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ABSTRACT: Amorphous oxide semiconductors (AOSs) with low
off-currents and processing temperatures offer promising alter-
native materials for next-generation high-density memory devices.
The complex vertical stacking process of memory devices
significantly increases the probability of encountering internal
contact issues. Conventional surface treatment methods developed
for planar devices necessitate efficient approaches to eliminate
contact issues at deep internal interfaces in the nanoscale complex
structures of AOS devices. In this work, we report the pioneering
use of palladium thin film as a high-efficiency active hydrogen
transfer pathway from the outside to the internal contact interface
via low-temperature postannealing in the H2 atmosphere, and the
formation of highly conductive metallic interlayer effectively solves
the contact issues at the deeply buried interfaces in devices. The
application of this method reduced the contact resistance of Pd electrodes/amorphous indium−gallium−zinc oxide (a-IGZO)
thin-film by 2 orders of magnitude, and thereby the mobility of thin-film transistor was increased from 3.2 cm2 V−1 s−1 to
nearly 20 cm2 V−1 s−1, preserving an excellent bias stress stability. This technology has wide applicability for the solution of
contact resistance issues in oxide semiconductor devices with complex architectures.
KEYWORDS: oxide semiconductors, IGZO, thin-film transistors, contact resistance, palladium, hydrogen, bottom contact

INTRODUCTION
Amorphous oxide semiconductors (AOSs) with extremely low
off-currents originating from their electronic structure1−4 have
attracted considerable interest for applications in the storage
chip industry, enabling the development of capacitorless
dynamic random-access memory (DRAM) architecture and
high-density DRAM technologies.5−8 In contrast to thin-film
transistors (TFTs) for flat panel displays, storage chips employ
vertically stacked complex device architectures to achieve
higher device density,9−11 posing challenges in electrode
processing, and increasing the importance of contact issues
between AOSs and electrodes.12−14 Process-derived poor
contacts and a substantial Schottky barrier resulting from the
intrinsic energy level mismatch between the work function of
the electrode metal and the electron affinity of AOSs
eventually lead to excessively high contact resistance (RC),
thereby degrading field-effect mobility and power consump-
tion. Recently, many works have proposed methods to solve

high contact resistance between AOSs and metal electrodes,
which may be categorized into several main strategies:
additional deposition of a highly conductive oxide inter-
layer,15−17 oxidation of the metal contact surface resulting in
the formation of high concentration oxygen vacancies on the
AOS contact surface via high-temperature annealing,18−21

penetration of metal ions into the AOS layer,22,23 and surface
treatment with plasma.24−26 These methods, which involve
high-energy or multistep processes, offer effective solutions for
the high contact resistance of the exposed upper surface of
oxide semiconductors, as shown in Figure 1a, but are almost
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impossible to apply to buried contact or deep vertical
interfaces within nanoscale complex structures.

Hydrogen is a crucial and influential element in oxide
semiconductors during thin-film deposition and post-treat-
ment.4 Figure 1c provides a summary of the band-edge energy
of various oxide semiconductor materials compared to the
universal charge transition level of E(H+/H−).4,27,28 When the
conduction band minimum (ECBM) of an oxide semiconductor
is lower than E(H+/H−), such as amorphous indium−gallium−
zinc oxide (a-IGZO), the hydrogen injected into the oxide
ionizes to generate carrier electrons (e−), and the resulting H+

is stabilized in the form of OH, increasing the carrier
concentration.4,29,30 Consequently, the injection/implantation
of hydrogen into AOS thin films contacting the electrode area
has emerged as an effective method for the formation of a
highly conductive oxide interlayer, thereby mitigating the
contact resistance between AOSs and metal electrodes.
Hydrogen plasma is a conventional approach to address
contact issues, where H2 is dissociated into H+ and an electron,
followed by the treatment of the exposed oxide surface, which
forms a highly conductive contact interface. However,
hydrogen plasma is not a suitable solution for internal contact
interfaces covered by a passivation layer or a gate insulator
(Figure 1a). To ensure effective and precise action of hydrogen
at an internal interface such as passivated bottom-contact
TFTs (Figure 1b), we think employing a metal material
capable of transporting hydrogen as the electrode and serving
as a hydrogen transfer pathway is an effective strategy.

