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ABSTRACT: Low power consumption is essential for wearable and
internet-of-things applications. An effective way of reducing power
consumption is to reduce the operation voltage using a very thin and high-
dielectric gate insulator. In an oxide thin-film transistor (TFT), the channel
layer is an oxide material in which oxygen reacts with metal to form a thin
insulator layer. The interfacial oxidation between the gate metal and In−Ga−
Zn oxide (IGZO) was investigated with Al, Ti, and Mo. Positive bias was
applied to the gate metal for enhanced oxygen diffusion since the migration of
oxygen is an important factor in interfacial oxidation. Through interfacial
oxidation, a top-gate oxide TFT was developed with low source−drain
voltages below 0.5 V and a gate voltage swing less than 1 V, which provide low power consumption.

■ INTRODUCTION

Thin-film transistors (TFTs) are core devices in display
backplanes and are being studied for applications such as
wearable and stretchable displays.1−7 Recently, amorphous In−
Ga−Zn oxide (a-IGZO) TFTs were applied to the backplanes
of organic light-emitting diode (OLED) televisions due to
their large-area processability and larger electron mobility than
that of amorphous silicon TFTs. For extended applications,
low power consumption is necessary, and the reduction of the
operation voltage is essential because the power is inversely
proportional to the square of the operation voltage.8,9

The induced areal charge density in the channel of a TFT is
proportional to the gate dielectric capacitance per unit area,
which is ε/t, where ε and t are the permittivity and thickness of
the gate dielectric, respectively. Thus, an effective way to
decrease the operating voltage of a TFT is reducing the
thickness of the gate insulator.
The usual ways of depositing a gate dielectric are vacuum

processes such as plasma-enhanced chemical vapor deposition
(PECVD), sputtering, and atomic layer deposition (ALD).10,11

The deposition of a thin gate dielectric is one way to decrease
the operating voltage of a TFT.12−17 For a thin high-dielectric
gate insulator, aluminum anodic oxidation was applied to
obtain an IGZO TFT with a 1 V operation voltage.14,18−28

For the gate insulator, we used the interfacial reaction
between an oxide semiconductor and gate metal instead of a
vacuum-deposited insulator. The formation of metal oxide by
the reaction between metal and oxide has been reported in
devices such as a-IGZO TFTs and resistive switching
memory.29−33 The source/drain contact in an IGZO TFT is

quite different from a silicon active layer, which has no oxygen.
The reaction between the source/drain metal and IGZO has
been reported. In the IGZO layer, oxygen bonds to metal ions
or exists as interstitial oxygen, and the reaction with the
source/drain metal results in thin metal oxide, which increases
the contact resistance. Usually, thermal annealing accelerates
the formation of the metal oxide, and annealing effects have
been reported for various metals. The interfacial oxide between
the source/drain and active oxide layer in a-IGZO TFTs
degrades the device performance due to the high contact
resistance.
For some metals with high oxygen affinity, such as Al, a thin

metal oxide region of a few nanometers is observed just after
sputter deposition, even without thermal annealing. The
increased source/drain contact resistance from the metal
oxide deteriorates the characteristics of a TFT, so metals that
have low oxygen affinity are preferable to avoid high source/
drain contact resistance.30,34−41 However, in this study, we
developed interfacial oxide that is applicable to a gate insulator
that is very thin to obtain a low threshold voltage. For a more
stable insulator, we used metals that have a great tendency to
oxidize based on the Gibbs free energies. One advantage of the
interfacial oxidation is the use of a plasma-free process that
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prevents plasma-induced defects in a-IGZO, which deteriorates
the performance of the TFT.
However, the metal oxide from migrating oxygen is too thin

to be used as a gate insulator. To obtain a reliable insulator for
low-operation-voltage TFT, the diffusion of interstitial oxygen
or oxygen that was broken from the metal in IGZO plays an
important role. The substrate is a glass, so the diffusion of the
oxygen at a low temperature below 400 °C is essential.42,43

The oxidation can be enhanced by an electric field, which is
known as anodic oxidation. In anodic oxidation, a positive
voltage is applied to the metal to enhance the oxidation, and
the anodic oxidation under an electrolyte is widely used to
form an oxide layer at room temperature. The electrolyte
anodization of Al was applied for the channel passivation of
IGZO TFT, and the change in the oxygen and metal atomic
concentrations was observed under an electric field in an all-
solid system such as an IGZO film.44,45

