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A B S T R A C T

We report an IZO bilayer channel architecture for high-performance oxide thin-film transistors (TFTs), where the 
thickness of the ultrathin sputtered IZO layer on the solution-processed IZO is utilized to control film 
morphology, carrier transport, and turn-on voltage behavior. A solution-processed IZO bottom layer was fixed at 
approximately 10 nm, followed by the sputtered IZO overlayer, which was systematically varied from 3 to 5 nm. 
The addition of the ultrathin sputtered IZO layer significantly improved the electrical properties of the solution- 
processed IZO TFTs by modulating film morphology and carrier transport behavior. Power-law mobility analysis 
revealed that the 3 nm bilayer device remains governed by trap-limited conduction, whereas the 4 and 5 nm 
bilayer devices undergo a gate-field-induced transition from trap-limited conduction to percolation conduction. 
This transition is attributed to the formation of an interface-assisted percolation pathway around the buried 
solution IZO/sputtered IZO interface. An optimized 4 nm sputtered IZO overlayer provides the best-balanced 
performance, including near-zero turn-on voltage, improved switching behavior, mobility enhancement, and 
gate-voltage controllability, which offers a practical route for high-performance solution-processed oxide TFTs.

1. Introduction

Oxide semiconductor thin-film transistors (TFTs) have emerged as 
critical components in the development of next-generation large-area 
electronics, including high-resolution displays, flexible electronics, and 
transparent devices [1–3]. Among various oxide semiconductors, 
indium-based oxide materials have attracted considerable attention 
because of their high carrier mobility, optical transparency, and 
compatibility with low-temperature fabrication processes [4,5]. In 
recent years, solution-processed oxide semiconductors have gained 
increasing interest as a promising alternative to conventional 
vacuum-deposited oxide films. Solution processing offers several ad
vantages, including low fabrication cost, simple processing steps, and 
scalability for large-area manufacturing [6]. Despite these benefits, 
solution-processed oxide TFTs generally show lower electrical perfor
mance than vacuum-deposited devices, which is commonly attributed to 
the relatively limited film quality of solution-derived oxide semi
conductors [7].

Various approaches have been explored to improve the electrical 
performance of solution-processed indium-based oxide TFTs, including 
precursor chemistry optimization, post-annealing treatments, and 
interface engineering strategies [8–10]. Recent studies have further 
highlighted the important roles of carrier-transport mechanisms, inter
face engineering, and defect-related carrier dynamics in determining the 
electrical characteristics of metal-oxide TFTs [11–13]. While the stra
tegies can yield partial improvements in device performance, attaining 
high carrier mobility simultaneously with stable threshold voltage 
continues to be challenging due to the inherent limitations associated 
with solution-derived oxide films. A dual active layer architecture 
combining solution-processed and vacuum-deposited films represents a 
compelling strategy to leverage the advantages of both techniques while 
mitigating their respective limitations [14]. However, the fundamental 
correlation between the thickness of the vacuum-deposited layer and the 
consequent carrier transport characteristics in these hybrid oxide sys
tems has not been comprehensively elucidated.

In this study, we propose a dual-active-layer oxide TFT architecture 
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consisting of a solution-processed indium-zinc-oxide (IZO) bottom layer 
coupled with an ultrathin sputtered IZO capping layer. The thickness of 
the sputtered layer was systematically controlled in the ultrathin regime 
(3–5 nm) to investigate its influence on the electrical performance of IZO 
TFT. By examining the electrical characterization, surface morphology, 
and chemical bonding states, we identify a critical sputtering thickness 
that enables optimal device performance. Our results reveal that the 
addition of an ultrathin sputtered IZO layer significantly improves the 
electrical characteristics of solution-processed IZO TFTs, benefitted from 
altering film morphology and rich chemical bonding states of metal- 
oxygen. In particular, a sputtered thickness of 4 nm provides the 
optimal balance between film continuity and carrier concentration, 
thereby enhancing mobility and exhibiting near-zero turn-on behavior. 
These findings provide important insight into the design of hybrid oxide 
semiconductor structures and suggest an effective strategy for 
improving the performance of low-cost oxide TFT technologies for next- 
generation display applications.

