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ABSTRACT: We fabricated active single- and bilayer
structure thin film transistors (TFTs) with aluminum or
gallium doped (IZO:Al or IZO:Ga) and undoped indium zinc
oxide (IZO) thin film layers using an aqueous solution process.
The electrical performance and bias stability of these active
single- and bilayer structure TFTs were investigated and
compared to reveal the effects of Al/Gal doping and bilayer
structure. The single-layer structure IZO TFT shows a high
mobility of 19 cm2/V·s with a poor positive bias stability
(PBS) of ΔVT + 3.4 V. However, Al/Ga doped in IZO TFT
reduced mobility to 8.5−9.9 cm2/V·s but improved PBS to ΔVT + 1.6−1.7 V due to the reduction of oxygen vacancy. Thus, it is
found the bilayer structure TFTs with a combination of bottom- and top-layer compositions modify both the mobility and bias
stability of the TFTs to be optimized. The bilayer structure TFT with an IZO:X bottom layer possess high mobility and an IZO
bottom layer improves the PBS.
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1. INTRODUCTION

Amorphous metal oxide semiconductors (AOSs) have been
extensively studied as the active layers in display backplanes of
thin film transistors (TFTs) that have many advantages such as
high mobility and optical transparency, and the amorphous
state is attractive for large-area uniformity.1−3 Most of all, both
the amorphous state and high mobility are very attractive to
alternative active materials instead of conventional a-Si:H (<1
cm2/V·s) from the perspective of fabrication and applications.4

The conventional a-Si:H TFT has already limits to fulfill the
high-end specifications as display backplane due to its low
mobility: UD (ultradefinition high resolution), 480 Hz (high
frame rate), and large size (>50 in., RC delay).4,5 Also, poly-Si
TFTs have critical problems in mass-production since they take
a long time to make their crystalline structure with large-area
uniformity.4 From now, new AOS materials are being
developed by many researchers based on zinc-oxide materials
such as zinc oxide (ZO), indium oxide (IO), indium zinc oxide
(IZO), zinc tin oxide (ZTO), and indium gallium zinc oxide
(IGZO) composition and surveyed stabilizer ions (Hf, Zr, Li,
Mg, Al ets) in an oxide system.4−12 The most well-known
representative of AOS materials, amorphous indium−gallium−
zinc-oxide (a-IGZO) was first reported by Hosono et al.1 Either
in a vacuum process or solution process, the multicomponent
materials are more attractive than intrinsic or binary
compositions because these materials make a stable amorphous
oxide structure and facilitate control of the carrrier
density.5,13,14 And most of the stabilizer ions act as a carrier
surppressor and reduce oxygen deficiencies.1,2,6−12,14−19 For

the stabilizer ions, two representative precursors of aluminum
and gallium atoms were doped to tune the electrical mobility
and the bias stability, especially in oxide TFT fabricated by the
solution process.19

Nowadays, the sol−gel method is an attractive process to
replace the conventional vacuum process due to its ease of
fabrication, scalability, and lower cost.3 One of the key
parameters in the solution process is the solvent, which
determines the properties of coated wet films, the solution
mechanism, and a conservative property of precursor solution,
among other properties.3 Impurity-free water is a good solvent
because it has no volatile organic compounds or organic
residues to be removed to create high-performance oxide
TFTs.16,17 Thus, the aqueous precursor solutions can make the
pure metal oxide without high-temperature annealing, and they
show good electrical stability.16,17 The fabricated aqueous
fluorine-doped indium zinc oxide (IZO:F) TFTs on a flexible
substrate showed a high field-effect mobility of 4.1 cm2/V·s at
low-temperature annealing at 200 °C and good stabilities in
previous reports.17 In terms of fabrication process, IGZO thin-
films was easily damaged due to its poor chemical stability if the
back-channel-etch (BCE) structure was employed, so it is
essential to adopt the etch stopper-layer (ESL) structure.20