■ METHODS
Figure 1 shows a cross-sectional structure of the top-gate a-
IGZO TFT developed in this study. A 50 nm IGZO layer was

deposited on glass by RF sputtering with an IGZO target
under Ar/O2 gas with a ratio of 22.5/7.5 sccm. After applying
an IGZO active pattern by photolithography, thermal
annealing was done at 250 °C under an oxygen atmosphere.
Gate metal was sputtered on the IGZO layer and patterned

for the gate electrode by photolithography. The gate electrode
contacts the IGZO, and the interfacial oxidation occurs during
the furnace annealing. The annealing temperature and time
were controlled to find the optimum conditions. The source
and drain regions were doped by oxygen plasma treatment,
which decreases the resistance of the a-IGZO layer between
the channel and source/drain electrodes. Finally, source/drain
metal was formed by wet etching after deposition of the metal
by DC sputtering.
To evaluate the interfacial oxidation, samples were prepared

with a sandwich structure of metal (0.8 mm diameter)/a-
IGZO/ITO (indium tin oxide)/glass. After furnace annealing
for the interfacial oxidation between the metal and IGZO, the
current−voltage (I−V) characteristics were measured to
investigate the leakage currents and breakdown voltages. Ti,
Mo, and Al were studied for interface oxidation.

■ RESULTS AND DISCUSSION

I−V characteristics were investigated after interfacial oxidation
annealing at 400 °C for 1.5 h under an air atmosphere. Figure
2a shows the I−V characteristics at several measurement points
on the sample with Al metal electrodes. Some curves show
breakdown voltages around 0.4 and 0.6 V, while some curves
show very low breakdown voltage around zero because of
particles or pinholes. For the Mo electrode shown in Figure 2b,
the breakdown voltage is about 0.08 V, which is lower than
that of the Al electrode. For the Ti electrode, the breakdown
voltage is also low at 0.09 V, as shown in Figure 2c. Among the
three metals, the Al electrode has the highest breakdown
voltage.

Figure 1. Top-gate a-IGZO TFT with a gate insulator by interfacial
oxidation.

Figure 2. I−V characteristics after interfacial oxidation by furnace annealing at 400 °C for 1.5 h under an air atmosphere with various metal
electrodes Al (a), Mo (b), and Ti (c).
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Interfacial oxidation occurs at the interface between metal
and an IGZO layer and forms a very thin metal oxide layer.
Oxygen bonds to the metal cations at the metal−IGZO
interface or interstitial oxygen diffuses to the gate metal to
form metal oxide. The reactivity depends on the kind of metal,
and metal with lower Gibbs free energy has higher oxygen
affinity. The Gibbs free energies of formation (ΔGf) for Al2O3,
TiO2, and MoO2 are −1582.3, −888.8, and −533.0 kJ/mol,
respectively.46 Al2O3 has the lowest ΔGf, which explains the
highest breakdown voltage of the interfacial oxide with Al. Due
to its quite low Gibbs free energy, aluminum forms metal oxide
quickly when contacting the oxide materials. Aluminum oxide
was reported at the interface of aluminum deposited on an
IGZO layer, even without thermal annealing.
The breakdown voltages of the interfacial oxidized insulator

of the Al electrode are low (around 0.4−0.6 V), as shown in
Figure 2a. However, to obtain a TFT operation voltage of 0.5
V, the breakdown voltage should be more than 0.5 V. To
improve the breakdown voltage of the interfacial oxidized
insulator, we performed anodic oxidation in air by applying a
positive voltage to the metal electrode. The oxidation of the
metal requires oxygen, which should reach the metal surface,
so the diffusion of oxygen ions from IGZO to the metal is
essential. This can be accelerated by anodic oxidation. The
effects of electric fields are not well understood; however, an
applied electric field enhances the oxygen diffusion and forms
the metal oxide easily. During anodic oxidation, first oxidation
occurs by a charge transport-mediated oxidation−reduction
process. Further oxidation of the metal needs the oxygen atoms
to diffuse across the metal oxide from the oxygen source. Many
oxides with ionic bonding characters are known to show ionic

conduction and the oxygen diffusion is enhanced by the
electric field.47−49

After setting the compliance current at 50 μA, we applied 0.1
V to the metal electrode at a substrate temperature of 250 °C.
During the anodic oxidation, we monitored the anodic voltages
and currents, as shown in Figure 3a. When the anodic
oxidation proceeded, the anodic current decreased and the
anodic voltage approached the set voltage. However, after a
decrease of the anodic current by oxidation, a sudden increase
of the anodic current occurred repeatedly, which is explained
by the model shown in Figure 3b.
Before oxidation of the whole area, there are regions not

covered by anodic oxide, which can be paths for the anodic
current. Therefore, there is a relatively long incubation time
before the fast decrease of the anodic current. When the whole
area is covered by anodic oxide, the anodic currents decrease
rapidly, and then the electric breakdown of the weakly bonded
area occurs, which increases the anodic current again. The
experimental results show that anodic oxidation and electric
breakdown occurred irregularly, as shown in Figure 3a.50