2. Experimental

For IZO precursor solution, indium nitrate hydrate (In(NO3)3⋅xH2O, 
purity > 99.8%), zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O, purity >
98.0%), 2-methoxyethanol, and monoethanolamine (MEA) were pur
chased from Sigma-Aldrich. To prepare the IZO solution, In and Zn 
precursor with 0.1 M were prepared in 2-methoxyethanol. The indium 
and zinc precursor solutions were then combined in a 1:1 vol ratio 
(corresponding to an In:Zn molar ratio of 5:5). Monoethanolamine 
(MEA) was added to each solution as a stabilizing agent to suppress 
premature condensation and improve solution shelf life. The solutions 
were stirred at 1400 rpm for 1 h at 60 ◦C to ensure complete dissolution 
and homogeneous mixing. The final mixed solution was aged at room 
temperature for more than 12 h prior to use. To remove the undissolved 
particles from the solution, before use, the solution was filtered through 
a 0.2 μm polytetrafluoroethylene (PTFE) syringe filter.

Bottom-gate, top-contact structured IZO TFTs were fabricated on 
heavily doped p-type Si wafers with a thermally grown 100 nm SiO2 gate 
dielectric layer, serving as the gate electrode and gate insulator, 
respectively. The device fabrication processes were carried out using 
RF/DC sputtering systems (DAON, DaON-1000S), Mask Aligner (PRO 
WIN, P-150) and wet station system. The fabrication procedures of 
double layered IZO are illustrated in Fig. 1. The IZO precursor solution 
was deposited by spin coating at 1500 rpm for 30 s to form the bottom 
active layer. The coated film was subsequently annealed on a hot plate at 
350 ◦C for 2 h under ambient atmosphere to remove residual organic 
solvents and promote metal–oxygen bond formation. The sputtered 
upper IZO layer was deposited by RF magnetron sputtering. The working 
pressure was maintained at 5 mTorr with an Ar flow rate of 50 sccm, and 
the RF plasma power was fixed at 350 W. The target thickness of the 

sputtered layer was set to 3, 4, or 5 nm for the respective device groups. 
Following dual active layer patterning by photolithography and wet 
chemical etching, the patterned films underwent a pre-annealing treat
ment at 200 ◦C for 1 h to reduce surface roughness and adjust carrier 
concentration. Source and drain electrodes (100 nm Al) were finally 
deposited by DC sputtering through a shadow mask, defining a channel 
width (W) of 1000 μm and a channel length (L) of 600 μm. The 
morphological characteristics of the IZO layers and electrical properties 
of the devices were measured using atomic force microscopy (AFM, Park 
Systems, NX7) and semiconductor device analyzer (B1500A), 
respectively.