Thus, the combination of the optimized oxide composition and
TFT design is important to show both good electrical
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performance and stability. Recently, active bilayer structure was
studied since it was expected to achieve both high mobility and
good bias stability by combining two different composition
semiconducting thin film channel layers.21 To protect the active
bottom layer of IZO or IGZO, chemical durable ZTO and Cu-
doped IGZO materials were adapted as an active top layer in
BCE structure and the IGZO/ZTO20 and IGZO/Cu-GIZO22

bilayer structure show superior TFT performance and stability.
Also, IO/IGO,21 IZO/IGZO,23 IO/GO,24 IZO or ITO/
GIZO,25 IGZO/IGZO:Ti,26 IZO/ZTO,27 AZO/ZO,28 and
HZO/ZO/HZO29 multilayer structure TFTs demonstrate
significantly enhanced performance and/or bias stability using
either vacuum or solution process. Using an active single-
source, different Hf contents8 or varying the O2/Ar gas
ratio30,31 was adopted as active bilayer composition, which
performed as well as highly stable TFTs.
In this paper, the aluminum and gallium were doped into

active IZO thin films fabricated by a metal-fluoride-precursor-
based aqueous solution process to improve the gate bias

stability of the TFT. Then, the active bilayer structure TFTs
composed of Al- and Ga-doped IZO (IZO:X, X = Al, Ga) and
undoped IZO thin films were fabricated and studied to achieve
both high mobility and good bias stability.

2. EXPERIMENTAL SECTION
A 0.15 M IZO precursor solution was prepared by directly dissolving
indium fluoride trihydrate (InF3·3H2O > 99%) and zinc fluoride
(ZnF2, 99%) in water (H2O, ACS reagent) at room temperature. The
optimized molar ratio of In: Zn was 1:2 in IZO solution and 2:1 in
IZO:Al and IZO:Ga precursor solutions. The sources for aluminum
and gallium were aluminum nitrate nonahydrate [Al(NO3)3·9H2O >
99.99%] and gallium nitrate hydrate [Ga(NO3)3·xH2O > 99.99%],
respectively. All reagents were purchased from Sigma-Aldrich and were
used without further purification. The aqueous solution was stirred for
4 h and filtered through a 0.22 μm syringe filter. The thermal behavior
of the precursor was investigated by using a thermogravimetric
analyzer (TA Instrument). The precursor solution was dried at 100 °C
to remove the water solvent, and the powder was analyzed. The
temperature ramping rate was 5 °C/min, and the analyzer was heated
up to 800 °C.

Figure 1. (a) Structure image of oxide TFT and evolution of the transfer (b and c) and output curves (d−g) of active single-layer IZO:Al and
IZO:Ga TFTs, respectively, as a function of the Al and Ga doping concentration (4 and 6 mol %) (VDS = 40 V, VG = −20−+40 V).
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To fabricate the device, a 100 nm SiO2 was thermally grown as a
gate dielectric layer on the top of a heavily boron(p+)-doped Si wafer.
In the case of single-layer structure TFTs, the synthesized precursor
solutions were spin-coated at 5000 rpm for 30 s on substrates that
were treated by oxygen plasma, and the coated active layer was
annealed on a hotplate at 350 °C for 2 h under ambient atmosphere.
In the case of bilayer structures, each active layer in the bilayer
structure was annealed for 1 h under the same spin-coating conditions
and the bottom layer was annealed for a total of 2 h. The top-layer
precursor solution was immediately spin-coated onto the fabricated
bottom-layer to avoid environmental contamination after cooling the
bottom layer. The Al source and drain electrodes were deposited by an
e-beam evaporator (pressure ∼10−6 Torr) through a shadow mask that
has a channel length and width of 100 and 1000 μm, respectively. We
have fabricated at least 10 devices for each TFT structure, and we have
calculated the average TFT characteristics of these separately
fabricated single- and bilayer TFTs.
The chemical composition of oxide films was examined by X-ray

photoelectron spectroscopy (XPS, Sigma Probe, Thermo VG
Scientific). The data were collected using monochromatic Al K
radiation (1486.6 eV) in an ultrahigh vacuum system with a base
pressure of ∼10−10 Torr. The surface morphology and roughness of
the oxide thin films were characterized by atomic force microscopy
(AFM, Park system XE-100) with noncontact mode. High-resolution
cross-sectional transmission electron microscopy images and selected-
area diffraction patterns (HR-TEM, FEI, Tecnai TF30 ST) were
obtained with an electron acceleration voltage of 300 kV. The TEM
samples were prepared using focused ion beam (FIB, Quanta 3D
FEG) techniques. Electrical characterization and stability were
performed using the semiconductor parameter analyzer 4156A. The
gate bias stress of ±20 V was applied with VDS = 0 V at N2 inert
conditions. For the data reliability, we have measured the TFT stability
of at least three devices for each TFT structure that has the average
TFT performance.