Furthermore, single atomic H0, compared to H2, exhibits a
much stronger reduction power to metal oxides at low
temperatures,31 facilitating more efficient interface metalliza-
tion. Figure 1d shows a strategy based on the quest for a metal
electrode material exhibiting the capacity for catalytically
dissociating hydrogen molecules into highly reactive atomic H0

at low temperatures to adhere to the temperature limitations of
the semiconductor fabrication process. The hydrogen diffusion
rate and hydrogen solubility of the chosen metal are crucial for
hydrogen to rapidly transfer to and efficiently undergo a
reduction reaction with the interface oxide at relatively low
temperatures. Therefore, choosing electrode materials with
catalytic capabilities for dissociating H2 into atomic H0 and
superior hydrogen transport properties is key to achieving this
strategy.

Here we focus on the properties of the metal palladium on
hydrogen. Pd exhibits a high hydrogen diffusion rate at low
temperatures, as shown in Figure 1e, offering an efficient
means to shorten post-hydrogen treatment times and reduce
processing temperatures. In addition, the moderate hydrogen
solubility of Pd (Figure 1f, 0.01−0.6 H/metal atom) is
favorable for facile adsorption and desorption of hydrogen.37,38

This feature makes it possible for reversible in−out hydrogen
species between contact materials (outer environment) and
Pd, which is akin to a catalyst and improves the contact
efficiency between hydrogen and AOS. Based on its very high
hydrogen diffusion rate and smooth in/out feature, one may
expect that Pd ensures swift hydrogen transport and the

Figure 1. Strategy to solve the contact issue of the internal contact interface. Schematic diagram of (a) hydrogen plasma surface treatment
and (b) hydrogen transfer pathway method for bottom-contact oxide TFTs. (c) Energy levels of valence band maximum (EVBM) and ECBM in
oxide semiconductors with a hydrogen charge transmission level (4.5 eV).4,27,28 (d) Schematic diagram of catalytic hydrogen dissociation at
the electrode metal surface and reaction between highly active atomic hydrogens and oxide. (e) Experimental values for hydrogen diffusion
in Pd,32 Al,33 Pt,34 Au,34 Cu,35 and Ti.36 (f) Hydrogen solubility based on hydrogen-to-metal atom ratio in Ti, V, Pd, Ni, Fe, and Cu.37
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formation of a conductive layer at low temperatures, even at
deep internal contact surfaces of the device structure. The
former feature originates from the neutral state of hydrogen in
Pd because H2 is catalytically dissociated into atomic H0 on the
Pd surface,39,40 which is expected to effectively enhance
metallization reactions at the interface under low-temperature
conditions. The characteristics of Pd align well with the dual
requirements of catalyzing the dissociation of H2 and efficiently
transporting hydrogen, making it the most suitable material for
addressing the contact resistance between AOSs and metal
electrodes at low temperatures with the H2 annealing
treatment.

In this work, a technique based on Pd electrodes for
hydrogen transfer pathways was developed, effectively
addressing the contact issue between a-IGZO and electrodes,
particularly at internal contact surfaces within nanoscale device
architectures. Because of the catalyst-like hydrogen absorption
and release of Pd, along with its high hydrogen diffusion rate at
low temperatures, a substantial amount of hydrogen can be
transferred via Pd transfer pathways from the 5% hydrogen
atmosphere to the internal contact surface with a-IGZO during
low-temperature postannealing. At the interface between a-
IGZO and Pd, numerous oxygen atoms interact with diffused
hydrogen, leading to the generation of subsequent metal-
lization of a-IGZO thin films, as confirmed by secondary ion
mass spectrometry (SIMS) and hard X-ray photoelectron

spectroscopy (HAXPES), which can probe several nanometers
in depth from the top surface. The highly metalized interface
reduced the contact resistance between a-IGZO and the metal
electrodes from 3 kΩ cm to 6.1 Ω cm and enhanced the field-
effect mobility (μFE) of the bottom contact a-IGZO TFT from
3.2 to 18.1 cm2 V−1 s−1. No serious instability for negative bias
stress (NBS) and positive bias stress (PBS) at room
temperature and high temperature was observed, indicating
that there was almost no influence of H diffusion on the
channel.