3. Results and discussions

Fig. 2 presents the morphological and structural characterization of 
the IZO bilayer films as a function of sputtered upper layer thickness. 
The edge of patterned single and double layer of IZO was measured, and 
the average thickness of films was collected from their line profiles 
(Fig. 2(a–c, e–g)). The solution-processed IZO layer had a measured 
average thickness of approximately 9.68 nm. Average thicknesses of 
single layer IZO films deposited by sputtering were 2.87 nm, 3.93 nm, 
and 4.88 nm, respectively, which correspond well with the intended 
target thickness during sputtering process. The total bilayer thickness 
reached 10.66, 11.58, and 12.67 nm as the sputtered overlayer thickness 
increased from 3 to 5 nm (Fig. 2(d)). The thickness contribution of the 
upper layer was calculated by subtracting the average thickness of the 
solution-processed base layer (9.68 nm) from the total thickness of the 
bilayer, showing a consistent reduction of approximately 2 nm from the 
nominal values across all cases (0.98 nm for 3 nm, 1.90 nm for 4 nm, and 
2.99 nm for 5 nm, respectively). It is noteworthy that the initially 
deposited sputtered IZO partly fills the rough surface valleys of the 
solution-processed IZO and undergoes nucleation-retarded growth 
rather than forming a fully continuous layer from the earliest deposition 
stage (see surface roughness analysis in Fig. 2(h)). The solution- 
processed single layer exhibits a comparatively elevated surface 
roughness (Ra) of 1.60 nm, indicative of the particulate surface 
morphology of solution-processed IZO films. At a target thickness of 
3 nm by sputtering, the lowest surface roughness (Ra = 0.55 nm) was 
observed among all configurations, indicating its suitability for filling 
the rough surface of solution processed IZO. After a substantial decrease 
in surface roughness, increasing the target thickness to 5 nm leads to a 
modest increase in Ra to 1.06 nm, which is still lower than that observed 
in solution processed IZO. We conclude that the comparatively modest 
Ra reduction at 3 nm (to 0.55 nm) is consistent with an island- 
dominated, non-coalesced sputtered film in which isolated nuclei 
partially cover and smooth the solution surface. As the target thickness 
increases to 4 nm and beyond, island coalescence is achieved, yielding a 
laterally continuous dense film.

Fig. 1. Schematic illustration of the fabrication process for solution IZO/sputtered IZO bilayer TFTs.
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Fig. 3(a) shows the transfer characteristics of the IZO TFTs at 
VD = 0.1 V across all four fabrication conditions (solution single-layer, 
bilayer with 3 nm, 4 nm, and 5 nm sputter layer). Fig. 3(b) and 
Table S1 summarize the extracted device parameters averaged devices 
per condition. Individual device transfer curves from the solution single- 
layer and all three bilayers are provided in Fig. S1, demonstrating the 
reproducibility of each device group. The solution single-layer device 
exhibits poorly defined switching behavior with a very low drain current 
level, consistent with a high density of trap states and deficient carrier 
transport in the defect-rich solution-processed film. The bilayer device 
with a 3 nm sputtered overlayer shows marginal enhancement in on/off 
switching; however, it continues to exhibit a low ON current and large 
subthreshold-swing (S.S). This behavior is attributed to the incomplete 
coalescence of the sputtered film at this thickness, resulting in the 
channel being predominantly influenced by the defect-rich solution 
layer [6].

In contrast, the bilayer devices with 4 nm and 5 nm sputtered layers 
demonstrate clearly improved transfer characteristics with significantly 
increased mobility values and decreased S.S. The abrupt decrease in S.S. 
from 4.16 V dec− 1 for the 3 nm bilayer device to approximately 
0.90–0.92 V dec− 1 for the 4 and 5 nm bilayer devices suggests that the 
effective trap contribution involved in subthreshold transport is sub
stantially reduced once the sputtered IZO overlayer reaches a critical 
thickness. This improvement may not be fully explained by changes at 
the gate-insulator/solution-IZO interface alone. Instead, it may reflect 
an evolution of carrier transport in the bilayer channel, including 
possible changes in the effective conducting path near the solution IZO/ 
sputtered IZO interfacial region. Among the bilayer devices, the 4 nm 
device presents the most balanced performance profile with reasonable 
turn-on voltage (Von) and field-effect mobility (μFE) of − 0.30 V and 
13.80 cm2V− 1s− 1, respectively. Von was extracted as the gate voltage at 
which the normalized drain current (ID × L/W) reached 1 nA. The device 
with 5 nm layer achieves a higher mobility but exhibits a pronounced 

negative shift in Von compared with the 4 nm device. The output char
acteristics of the most balanced device (4 nm bilayer) show well-defined 
linear and saturation regions with clear current saturation at high drain 
voltages, confirming ideal TFT operation (Fig. S2).