3. RESULTS AND DISCUSSION

Metal fluoride precursors are hydrolyzed into indium hydroxide
and zinc hydroxyl fluoride at room temperature, and the indium
and zinc hydroxide forms are condensed into indium and zinc
oxide over 250 and 380 °C, respectively.17 From the TGA data
(as shown in Figure S1, Supporting Information), aluminum
and gallium nitrate precursors are hydrolyzed into aluminum
and gallium hydroxide, and thermally oxidized into aluminum
and gallium oxide around 250 and 200 °C, respectively.32 Thus,
aluminum and gallium oxides are generated at much lower
temperatures than zinc oxide, and the aluminum and gallium
atoms are known to be more effective suppressors than those of
the zinc precursor because their high ionic potential (+ 3
valence and small ionic radius) forms stable oxide structure and
controls the oxygen vacancy and carrier concentration.2 The
ionic potential gives a sense of how strongly the ion will be

attracted to ions of opposite charge or repelled to other ions of
like charge.33 In the literature, ionic potential values of Al3+,
Ga3+, In3+, and Zn2+ are 119.99, 64.0, 54.0, and 39.7 eV,
respectively.34 Thus, it is expected the doping effect will be
clearly shown, even though a small amount of aluminum and
gallium is doped in IZO TFTs.
Figure 1 shows the evolution of transfer and output curves of

single-layer structure TFT as a function of Al and Ga doping
concentration. The on-current is largely decreased with
increasing Al and Ga doping contents in the IZO thin films,
but the off-current remains lower than 10−11A. Thus, the
density of free carriers that are sensitive to the on-current is
effectively suppressed by the doped Al and Ga atoms. The
reduced density of free carriers directly influences field-effect
mobility, which is dramatically decreased. Table 1 summarizes
the electrical properties of various TFTs annealed at 350 °C for
2 h. The undoped single-layer IZO TFT shows high-
performance transistor characteristics, with a mobility of 19.0
cm2/V·s and an on−off current ratio (Ion/Ioff) of approximately
∼108 measured at a drain-source voltage (VDS) of 40 V and a
gate voltage (VG) swing from −20 to +40 V.17 The output
characteristics of active single-layer thin layers are saturated at
various gate voltages (0−40 V) and exhibit the good n-channel
property. And the output current also decreases with increasing
Al and Ga doping contents in the IZO thin films, as shown in
Figure 1 (d−g). When the suppressors are doped in IZO TFT,
the mobility of IZO:Al (4 mol %) and IZO:Ga (4 mol %) TFT
is reduced to 8.5 and 9.9 cm2/V·s, respectively. Furthermore,
the mobility of IZO:Al (6 mol %) and IZO:Ga (6 mol %) TFT
further decreases to 2.0 and 3.2 cm2/V·s, respectively. The
mobility of IZO:Al TFT is slightly lower than the IZO:Ga TFT
due to its higher ionic potential.34 In order to know the Al and
Ga doping effect on single-layer structure, a TFT stability test
was examined according to positive and negative bias stress
(PBS and NBS, respectively). A gate bias stress of VG = ± 20 V
was applied under inert dark conditions to avoid the back-
channel and illumination effect. It was measured at a drain-
source voltage (VDS) of 20 V and a gate voltage (VG) swing
from −20 to +20 V. As shown in Figure 2, the stability curves
with the reduced VG swing and VDS decrease in the on-current
and mobility compare to the transfer curves of Figure 1. When
NBS is applied, the ionized oxygen vacancies will be attracted
toward the channel, while the channel electrons migrate toward
the back-channel. Under PBS, electrons trapping at or near the
active channel-insulator interface lead to the decrease in off-
current and a positive VT shift.35 As shown in Figure 2a, the
single-layer IZO TFT shows robust NBS where threshold
voltage (ΔVT) shifts −0.1 V, but PBS greatly changes the ΔVT