The fluctuation of the anodic currents was resolved by
preannealing. Before anodic oxidation, thermal interfacial
oxidation was performed by furnace annealing at 300 °C for
1 h. Preannealing improved the anodic oxidation process
without fluctuation of the anodic currents, as shown in Figure
4a. The anodic oxidation process occurred after a specific
incubation time because the current path is still open until the
whole surface area becomes oxidized and blocks the current
pathway. The change in the current with the anodizing time
can be divided into two distinct parts: (1) the formation of a
metal oxide barrier that blocks all of the leakage paths and
results in a rapid drop of the anodic current; and (2) the

Figure 3. (a) Fluctuation of anodic currents and voltages during anodic oxidation and the (b) proposed anodic oxidation model.

Figure 4. (a) Anodic voltage and current during anodic oxidation after the thermal interfacial oxidation process and (b) I−V characteristics of
anodic oxidized metal oxide.
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steady-state growth of metal oxide after the metal oxide
barrier.51−53

After anodic oxidation, the breakdown voltage increased
remarkably compared to the interfacial oxide from furnace
annealing only. The measured breakdown voltages for the
anodic interfacial oxide were higher than 4 V, as shown in
Figure 4b. Assuming a dielectric strength of 6 MV/cm, the
estimated thickness from the breakdown voltage is in the range
of 7−8 nm. The anodic oxidation was tested repeatedly, and
the breakdown voltage distribution was rather broad. For
reproducible results, more research on the interfacial oxidation
is required. Many variables can affect the interfacial oxidation,
such as the annealing temperature, the anodic temperature,
voltage, and current.
The change of the anodic voltage and current during anodic

oxidation is shown in Figure 5 for a nonannealed sample after

the deposition of Al on IGZO. Due to the current limit of 25
μA, the anodic voltage was low at first (below 0.1 V). The
anodic voltage increased over time, reached the applied bias of
0.5 V, and switched to a constant-voltage mode. The decreased
current is due to the formation of metal oxide at the metal
interface with the IGZO layer.54,55 The I−V characteristics
were measured and are shown in Figure 6a.
The leakage currents increased when increasing the voltages,

and finally, the breakdown occurred at 1.65 V. The low leakage
current and breakdown at 1.65 V verify the formation of the
metal oxide between the metal and IGZO by anodic oxidation.
The I−V characteristics without anodic oxidation are shown in
Figure 6b. The currents are high compared to those of the
anodically oxidized sample, which proves the importance of
anodic oxidation to obtain an excellent insulator with low
leakage current.

The thermal annealing before anodic oxidation improves the
characteristics of the anodic oxide due to the thin interfacial
metal oxide. Thin thermal oxide can promote uniform
oxidation at the interface and the weak point can be decreased
after anodic oxidation. The anodic currents and voltages for
the samples with thermal annealing are shown in Figure 7a,b.
Figure 7a shows the anodic currents and voltages for the
samples annealed at 200 °C for 1 h in air. The anodic currents
decrease after some incubation time, and the anodic voltage
increases due to the formation of the anodic oxide. Figure 7b
shows the anodic currents and voltages for the sample
annealed at 300 °C for 1 h in air. After an incubation time
of ∼3000 s, the anodic current decreased due to the formation
of the anodic oxide.
The I−V characteristics for the sample anodically oxidized

after annealing at 300 °C are shown in Figure 8. The
breakdown voltage improved to 2.95 V compared to 1.65 V for
the sample anodically oxidized without thermal annealing, as
shown in Figure 6a. The leakage currents are also improved for
the annealed sample before anodic oxidation.
High-resolution transmission electron microscopy

(HRTEM) images were observed for the samples annealed
at 300 °C for 1 h under ambient conditions. Figure 9a,b shows
the HRTEM images for both samples before anodic oxidation
and after anodic oxidation. Without anodic oxidation, the
interface between the Al and IGZO is blurry and not clear.
However, with anodization after annealing, the aluminum
oxide region can be seen more clearly, and the thickness of the
interfacial region is about 8 nm. Therefore, the breakdown
voltage improvement after anodic oxidation is due to the
denser and more uniform aluminum oxide.
Figure 10 shows the energy-dispersive X-ray distribution

spectroscopy (EDS) results as a function of depth. Figure 10a
shows the sample without anodization after thermal annealing
at 300 °C for 1 h, and Figure 10b shows the sample with
anodization after thermal annealing. The electric field enhances
the oxygen ion diffusion during anodic oxidation by the
positive voltage on the metal, so the oxygen diffuses to a longer
distance. The oxygen distribution at the interface between Al
and IGZO is also broader than that of the sample without
anodization, as shown in Figure 10b. Oxygen travels far more
distance from the In-rich region than that of the sample
without anodization due to the enhanced mobility of the
oxygen ions by the electric field.
Figure 11a shows the X-ray photoelectron spectroscopy