To gain deeper insight into the carrier transport mechanisms gov
erning the bilayer TFTs, we employed the empirical power-law model, 
which has been effectively used in previous bilayer and heterostructure 
oxide TFT studies to comparatively evaluate gate-field-dependent car
rier transport behavior [15–17]: 

μFE =K
(
VG − VT,P

)γ 

where VT and VP are the threshold and percolation voltage, respectively, 
and the prefactor K and exponent γ are associated with the intrinsic 
carrier transport characteristics. In particular, γ provides information on 
the dominant charge transport mechanism in oxide semiconductor TFTs. 
A γ value close to 0.7 is indicative of trap-limited conduction (TLC), 
where carrier transport is primarily governed by localized tail states and 
trap filling. In contrast, a significantly lower γ value, approaching 0.1, 
denotes percolation conduction (PC), where carriers move through 
spatially connected potential pathways after a substantial fraction of 
trap states has been filled. The prefactor K also provides useful infor
mation on trap-related transport. In the TLC regime, a higher K value 
indicates reduced interference from electron traps during electron con
duction [16,17]. Each bilayer TFT with a 3, 4 and 5 nm sputtered IZO 
layer was separately examined in the low- and high-gate field regime, as 
indicated in Fig. 4(a). The overlapped μFE —VG curves for all devices are 
summarized in Fig. S3. For the device with a 3 nm sputtered IZO layer, 
the power-law model fits the mobility behavior over a broad VG range 
with a γ value of approximately 0.72 and a very small K value of 0.05. 
Even after covering with a 3 nm sputtered overlayer, TLC-dominated 
transport still occurs due to the high density of trap states and defi
cient carrier transport in the defect-rich solution-processed film, causing 

Fig. 2. Morphological and thickness analysis of IZO films with different sputtered IZO thicknesses. AFM height images and line profiles of bilayer IZO films with 
sputtered IZO thicknesses of (a) 3 nm, (b) 4 nm, and (c) 5 nm. (d) Comparison of bilayer thickness, sputtered IZO thickness on SiO2, and estimated sputtered IZO 
contribution in the bilayer. AFM height images and line profiles of single-layer sputtered IZO films with thicknesses of (e) 3 nm, (f) 4 nm, and (g) 5 nm. (h) Surface 
roughness of solution IZO and bilayer IZO films.
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current path confinement at the gate insulator/IZO interface. This is 
attributed to the insufficient thickness of the 3 nm sputtered layer, 
which is inadequate to form a continuous conductive network and the 
current path remains predominantly governed by the trap-rich bottom 
solution IZO channel.

In contrast, the bilayer TFTs with 4 and 5 nm sputtered IZO layers 
exhibit two distinguishable transport regimes. In the low-gate field 
regime, the extracted γ values remain relatively high and comparable, 
with exhibiting values of approximately 0.60 and 0.64 for the 4 and 
5 nm bilayer devices, respectively. This suggests that TLC still dominates 
during the early stage of channel formation. However, the correspond
ing K values increase dramatically to 3.47 and 4.04, respectively, which 
are approximately 70-80 times larger than that of the 3 nm bilayer de
vice as depicted in Fig. 4(b). This pronounced increase in K suggests that 
the trap-limited transport is substantially relieved once the sputtered 
IZO overlayer reaches sufficient continuity. Together with the abrupt 
improvement in S.S., this result implies that the effective carrier trans
port environment is no longer governed solely by the trap-rich solution 
IZO region, but becomes increasingly influenced by the solution IZO/ 
sputtered IZO interfacial region. In the high-gate field regime, the 
transport behavior of the 4 and 5 nm bilayer TFTs changes markedly. 
The γ values decrease substantially to 0.08 and 0.03 for the 4 and 5 nm 
sputtered IZO devices, respectively, indicating a transition from TLC- 

dominated transport to PC-dominated transport. This transition can be 
understood as a consequence of progressive trap filling below the con
duction band minimum and the formation of spatially connected 
percolation pathways.