Table 1. Electrical Properties of Optimized Composition TFT with Active Single-Layer and Bilayer Thin Films Annealed at
350°C

active layer metal oxide (bottom/top) Ion/Ioff μ (cm2/ V·s) VT (V) S.S. (V/dec) NBS (ΔVT) PBS (ΔVT)

single layer IZO 2.1 × 108 19.0 ± 1.9 8.5 ± 1.3 0.28 ± 0.04 −0.1 ± 0.2 +3.4 ± 1.6
IZO:Al (4 mol %) 1.1 × 108 8.5 ± 1.1 11.9 ± 0.2 0.31 ± 0.23 −1.4 ± 0.8 +1.7 ± 0.7
IZO:Ga (4 mol %) 2.0 × 108 9.9 ± 1.4 9.8 ± 0.5 0.29 ± 0.14 −1.0 ± 0.4 +1.6 ± 0.6
IZO:Al (6 mol %) 1.7 × 107 2.0 ± 0.6 13.2 ± 0.6 0.62 ± 0.14
IZO:Ga (6 mol %) 3.4 × 107 3.2 ± 0.7 11.5 ± 0.2 0.54 ± 0.07

bilayer IZO/IZO 2.2 × 108 17.3 ± 1.3 11.4 ± 0.3 0.41 ± 0.12
IZO:Al (4 mol %)/IZO 5.5 × 107 23.4 ± 0.7 9.3 ± 0.7 0.27 ± 0.13 −0.53 ± 0.82 +2.1 ± 0.7
IZO/IZO:Al (4 mol %) 6.9 × 107 8.8 ± 1.8 10.8 ± 1.1 0.68 ± 0.08 −0.32 ± 0.41 +1.3 ± 0.4
IZO:Ga (4 mol %)/IZO 2.7 × 108 19.4 ± 2.3 7.7 ± 1.2 0.20 ± 0.24 −0.32 ± 0.28 +2.3 ± 0.8
IZO/IZO:Ga (4 mol %) 1.3 × 108 13.7 ± 1.7 9.1 ± 0.9 0.27 ± 0.14 −0.20 ± 0.17 +1.1 ± 0.4
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of by +3.4 V. On the other hand, the single-layer IZO:Al and
IZO:Ga TFTs show different behavior of bias stability, as
shown in Figures 2b,c. Their threshold voltage shifts are −1.4
V, −1.0 V (NBS) and +1.7, +1.6 V (PBS), respectively. Thus,
PBS of the single-layer IZO:X TFT is enhanced by the Al and
Ga doping effect compared to that of the undoped IZO TFT
(+3.4 V), but NBS is slightly deteriorated.
In sequence, the representative transfer curves and output

curves of bilayer structure TFTs are shown in Figure 3,
respectively. To compare the bilayer structure effect on the
TFT performance, a translocated structure of the bottom/top
layer was fabricated with both IZO/IZO:X and IZO:X/IZO

TFTs (X = Al and Ga, 4 mol %). The calculated electrical
properties of all the bilayer structure TFTs are summarized in
Table 1. It is already reported that the electrical conductivity is
determined by the bottom layer in the bilayer structure TFT,
which mainly forms the current path in the channel/dielectric
interfaces.28,29 However, the bilayer structure IZO/IZO:Al (4
mol %) and IZO/IZO:Ga (4 mol %) TFTs with an undoped
composition bottom layer show smaller mobilities (8.8 and
13.7 cm2/V·s, respectively) than undoped single-layer IZO
TFT. On the other hand, another bilayer structure of IZO:Al/
IZO and IZO:Ga/IZO TFTs with a doped composition
bottom layer represents the greatly enhanced mobilities (23.4
and 19.4 cm2/V·s, respectively) compared to the doped single-
layer IZO:X TFT. Thus, the mobility of the bilayer structure
TFT follows that of top-layer composition rather than bottom-
layer composition.
Also, the bias stability of bilayer structure TFTs were

examined, as shown in Figure 4, and compared with that of
single-layer structure TFTs. It is also known the bias stability of
the bilayer structure TFT was improved due to the use of a bias
stable composition top layer.23,25,27−30 The bilayer structure
IZO/IZO:Al and IZO/IZO:Ga TFTs with an undoped
composition bottom layer shows the better PBS results with
smaller ΔVT (+1.3 and +1.1 V, respectively) than single-layer
structure IZO, IZO:Al, and IZO:Ga (+3.4, +1.7, and +1.6 V,
respectively) TFTs. Also, NBS is enhanced in the bilayer
structure TFTs from −1.4 and −1.0 V (single-layer structure
IZO:Al and IZO:Ga TFTs, respectively) to −0.32 and −0.2 V
(bilayer structure IZO/IZO:Al and IZO/IZO:Ga TFTs,
respectively), although those values are comparable to that of
the single-layer structure IZO TFT (−0.1 V). Moreover, the
bilayer structure IZO:Al/IZO and IZO:Ga/IZO TFTs with a
doped composition bottom-layer show the better PBS results
with smaller ΔVT (+2.1 and +2.3 V, respectively) than single-
layer structure IZO TFTs (+3.4 V). On the other hand, the
NBS is improved from −1.4 and −1.0 V (single-layer structure
IZO:Al and IZO:Ga TFTs, respectively) to −0.53 and −0.32 V
(bilayer structure IZO:Al/IZO and IZO:Ga/IZO TFTs,
respectively). Thus, the bilayer structure TFTs are very
sensitive to the bias stability as well as the electrical properties
to optimize its performance by the combination of bilayer
compositions.
Influence of Al and Ga cation doping on the electrical