(XPS) spectrum of Al 2p at the surface of the Al and inside the
Al film. The binding energies of Al metal and Al oxide are 72.6

Figure 5. Anodic voltage and currents during the anodic interfacial
oxidation without annealing after metal electrode deposition.

Figure 6. I−V characteristics for the sample (a) with anodic oxidation and (b) without anodic oxidation.
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and 74.6 eV, respectively. The sample structure is Al/IGZO/
ITO/glass.
The surface of Al is oxidized and the Al 2p 74.6 eV peak is

dominant; meanwhile, the 72.6 eV peak is dominant inside Al.
To clarify the interface between Al and IGZO layer, the depth
profile for the 74.6 eV was drawn, as shown in Figure 11b. The
Al 2p 74.6 eV peak is increased as it approaches the interface
with IGZO, which indicates the aluminum oxide at the
interface.
Interfacial oxidation of the metal that contacts the IGZO

layer is essential for stable operation of the TFT without
breakdown during operation. The interfacial oxidation by
thermal annealing cannot easily obtain a satisfactory insulator
for a-IGZO TFTs, so anodic oxidation after thermal annealing
was applied to the interface between the gate metal and IGZO
layer. Anodic oxidation was done after the completion of the
full process of the top-gate-structure TFT shown in Figure 1.
The source and drain electrodes were connected to the

ground, and a positive voltage of 10 V was applied to the gate
electrode with a 10 μA current limit, while the substrate
temperature was kept at 380 °C. As the oxidation proceeded,
the anodic currents decreased, as shown in Figure 12.
An advantage of anodic oxidation is the ability to monitor

the oxidation process by the anodic current because the anodic
current decreases as the anodic oxide is formed. That is, we can
check the formation of the gate insulator. Different from the
previous anodic oxidation voltages, a definite change of anodic
voltages was not observed in the TFT structure, as shown in
Figure 12. We suggest that the reason is the relatively high
resistance of the source/drain offset region, which acts as a
series resistance for the anodic oxidation currents.
After cooling to room temperature, the transfer and output

characteristics were measured after oxygen annealing. Before
the electrical measurement, we tested whether the contact to
the metal pad had no problem because the surface oxidation of
the metal pad can resist the current flow. A pad was contacted
with two probe tips to check the current−voltage character-
istics. If the currents were very low, the contact was adjusted to
assure low contact resistance on the pad. After that, one of the
probe tips was removed and the TFT characteristics were
measured. The W/L of the TFT was 25/10, and the transfer
curves and output curves are shown in Figure 13a,b.
The currents at VDS = 0 V are leakage currents through the

gate insulator and are very low compared to the drain currents.
This shows that the drain currents are not leakage currents
through the gate insulator. During interfacial oxidation, the
interstitial oxygen moves to the metal surface, and a few
oxygen bonds near the metal interface are broken to migrate to

Figure 7. Anodic currents and voltages for the samples annealed at 200 °C (a) and 300 °C (b).

Figure 8. I−V characteristics of the sample annealed at 300 °C before
anodic oxidation.

Figure 9. HRTEM of the interface between Al and IGZO (a) without anodic oxidation and (b) with anodic oxidation.
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the metal surface. The removal of the lattice oxygen bonded to
the metal cation causes an increase of the oxygen vacancies,

which increase the carrier density in the conduction band of
the a-IGZO.
The increased channel conductivity by the increase of the

carrier concentration results in a negative shift of the threshold
voltage, as shown in Figure 13a. A low operation voltage VDS
below 0.5 V and a voltage VGS swing less than 1 V were
achieved for the top-gate a-IGZO TFT with a very thin
interfacial oxidized gate insulator. The threshold voltage,
subthreshold swing, and on−off ratio were −1.3 V, 0.1 V/dec,
and 4.9 × 105, respectively.
However, the very low on-current is a problem to be solved

and is under development to be increased. One reason that we
suggest is increased oxygen vacancies related to a negative shift
of the threshold voltage, which increases the scattering of the
carriers and reduces the mobility. Another reason could be the
large source/drain contact resistance, which can be seen in the

Figure 10. EDS analysis as a function of depth (a) without anodic oxidation and (b) with anodic oxidation. For the sample with anodic oxidation,
the oxygen distribution is farther from the In-rich region than that of the sample without anodic oxidation.