RESULTS AND DISCUSSION
Contact Resistance. Bottom-gate bottom-contact

(BGBC) TFT devices were fabricated to demonstrate the
feasibility of using Pd thin films as hydrogen transfer pathway
electrodes for low-contact resistance (Figure 2a). The 20-nm-
thick a-IGZO was utilized as the channel, and the entire device
was covered with a 50-nm-thick amorphous ZnO−SiO2
(ZSOx) passivation layer, with only a portion of Pd exposed
at both ends of the source and drain electrodes. As a
passivation layer, ZSOx exhibits a high ECBM, a higher density,
and a flatter surface compared with conventional insulator
materials, effectively isolating the impact of impurities and
water from the AOS channel.41 As shown in Figure 1c, the
charge transition level of E(H+/H−) being much lower than
the ZSOx’s ECBM ensures that the ZSOx passivation layer

Figure 2. a-IGZO TFT structure and contact resistance. (a) Schematic cross-section of the BGBC a-IGZO TFT passivated by amorphous
ZSOx, and schematic diagram of the Pd-based hydrogen transfer pathway. TLM extractions for contact resistance with Pd electrodes before
(b) and after H2 annealing treatment at (c) 100 °C, (d) 150 °C, and (e) 200 °C in 10 min (VG − VT = 10 to 20 V). (f) Contact resistance and
channel length deviation (ΔL) extracted by the TLM method as a function of annealing time.
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remains unaffected by H2 annealing treatment, thereby
modulating carrier concentration in a-IGZO channel by the
H2-annealing. This design ensures that hydrogen permeates
into the channel solely through Pd, preventing diffusion of H
to the channel layer from the upper layer. As illustrated in the
magnified cross-section in Figure 2a, the constructed electro-
des, measuring 100 μm in length and 30 nm in thickness,
effectively validate the exceptionally high hydrogen trans-
mission efficiency of Pd at low temperatures. The transmission
line measurement (TLM) was employed to extract RC, using
different effective gate biases (VG − VT, where VG is the gate
voltage, and VT is the threshold voltage) ranging from 10 to 20
V. The contact resistance of the as-fabricated devices exceeded
3 × 103 Ω cm as shown in Figure 2b, and the variation of RC

with VG − VT indicated the presence of Schottky charge
injection between a-IGZO and Pd.42 After postannealing was
made in a 5% H2 atmosphere at 100 °C for 10 min, the contact
resistances of the a-IGZO TFTs decreased to below 102 Ω cm
(Figure 2c), indicating that the Pd-based electrodes effectively
transferred hydrogen from the annealing atmosphere to the
internal contact surface at 100 °C. Specifically, the diffused
hydrogen during the H2 annealing treatment resulted in the
reaction with oxygen in the a-IGZO channel, generating
electron carriers via oxygen vacancy formation at the interface
side and, in turn, weakening the interface Schottky barrier
contact via the enhancement of the tunneling contribution. As
the H2 annealing temperature increased to 150 °C, the RC of
the a-IGZO TFT decreased by 1 order of magnitude to 6.1 Ω