properties and bias stability is explained by XPS composition
analysis (see Figure S2, Supporting Information). The chemical
composition of the single-layer thin films is summarized in
Table 2, and the calculated indium and zinc ratio is 1:2.1 in
undoped IZO films and 1.7−2.0:1 in IZO:X films. The
composition of the IZO:X thin films is optimized with a
more indium-rich ratio than the IZO thin film because the small
quantity of Al and Ga atoms act as an effective suppressor. The
Al and Ga concentration over metal contents is as small as 3.8−
4.5 at. %. Thus, the experimental results of chemical
composition coincide with theoretical data. In the XPS spectra,
the oxygen 1s peak was deconvoluted into three different peaks
at 530.7, 532.0, and 532.9 eV, which were assigned to oxygen in
the oxide lattice without vacancy, with the oxygen vacancy and
with the hydroxyl group, respectively (shown in Figure S3,
Supporting Information).17 The amount of hydroxyl group in
single-layer IZO:Al and IZO:Ga thin films increases more than
that of undoped IZO thin films, and the peaks of metal oxygen
and oxygen vacancy slightly decrease in single-layer IZO:Al and
IZO:Ga thin films. These mean the Al and Ga atoms suppress

Figure 2. Negative (−20 V) and positive (+20 V) gate bias stability of
active single-layer (a) IZO, (b) IZO:Al (4 mol %), and (c) IZO:Ga (4
mol %) TFTs (VDS = 20 V, VG = −20−+20 V).
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the formation of oxygen vacancy by forming strong metal-oxide
networks (M1−O−M2) in the IZO matrix.14,18 That was
demonstrated by Jung et al. using electron paramagnetic
resonance (EPR) investigation, which revealed the decreased
oxygen vacancy concentration in Ga-doped ZTO films and the
reduced ΔVT shift in PBS.18 Likewise, the Al and Ga cations,
having a high ionic potential, make a strong oxygen bond and
reduce oxygen vacancies.2 Thus, the PBS of single-layer IZO:X
TFT is improved by the reduced oxygen vacancy related to
electron trap sites. On the other hand, the increased hydroxyl
groups (M−OH) represent one of the incomplete oxide bonds
due to the remaining aluminum and gallium hydroxide groups
in the IZO:X thin films.15,18 The increased hydroxide groups in
IZO:Al and IZO:Ga thin films act as hole trap sites that can
deteriorate the NBS.19 Therefore, the amount of hydroxide

group is IZO:Al > IZO:Ga > IZO and the undoped single-layer
IZO TFT shows the best NBS results. The VT shift in PBS
shows almost identical results in IZO:Al (+1.7 V) and IZO:Ga
(+1.6 V), but the VT shift of IZO:Ga (−1.0 V) is more resistive
than that of IZO:Al (−1.4 V) in the NBS test. The hydroxide
group can be reduced by an advanced annealing process such as
a high pressure O2 annealing method.15

To know the effect of the active bilayer structure TFT, XPS
depth analysis was performed to confirm the chemical
composition. In the case of bilayer structure IZO/IZO:X thin
films, the bottom and top active layers used different indium
and zinc ratios, and they showed a gradual change in the atomic
compositions, as listed in Table 3 and represented in Figures
S4,5 (Supporting Information). At 20 s of Ar+ sputtering time,
the calculated atomic ratio of indium and zinc was around 1:2,