Importantly, the enhanced mobility of the bilayer TFTs cannot be 
attributed simply to direct conduction through the sputtered IZO layer 
itself. As shown in Fig. S4, the single-layer sputtered IZO TFTs with 
thicknesses of 4 and 5 nm IZO exhibit much lower field-effect mobilities 
of approximately 0.1 and 3 cm2V− 1s− 1, respectively, compared with the 
corresponding bilayer TFTs showing mobilities exceeding 13 
cm2V− 1s− 1. We emphasize that the ultrathin sputtered IZO layer alone 
does not serve as the primary efficient conducting channel. Therefore, 
the mobility enhancement in the bilayer TFTs should be understood in 
terms of an interfacial transport, which is driven by the synergistic 
coupling between the bottom solution-processed IZO and the top sput
tered IZO layer.

The difference between the 4 and 5 nm devices is particularly 
important. In both devices, the reduced γ values in the high-gate-field 
regime indicate a transition from TLC-dominated transport to PC-like 
transport, suggesting that an interface-assisted carrier pathway is 

Fig. 3. Electrical characteristics of solution IZO and solution IZO/sputtered IZO 
bilayer TFTs. (a) Transfer characteristics measured at VD = 0.1 V. (b) Extracted 
device parameters as a function of sputtered IZO thickness.

Fig. 4. Gate-field-dependent carrier transport analysis of bilayer IZO TFTs. (a) 
Field-effect mobility as a function of gate voltage fitted using the power-law 
model. (b) Extracted K and γ values in the low-gate-field.
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formed near the solution IZO/sputtered IZO interface. However, their 
turn-on characteristics are markedly different. The 4 nm device exhibits 
a near-zero Von while maintaining improved mobility, indicating that 
the optimized thickness of sputtered IZO overlayer effectively promotes 
interfacial transport while limiting excess carrier accumulation. In 
contrast, the 5 nm bilayer TFT shows a significant negative Von shift, 
suggesting excessive carrier accumulation induced by the thicker sput
tered IZO overlayer. This behavior is consistent with the greater carrier 
contribution of the thicker sputtered IZO layer, as supported by the 
single-layer control devices (Fig. S4): the 5 nm single-layer TFT exhibits 
both a higher current level and a more negative Von than the 4 nm 
counterpart. When incorporated into the bilayer structure, this greater 
carrier contribution from the 5 nm sputtered IZO promotes carrier 
accumulation at the solution IZO/sputtered IZO interface, driving the 
negative Von shift and weakening gate electrostatic control. Therefore, 
the optimized transport in the bilayer TFTs is not governed by the 
sputtered IZO layer as a standalone conducting channel, but by the 
formation of an interface-assisted percolation pathway at the solution 
IZO/sputtered IZO interface. From this viewpoint, the 4 nm sputtered 
IZO overlayer provides the most balanced configuration, enabling the 
transition from TLC to PC while suppressing excessive carrier accumu
lation and preserving gate voltage controllability. Although the present 
electrical analysis does not directly identify the spatial conduction 
pathway, the consistent variations in the power-law parameters, S.S., 
and electrical characteristics of the single-layer control devices collec
tively support the proposed interface-assisted transport interpretation.