Figure 3. Chemical state of the a-IGZO thin-film. HAXPES spectra of (a) In 3d, (b) Ga 2p, and (c) Zn 2p core-levels for 5 nm thick Pd-
passivated a-IGZO thin films with and without H2 annealing treatment (5% H2 atmosphere at 150 °C in 10 min), 5 nm thick Au-passivated a-
IGZO thin film with H2 annealing treatment, and nonpassivated a-IGZO thin film with H2 annealing treatment, respectively, obtained at
TOA = 88.5°. (d) In 3d, (e) Ga 2p, and (f) Zn 2p HAXPES spectra obtained at TOAs of 15° (near interface), 30° (intermediate), and 88.5°
(deep) for Pd-passivated a-IGZO thin films with H2 annealing treatment.
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cm (Figure 2d), accompanied by a small reduction in the
effective channel length (ΔL = 0.044 μm). The decrease in RC
and the decrease in the effective channel length indicate ohmic
contact and the formation of a high-electron-density interfacial
layer at the contact surface. The higher diffusion rate of
hydrogen in Pd electrodes at elevated temperatures enhanced
interactions between hydrogen and oxygen, forming a highly
conductive interfacial layer on the a-IGZO surface. The RC
slightly decreased to 5.9 Ω cm at a H2 annealing temperature
of 200 °C, while ΔL significantly increased to 0.818 μm
(Figure 2e), indicating that a higher annealing temperature
causes a thicker highly conductive interfacial layer formation
owing to the excessively rapid diffusion rate of hydrogen in
both Pd and the a-IGZO.43−45 Thus, TLM results showed that
the Pd-based hydrogen transfer pathway effectively transports
hydrogen to the interface with a-IGZO within a hydrogen
annealing atmosphere. Furthermore, RC and ΔL variations
with H2 annealing time are shown in Figure 2f for different
temperatures. H2 annealing at 100 °C requires 20 min to
achieve ohmic contact, which is attributed to the excessive
hydrogen solubility of Pd with lower hydrogen desorption
(Figure 1f) at the contact interface and the decreased efficiency
of the hydrogen reaction with a-IGZO at 100 °C. Conversely,
RC decreased more rapidly at higher annealing temperatures.
At 200 °C, the contact resistance can be reduced to below 10
Ω cm in 6 min, which is correlated with the higher diffusion
rate of hydrogen in Pd at elevated temperatures. However,
higher annealing temperatures also lead to a rapid reduction in
the effective channel length, which may lead to a strong short-
channel effect.46 Therefore, it turned out the 5% H2
atmosphere annealing at 150 °C in 10 min is the optimal
condition for the a-IGZO TFTs with Pd electrodes.
Characterization of the Pd−IGZO Interface. To

investigate the effect of postannealing in a 5% H2 atmosphere
on the Pd−IGZO interface, a-IGZO thin films passivated with
Pd (5 nm) or Au (5 nm) and without passivation were
prepared for HAXPES measurements. Figure 3 shows the
HAXPES spectra for the In 3d, Ga 2p, and Zn 2p core-levels of
samples. To maximize the probe-depth (effective inelastic