Figure 3. Representative transfer (a−c) and output curves (d−i) of active single- and double-layer IZO, bilayer IZO/IZO:X, and bilayer IZO:X/IZO
TFTs (VDS = 40 V, VG = −20−+40 V).
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which resembles the composition of the bottom-layer IZO thin
film (Ar+ sputtering position might be slightly close to the
bottom-layer thin films) and the doping concentration of X is
about 3.7−4.2 at. %. In the further interior compositions, the

dopants are also diffused into the bottom layer, and their
concentrations are around 4.1−5.3 at. % at 40 s of Ar+

sputtering time. At that time, the intensity of the indium and
zinc peaks decreases and the oxygen peak changes due to a
projected SiO2 layer underneath. As the Ar+ sputtering time
increases, the Si 2p peak of the Si/SiO2 substrate increases and
the metal oxide peaks decrease from the upper IZO:X to the
lower IZO thin films. These results indicate that the analyzed
position is nearby the interface of oxide and SiO2 gate insulator.
When the upper active layer is spin-coated after annealing the
lower oxide layer, the later precursor solutions might penetrate
the pore and/or traps of the bottom thin film layers.20,36 Thus,
the suppressors of X in top-layer IZO:X are diffused into the
bottom-layer IZO with high-temperature annealing at 350 °C.27

The mobility of the bilayer structure IZO/IZO:X TFT
decreases compared to the single-layer structure IZO TFT
because the bottom-layer IZO TFT is doped by suppressors
like IZO:X TFT. As previously explained, the field-effect
mobility of single-layer IZO:X TFT is effectively decreased by
the doped Al and Ga atoms. And the top-layer IZO:X TFT
contributes to decreasing the total carrier concentration in
bilayer structure IZO/IZO:X TFT.21,23,25,26,29,31

In the case of other bilayer structure IZO:X/IZO thin films,
the calculated atomic ratio of indium and zinc is around 1:1 at
20 s of Ar+ sputtering time, which is the averaged value of the
composition of top- and bottom-layer thin films (Ar+ sputtering
position might be in the middle of active bilayer thin films) and
a doping concentration of X is about 0−0.8 at. %. If the IZO:X
thin films exists in the bottom layer, the suppressors of X are
relatively difficult to diffuse into the top layer due to its solid
state. At 40 s of Ar+ sputtering time, the concentration of
dopants is around 2.6−2.7 at. %. For these reseons, the mobility
of the bilayer structure IZO:X/IZO TFT increases compared to
the single-layer structure IZO:X TFT because the high mobility
of top-layer IZO TFT contributes to increasing the total carrier
concentration. Therefore, the total carrier concentrations in
bilayer structure IZO/IZO:X and IZO:X/IZO TFTs is affected
by the thermal-diffusion of the top-layer precursor. To consider
the thickness effect, a double-coated IZO TFT was fabricated,
and it showed similar electrical performances, with a mobility of
17.3 cm2/V·s, compared with the single-layer IZO TFT. The
active thickness is an important parameter related to the carrier
concentration, and the active thickness of bilayer structure TFT
increases compared to that of single-layer TFT.21,24−30 The use
of active heterojunction structure IZO:X/IZO TFT shows a
similar/or improved electrical mobility compared to the active
homojunction structure IZO/IZO TFT with the same bilayer
composition, even though they have a lower mobility of
bottom-layer IZO:X.23 Thus, the electrical properties of bilayer
structure are influenced by not only the thickness of active thin
films but the interfacial property. As previously mentioned in
the XPS results, the IZO:X thin films have more hydroxide
groups than IZO thin films, and these groups might produce
better interfacial property between the active and gate dielectric
layer. Figure 5 represents TEM cross-sectional images of active
bilayer structure IZO:Al/IZO and IZO:Ga/IZO thin films to
examine the interface of the thin film layers. The fabricated
active bilayer thin films are uniformly coated with a thickness of
about 10 nm. The magnified TEM images shown in Figure 5b,d
exhibit unclear interfaces between the top and bottom layers
representing a very smooth boundary. This smooth interface
can enhance the mobility of the heterojunction structure TFTs
with a IZO:X bottom layer. Also, the surface roughness of the