Figure 11. (a) Binding energy spectra of Al 2p at the surface and inside of the Al and the (b) depth profile of Al 2p of binding energy 74.6 eV.

Figure 12. Anodic voltages and currents during anodic oxidation after
the completion of the IGZO TFT.

Figure 13. Transfer characteristics of the developed interfacial oxidized gate insulator oxide TFT (a) and output characteristics (b).
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current crowding at low drain voltages, as shown in Figure 13b.
The large contact resistance increases the voltage drop at the
contact region, so the decreased lateral electric field by the
parasitic contact resistance results in the reduction of on-
currents. The IGZO could also be defective from energetic
ions during the gate metal deposition by sputtering, which
deteriorates the TFT characteristics significantly. Therefore,
the deposition conditions of the gate metal are also important
for high on-current.
The effects of Al diffusion into the IGZO are reported that

Al acts as a carrier suppressor, which reduces the
conductivity.56 Figure 14 shows the EDS mapping data after
300 °C annealing of the Al/IGZO/ITO sample.
Much oxygen was distributed along whole layers except Al.

Sn is abundant in IGZO, which shows much diffusion of Sn
into the IGZO. In terms of Al, a little distribution of Al is
observed in IGZO and ITO. The Al atoms observed in the
IGZO layer can act as a carrier suppressor, which deteriorate
the device performance.
We used anodic oxidation for the interfacial oxidation for the

gate insulator. The anodic oxidation shows several cases and
needs further research. Figure 15a,b shows typical abnormal
fluctuation of anodic currents during anodic oxidation. The
process was irregular and needed optimum conditions of the
oxidation.

Figure 16a shows standard anodic current during anodic
oxidation for the sample to get a dielectric constant of the
insulator. The sample structure was Al/IGZO/Si wafer to
measure the capacitance of the anodic oxide. On a doped
silicon wafer, an IGZO layer was deposited and then an Al
electrode of 1.0 mm diameter was deposited using a shadow
mask. Before interfacial oxidation, we measured capacitance
and then annealed at 400 °C for 4 h under an oxygen
atmosphere followed by anodic oxidation. The anodic currents
during anodic oxidation are shown in Figure 16a. The anodic
voltage and current limit were 3 V and 25 μA, respectively.
After anodic oxidation, we measured the capacitance again to
get the capacitance of the anodic oxide.
Since the interfacial oxide forms the series-connected

capacitance, we obtained the capacitance of the interfacial
oxide from the equation of the total capacitance C of two
series-connected capacitors as (C1 and C2) 1/C = 1/C1 + 1/
C2. Figure 16b shows the HRTEM image at the interface after
anodic oxidation to obtain the thickness of the oxide. We
assume that the oxide thickness before oxidation is 4 nm. The
measured capacitances before and after interfacial oxidation
were 172 and 188 pF, respectively. The calculated dielectric
constant was 7.5, which is rather lower than the dielectric
constant of Al2O3, which was attributed to the nonstoichio-
metric structure of the aluminum oxide.

Figure 14. EDS mapping of the Al/IGZO/ITO/glass sample after 300 °C annealing.

Figure 15. Anodic current variations during anodic oxidation with anodic voltages of 6 V (a) and 10 V (b).

Figure 16. Anodic currents during anodic oxidation of the sample Al/IGZO/Si wafer (a) and the high-resolution transmission electron microscopy
(HRTEM) image at the interface after interfacial oxidation (b).
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■ CONCLUSIONS

The interfacial oxidation between metal and an IGZO layer
was investigated by thermal annealing and anodic oxidation.
Metal oxide suitable for the gate insulator of a low-operation-
voltage IGZO TFT was obtained by anodic oxidation after
thermal annealing. Al, Ti, and Mo were investigated, and Al
was the most suitable for the interfacial oxidation for the gate
insulator. Based on the experiments, a top-gate IGZO TFT was
successfully developed with a gate insulator by interfacial
oxidation. The threshold voltage, subthreshold swing, and on−
off ratio were −1.3 V, 0.1 V/dec, and 4.9 × 105, respectively.
The developed device provides low operation voltages below
0.5 V and the voltage swing less than 1 V for low power
consumption. The low on-currents should be resolved. The
suggested reasons for the low on-currents were vacancies
generated during the oxidation, high contact resistance,
diffused Al atoms into the IGZO, and bombardment of
energetic ions during the gate metal deposition by sputtering.
Further research is being done to improve the on-current.
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