mean free path of photoelectrons: λeff) in HAXPES, the takeoff
angle of photoelectrons (TOA) was set to 88.5° with respect
to the sample surfaces to detect the photoelectrons emitted
from the deeply buried interface of a-IGZO film in Figure 3a−
c. The Pd-passivated a-IGZO film exhibited distinct metallic
peaks for In0 (In 3d 3/2 II and In 3d 5/2 II), Ga0 (Ga 2p 3/2
II), and Zn0 (Zn 2p 3/2 II) species after H2 annealing
treatment (5% H2 atmosphere at 150 °C in 10 min), in
contrast to the as-fabricated thin films. However, the a-IGZO
thin films passivated with Au did not show metallic peaks after
H2 annealing treatment, and the same spectra were observed
for the a-IGZO thin films without a metal passivation layer.
The appearance of metallic peaks is attributed to intense
hydrogenation reactions occurring at the Pd and a-IGZO
interface, which is often observed in strong metal−support
interactions between Pd and oxides in catalysis.47 During H2
annealing treatment, H2 spontaneously dissociates into atomic
hydrogen on the exposed Pd surface, and highly active atomic
hydrogens are generated and diffused, followed by the reaction
with oxide ions in the lattice, resulting in the formation of
oxygen vacancies and the reduction of surface metal
oxides.48,49 The neutral metal atom peaks indicate the
formation of a high electron density and a highly conductive
interfacial layer at the contact interface between a-IGZO and
Pd, which reduces the contact resistance and eliminates the
Schottky barrier. The absence of neutral atom peaks in the Au-
passivated a-IGZO thin films after H2 annealing treatment
indicates that no significant reduction reaction occurs at the a-
IGZO−Au interface during postannealing, which is attributed
to the low hydrogen diffusion rate of H2 in Au at low-
temperature and less chemical reactivity of H2. The
unpassivated bare a-IGZO thin films did not exhibit neutral
metal peaks as well as Au-passivated samples after the H2
annealing treatment. Although the surface of a-IGZO was
exposed to a hydrogen atmosphere during the annealing
treatment, the reactivity of H2 molecules was much lower than
that of the dissociated hydrogen atom,50 which was insufficient
to react with a substantial amount of oxygen at low
temperatures and within a short time to form a highly

Figure 4. Electrical performance of the TFTs. The transfer characteristics (solid) and field effect mobility (dots) of a-IGZO TFTs with Pd
electrodes passivated by 50 nm ZSOx before and after H2 annealing treatment (150 °C for 10 min in a 5% H2 atmosphere), while the
structures are (a) BGBC and (b) BGTC with W/L of 150/30 and 150/25 μm, respectively. (VD = 0.1 V).
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conductive layer. To clarify the depth distribution of the
neutral metal peak in the buried a-IGZO film underneath the
Pd passivation layer, TOA dependence of the In 3d, Ga 2p,
and Zn 2p spectra was measured as shown in Figure 3d−f. By
changing the TOA in HAXPES, in which λeff is proportional to
sin(TOA), three different TOAs measurements at 15°, 30°,
and 88.5° give the near-interface, intermediate, and deep a-
IGZO sensitive depth information, respectively. The enhance-
ment of peaks for the In0, Ga0, and Zn0 species in the case of
TOA = 15°, as observed in Figure 3d−f, respectively, indicates
that a more intense reduction reaction of hydrogen on a-IGZO
would occur at a position closer to Pd. Notable enhancement
for Zn0 compared to In0 and Ga0 is attributed to the facile
reaction between Pd and ZnO during the annealing treatment,
as evidenced by the X-ray diffraction (XRD) pattern (Figure
S1). The peak shift of Pd 111 diffraction indicates the
formation of intermetallic PdZnx after the annealing
process,49,51,52 which is also one of the reasons for the
formation of the highly conductive interfacial layer. Hence, the
formation of the highly conductive interfacial layer is attributed
to the metallization resulting from hydrogen interacting with
oxygen in a-IGZO at the interface, accompanied by the
formation of an intermetallic phase between Pd and Zn, which
eliminates the Schottky barrier and reduces the contact
resistance between the metal and a-IGZO.
TFT Performance and the Pd−IGZO Interface. To

demonstrate the application of the hydrogen transfer pathway
based on Pd electrodes in a-IGZO TFTs, devices with two
different structures, BGBC and bottom gate-top contact
(BGTC), were fabricated as shown in Figure 4a,b, both
covered with a 50-nm-thick ZSOx passivation layer. To
precisely determine the field-effect mobility, the transfer
characteristics and mobility of TFTs with different width-to-
length ratios (W/L = 150/30 and 150/25) were extracted.
Compared with the top-contact structure (Figure 4b) of a-

