method shown in Figure S1 .
Capacitance-voltage (C–V) measurements were performed on
metal-insulator-metal (MIM) capacitors using a Keysight 4980
LCR meter at the frequency from 1 kHz to 1 MHz with a small AC
signal amplitude of 30 mV. The C–V characteristics measured are
presented in Figure S2 , with the corresponding capacitor struc-
ture illustrated in the inset. The extracted unit-area capacitance
(Cox ) at the minimum of the C–V curve is 9.7 × 10− 3 F/m2 , and
the extracted EOT is 3.6 nm. The thickness of as-deposited oxide
films was measured by spectroscopic ellipsometry. The roughness
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