To further investigate the chemical bonding states of the IZO films, 
XPS was performed on the O 1s core-level spectra for all fabrication 
conditions. The O 1s spectra were deconvoluted into three sub-peaks: 
the lattice oxygen (M − O) bonding component at the lowest binding 
energy (~530 eV), the oxygen-deficient related component (VO) at an 
intermediate binding energy (~531 eV), and the chemisorbed hydroxyl 
and organic species (OH/OC) at the highest binding energy (~532 eV) 
[18,19]. The relative fraction of each component as a function of the film 
fabrication condition is summarized in Fig. 5(c). For the solution 
single-layer IZO film (Fig. 5(a)), the O 1s spectrum is dominated by the 
OH/OC component (0.56), with a substantial VO fraction (0.33) and a 
minor M − O contribution (0.10). The large OH/OC fraction is consistent 
with the nature of solution-processed oxide films, which can retain re
sidual hydroxyl groups and organic ligands from the sol-gel precursor 
even after thermal annealing. In addition, the relatively high VO and 
OH/OC fraction indicate a chemically disordered and trap-rich oxide 
network, providing a plausible origin for trap-limited carrier transport 
when the current path is mainly confined to the solution IZO region. In 
contrast, the 20 nm sputtered IZO single-layer reference (Fig. 5(b)) 
shows a substantially higher M − O fraction (0.65) and lower OH/OC 
content (0.14), consistent with the relatively well-coordinated nature of 
sputter-deposited oxide films compared with solution-processed films. 
This clear chemical contrast between the solution-processed and 

sputter-deposited IZO is qualitatively consistent with the transport 
evolution discussed in the preceding power-law mobility analysis, where 
the contribution of trap-limited transport is substantially reduced upon 
sufficient development of the sputtered IZO overlayer. The O 1s spectra 
of the bilayer films are provided in Fig. S5 for completeness; however, 
owing to the surface-sensitive nature of XPS and the increasing contri
bution of the sputtered overlayer with increasing thickness, these 
spectra were not used to interpret the chemical state of the buried so
lution IZO/sputtered IZO interface.

Fig. 6 benchmarks the relationship between Von and mobility for 
reported solution-processed In-Zn-O based TFTs [11,20–26]. Compared 
with previously reported solution-processed In-Zn-O based TFTs, the 
optimized solution/sputter IZO TFT exhibits competitive mobility while 
maintaining a near-zero Von. This result highlights that ultrathin sput
tered IZO overlayer engineering provides an effective route to balance 
carrier transport enhancement and gate-voltage controllability.

4. Conclusions

We developed a solution IZO/sputtered IZO bilayer TFT architecture 
where the ultrathin sputtered IZO overlayer thickness dictates film 
morphology, interfacial carrier transport, and turn-on behavior. Line 
profiles of the patterned IZO films in AFM analysis revealed nucleation- 

Fig. 5. XPS O 1s spectra of IZO films with different channel structures. Deconvoluted O 1s spectra of (a) solution IZO, and (b) single-layer sputtered IZO. (c) Relative 
fractions of M − O, VO, and OH/OC components extracted from the O 1s spectra.

Fig. 6. Benchmarking of mobility versus Von for reported solution-processed 
In–Zn–O-based TFTs [11,20–26].
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retarded growth of sputtered IZO on the solution-processed IZO surface, 
resulting in the actual thickness below the nominal target. The overlayer 
reduced the surface roughness of the underlying film, with a nominal 
4 nm thickness providing the most balanced morphology and device 
characteristics. Consequently, bilayer TFT with 4 nm overlayer deliv
ered the finest balance between mobility improvement and Von 
controllability. Power-law mobility analysis revealed field induced 
transition from TLC-dominated (low gate fields) to PC-dominated 
transport (high gate fields), signifying an interface-assisted percolation 
pathway near the solution IZO/sputtered IZO interface. In contrast, the 
bilayer with 5 nm overlayer suffered from excessive carrier accumula
tion and a negative Von shift despite its superior PC metrics (larger K 
value and smaller γ value), resulting in weakened gate control. XPS O 1s 
analysis further revealed distinct chemical characteristics between the 
solution-processed and sputter-deposited IZO, with the sputtered IZO 
reference exhibiting a higher M − O fraction and lower OH/OC content. 
This chemical contrast is qualitatively consistent with the reduced 
contribution of trap-limited transport observed in the power-law 
mobility analysis. Together, these insights support that the optimized 
performance of the 4 nm bilayer TFT stems from a balanced interface- 
assisted percolation pathway that boosts carrier transport while pre
serving bottom-gate electrostatic control.
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