IGZO TFTs, the bottom-contact devices (Figure 4a) exhibited
more pronounced contact issues before the H2 annealing
treatment, causing a significantly lower drain current (ID) and a
lower μFE of 3.2 cm2 V−1 s−1 (compared to that of the top-
contact structure, 11.5 cm2 V−1 s−1). The higher contact
resistance in the bottom-contact structure is tentatively
attributed to the effect of the unfilled region and partial
oxidation during a-IGZO sputtering at the interface between
the channel and electrodes.53,54 Due to the uninterrupted
supply of highly active hydrogen to the interface between the
a-IGZO channel and electrodes facilitated by the Pd electrodes
during 150 °C postannealing in a 5% H2 atmosphere for 10
min, the a-IGZO interface underwent metallization, reducing
the contact resistance and total resistance ratio as shown in
Figure S2 and significantly enhancing the drain current of the
a-IGZO TFTs after H2 annealing treatment. For both the
BGBC and BGTC structures, μFE increased to 20.0 cm2 V−1

s−1 after H2 annealing treatment. In contrast, the passivated a-
IGZO TFTs with Au electrodes showed no change in μFE even
after H2 annealing treatment (Figure S3), confirming the
highly active hydrogen and the strong hydrogen transfer ability
by utilizing Pd electrodes during H2 annealing treatment.
Devices with varying W/L demonstrated consistent mobility
results, indicating that the influence of minimal ΔL on effective
mobility was negligible, thereby ruling out the possibility of
short-channel effects. Figure S4a,b shows the statistical device
parameters with small variations in μFE and VT indicating the
uniformity and reliability of the processes. The electrical
performance of the sputtered a-IGZO TFTs presented in this
work is excellent compared with those reported in recent
studies, as listed in Table S1. Therefore, ZSOx-passivated a-
IGZO TFTs demonstrate the high potential of Pd-based
hydrogen transfer pathways for future applications of IGZO-
based memory and display devices with complex architectures.

Figure 5. Bias stability of the TFTs. Transfer characteristics of H2-annealed (5% H2 atmosphere at 150 °C in 10 min) a-IGZO TFTs (BGBC)
with Pd electrodes passivated by ZSOx under (a) NBS, (b) PBS, (c) NBTS (60 °C), and (d) PBTS (60 °C) for 1 h (Vbias = VT ± 20 V). (e)
Comparison of the threshold voltage shift of untreated a-IGZO TFTs under NBS, PBS, NBTS, and PBTS with a-IGZO TFTs after H2
annealing treatment under NBS, PBS, NBTS, and PBTS for 1 h.
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Protons in amorphous oxides are prone to drift within the
channel under the electric field, thereby affecting the bias
stability of amorphous oxide TFTs under long-time bias gate
voltage.55,56 To examine the effect of H2 annealing treatment
on the bias stability of a-IGZO TFTs with bottom contact Pd
electrodes, gate biases (Vbias) of VT ± 20 V were applied to the
TFTs for 1 h, and the threshold voltage drift (ΔVT) results
were obtained as shown in Figure 5. As shown in Figure 5a,
after application of an NBS for 1 h, the VT drifted by only
−0.05 V (Figure 5e). Alternatively, applying a PBS for 1 h
showed a VT drift of only +0.11 V, which is slightly larger than
those of devices without H2 annealing treatment but still at an
excellent level of bias stability. At high temperatures, the
migration of hydrogen atoms in the amorphous oxide becomes
more pronounced,55 making high-temperature bias stress
testing a more sensitive indicator of the level of mobile
hydrogen atoms in the channel. As shown in Figure 5c,d, the
results of negative gate bias temperature stress (NBTS) and
positive gate bias temperature stress (PBTS) indicate that the
bias stress tests at 60 °C did not result in significant threshold
voltage shifts, with corresponding values of −0.06 and +0.14 V,
respectively. These results indicate that H2 annealing treatment
with a Pd electrode has a negligible influence on the bias
stability of ZSOx-passivated a-IGZO TFTs. The excellent bias
stability at high temperatures and low hysteresis effect (Figure
S4c) may be ascribed to the minimal mobile hydrogen ion
content preserved within the a-IGZO channel after H2
annealing treatment, which indicates a lower effect of hydrogen
diffused into the channel during the annealing treatment. At
the same time, it reaffirms the protective role of the ZSOx
passivation layer, safeguarding the a-IGZO back channel from
the influence of hydrogen and other impurities.41 The
exceptional bias stability ensures minimal side effects of H2
annealing treatment on a-IGZO devices employing Pd
electrodes, ensuring bias stability for future applications.