Figure 4. Negative (−20 V) and positive (+20 V) gate bias stability of
active bilayer (a) IZO/IZO:Al, (b) IZO:Al/IZO, (c) IZO/IZO:Ga,
and (d) IZO:Ga/IZO TFTs (VDS = 20 V, VG = −20−+20 V).
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IZO:Al and IZO:Ga thin films examined by AFM are much
smoother (rms roughness is 0.042 and 0.014 nm, respectively)
than that of undoped IZO thin film (rms roughness: 0.345 nm)
at the nanoscale (see Figure S6, Supporting Information).
Thus, all the oxide thin films are uniformly coated with no
defects, and the variation of roughness heights is very small.
Consequently, the electrical performance in bilayer structure
IZO/IZO:X and IZO:X/IZO TFTs are affected by both the
oxide/gate dielectric interfacial property of the front-channel

layer and the thermal-diffusion of back-channel precur-
sor.23,27−30

Generally, a transparent oxide TFT has a wide band gap that
includes the various trap sites that deteriorate the stability. The
high quality of oxide thin films is controlled by various
processes and novel active materials that are very important to
good stability with minimum traps and pores.14,15,36,37 The bias
stability in bilayer structure IZO/IZO:X TFTs is influenced by
the top-layer IZO:X TFT, which shows improved PBS and
degraded NBS resulting from the Al and Ga doping effects. The

Table 2. Chemical Compositions of Active Single-Layer Thin Films Analyzed by XPS

active single-layer [Al, Ga /(In + Zn)] (%) In Zn O M−O (%) 530.7 ± 0.1 eV M−Vo (%) 532.0 ± 0.1 eV M−OH (%) 532.9 ± 0.1 eV

IZO 11.0 23.2 64.1 72.9 17.3 9.86
IZO:Al (4 mol %) 4.5 21.1 12.4 63.3 68.4 15.4 16.2
IZO:Ga (4 mol %) 3.8 20.2 10.1 67.0 68.3 16.0 15.7

Table 3. Chemical Compositions of Active Bilayer Thin Films Analyzed by XPS

active bilayer (bottom/top) Ar+ ion sputtering time (s) [Al,Ga /(In+Zn)] (%) In Zn O C Si

IZO/IZO:Al (4 mol %) 0 0 5.5 9.5 46.6 38.5 0
20 4.2 9.4 20.6 54.1 0 12.3
40 5.3 4.7 16.4 53.7 0 21.7

IZO/IZO:Ga (4 mol %) 0 4.4 5.0 7.8 38.0 49.0 0
20 3.7 8.7 21.9 52.3 0 13.7
40 4.1 4.0 16.5 54.2 0 22.3

IZO:Al (4 mol %)/IZO 0 0 5.9 9.4 45.0 26.4 0
20 0 11.3 13.4 58.6 0 13.9
40 2.6 1.7 2.2 58.4 0 36.0

IZO:Ga (4 mol %)/IZO 0 0 7.0 8.9 40.0 36.0 0
20 0.78 12.7 14.1 57.5 0 11.6
40 2.7 2.9 4.8 57.7 0 31.7

Figure 5. TEM morphology of active bilayer structure TFTs. (a) High resolution cross-sectional image of active bilayer structure IZO:Al/IZO, (b)
magnified image of panel a, (c) active bilayer structure IZO:Ga/IZO, and (d) magnified image of panel c.
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bilayer structure IZO/IZO:X TFTs show the best PBS results
among all the single- and bilayer structure TFTs. In other
bilayer structure IZO:X/IZO TFTs, the bias stability is also
influenced by the top-layer IZO TFT, which has the best NBS
and the worst PBS properties. Thus, the bilayer structure
IZO:X/IZO TFTs show improved NBS and degenerated PBS
results in the bias stability compared to the single-layer
structure IZO:X TFT. Therefore, both mobility and bias
stability in the bilayer structure TFT are influenced by
characteristics of top-layer TFT. In particular, the bias stability
in the bilayer structure TFTs become better than that of the
single-layer structure TFTs because various traps are reduced
by thermal diffusion of top-layer composition at high-
temperature annealing in the solution process.27,36

4. CONCLUSION

The doping of Al and Ga to the aqueous solution processed
IZO TFT produces improved positive bias stability, although
the mobility is degraded. Thus, the active bilayer structure
TFTs with combinations of undoped and doped IZO thin film
layers exhibit different levels of the mobility and gate bias
stability. These changes are caused by thermal diffusion of the
composition in the double coated bilayer thin films. The
undoped single-layer IZO TFT shows high mobility with the
best NBS result, which is appropriated to AM-LCD back-plane
application. On the other hand, the active bilayer structure
IZO/IZO:X has the best PBS result, which is suitable for
application to AMOLED back-planes. On the basis of these
results, the solution-processed TFT performance can be
improved with precise control of the composition gradient
obtained by a change in the annealing process and in the
thickness of the front-channel layer.
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