To further explore the influence of H2 annealing treatment
on the bias stability of TFT devices, depth profiles obtained by
SIMS directly reveal the distribution of hydrogen at the Pd/a-
IGZO interface. As shown in Figure 6a, 150 °C H2 annealing
treatment leads to the formation of an interface layer at the
junction of Pd and a-IGZO, characterized by a significantly
high hydrogen content. The result also proves the efficient
diffusion of hydrogen from the atmosphere to the electrode−
oxide semiconductor interface at relatively low temperatures

when Pd serves as the high-efficiency hydrogen transfer
pathway. Moreover, as shown in Figure 6b, the intensity of
hydrogen increased with the annealing temperature from 100
to 200 °C, which indicates the higher transfer efficiency of Pd
at a high temperature, aligning with the trend in the diffusion
rate of hydrogen in Pd (Figure 1e) and the contact resistance
with the annealing temperature (Figure 2f). As for the
presence of hydrogen in the interlayer position, it can be
considered that after Pd transferred atomic H0 to the
electrode−oxide semiconductor interface, H0 interacts with
the interface oxide, converting into protonic hydrogen, which
then reacts with oxygen at the interface IGZO to form OH
groups, accumulating at the interface. In the a-IGZO layer,
only a slight increase in intensity was observed compared to
the untreated sample and bare a-IGZO sample, as shown in
Figure 6b. This observation suggests a low H content within
the channel, indicating a minimal influence on device stability
during bias testing, which is consistent with prior bias stability
results. On the other hand, no residual hydrogen was detected
in the Pd layer after H2 annealing treatment, so there is no
concern about the occurrence of secondary effects due to
residual excess hydrogen diffusion into a-IGZO during high-
temperature TFT operations. Thus, Pd, as a hydrogen
transport metal electrode, efficiently transports a substantial
amount of hydrogen to the electrode−oxide semiconductor
interface during low-temperature H2 annealing treatment with
less diffusion into the a-IGZO channel layer, and then the
accumulated hydrogen induces the metallization of the a-
IGZO interface.

CONCLUSIONS
In this study, an approach utilizing Pd electrodes as hydrogen
transfer pathways to address the issue of internal contact
interface contact resistance in oxide semiconductor devices was
proposed. The postannealing in a hydrogen atmosphere
enables hydrogen to rapidly reach the oxide−Pd interface in
the device interior up to a depth of 100 μm via the Pd
electrodes. This method utilizes the exceptionally high
diffusion rate of hydrogen in Pd at relatively low temperatures
as well as its suitable solubility. When the charge transition
level of E(H+/H−) is higher than the ECBM of oxide
semiconductors, diffused atomic hydrogen induces a metal-
lization reaction at the contact interface with the oxide
semiconductor, thereby generating carrier electrons and
forming a highly conductive interlayer. According to Figure
1c, high-mobility oxide semiconductor materials with high (In
+ Sn) fraction correspond to this case.41 Thus, this method can
be applied to high-mobility oxide TFTs. It turned out 150 °C
was the optimal temperature under annealing in a 5% H2
atmosphere at various temperatures for 10 min. The TLM
measurement was employed to assess the contact resistance
between the a-IGZO and the Pd electrodes. The results
indicated a transition from Schottky to ohmic contact after
annealing treatment at 150 °C in a H2 atmosphere for 10 min,
and higher temperatures with long annealing time resulted in a
significant reduction in the effective channel length. Further
analysis of the a-IGZO and Pd interfaces using HAXPES and
SIMS revealed that the highly active hydrogen in the Pd
electrodes during H2 annealing treatment induced the
metallization of the a-IGZO surface and the formation of the
intermetallic PdZnx, constructing a high-electron-density
interface layer and thereby reducing the contact resistance.
The a-IGZO TFTs with Pd electrodes exhibited a substantial

Figure 6. SIMS depth profile. (a) Depth profiles of H, Zn, Pd, and
O for Pd-passivated a-IGZO thin film with H2 annealing treatment
at 150 °C in 10 min. (b) H depth profiles for bare a-IGZO thin
films (note that the top surface of bare a-IGZO is located at 36
nm) and Pd-passivated a-IGZO thin films before and after H2
annealing treatment at 100, 150, and 200 °C in 10 min.
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enhancement in drain current and μFE after H2 annealing
treatment, with a promoted μFE approaching 20 cm2 V−1 s−1.
Meanwhile, the excellent bias stability of a-IGZO TFTs
indicated a negligible effect of hydrogen diffused in the channel
after H2 annealing treatment with Pd electrodes. This approach
for low-contact resistance formation between the AOS and the
metal, specifically tailored for complex device architectures,
provides a highly valuable solution for future applications of
AOSs in memory and display devices.

METHODS
Device Fabrication. To fabricate a-IGZO TFTs for TLM and

transfer characteristics measurement, heavily doped p-type Si wafers
were used as bottom-gate substrates with a 150 nm thermally oxidized
SiO2 gate insulator. For the BGBC structure, a 5 nm Ti layer was
sputtered for better adhesion of metal electrodes on SiO2, and 30 nm
Pd or Au was thermally evaporated as the source and drain (S/D)
electrodes. Subsequently, the 20 nm a-IGZO (In:Ga:Zn = 1:1:1 atom
%) channel was deposited by 150 W RF magnetron sputtering under
chamber base pressure of 0.4 Pa, and an O2 partial pressure of 0.25%.
Following channel deposition, a larger area of 50 nm ZSOx passivation
layer, with a Zn:Si ratio of 75:25 atom %, was deposited under 0.4 Pa
with an O2 partial pressure of 25%. For the BGTC structure, 30 nm
Pd electrodes without the Ti layer were thermally evaporated
following the sputtering of a 20 nm a-IGZO channel layer for
comparison, and then a 50 nm ZSOx passivation layer was sputtered
under the same conditions. To complete the fabrication, all passivated
devices were annealed at 300 °C in an ambient atmosphere for 1 h.
The electrodes, channel layer, and passivation layer were all patterned
by photolithography. Channel length (L) from 10 to 160 μm and a
channel width (W) of 500 μm were patterned for TLM measurement,
and an L of 25 or 30 μm and a W of 150 μm were patterned for TFT
transfer characteristics measurement. For the H2 annealing treatment,
fabricated devices were postannealed in a 5% hydrogen atmosphere at
1 atm. in 10 min, and the annealing temperatures of 100, 150, and 200
°C were used for comparison.
Characterizations. The electrical characterizations of the TFTs

were carried out under vacuum using the Keysight B2912A
measurement unit. The contact resistance of the devices was extracted
by using TLM.42 The thickness of the thin films was measured by X-
ray reflectometry (Smart Lab, Rigaku). HAXPES measurements at
room temperature were performed at the BL09XU undulator
beamline (photon energy = 5.95 keV) in SPring-8. The binding
energy was referred to the Fermi level of an Au plate, and the overall
energy resolution was set to ∼210 meV. The E-vector of the photon
was set to parallel to the direction of photoelectrons detected by a
high-resolution electron analyzer (Scienta Omicron R4000). The
components of the passivated a-IGZO layers were measured by SIMS
(ION TOF TOF-SIMS5). The Pd-covered a-IGZO thin films were
clarified by XRD (Smart Lab, Rigaku) via the 2-θ method. The
electrical properties of a-IGZO and ZSOx-passivated a-IGZO were
evaluated by ac-field Hall effect measurements (ResiTest8400,
TOYO).
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