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ABSTRACT

To enhance the current driving capability of oxide semiconductor thin-film transistors (TFTs) is a key challenge in emerging display
applications that request high resolution and brightness, such as micro-light-emitting diode. In general, increasing the indium content in
indium gallium zinc oxide (IGZO) to achieve high mobility is the most common method, but indium-rich IGZO TFTs suffer from negative
threshold voltage (Vry) and poor stability. In this work, a novel high on-current enhancement-mode Schottky barrier TFT is fabricated
through the Ga,0O3/IGZO heterojunction and Ni/IGZO Schottky junction. A high-density two-dimensional electron gas with sheet carrier
density over 6 x 10"*/cm” is achieved, by introducing an oxygen-vacancy-rich Ga,0s/IGZO interface. The sheet carrier density is beyond
the gate control limitation, leading to a low channel resistance. The source/drain Schottky junction is achieved through defect engineering
by Ga,O; growth and etching at the Ni/IGZO interface. The Schottky barrier can be modulated by gate voltage so that the device can be
turned off with a large Vi of ~1 V. The proposed Ga,03/IGZO Schottky barrier heterojunction TFT enables a new approach to enhance
the current driving capability of oxide TFTs beyond conventional material engineering for high mobility.

Published under an exclusive license by the AVS. https://doi.org/10.1116/5.0268479

I. INTRODUCTION

Since the discovery of oxide semiconductors, such as amor-
phous indium gallium zinc oxide (IGZO), oxide semiconductor
thin-film transistors (TFTs) have been extensively used in flat panel
displays because of their excellent performance, such as low
leakage, much higher mobility than amorphous Si, large-area uni-
formity, and low cost.'"” However, the driving current of IGZO
TFTs is still not enough with a mobility of about 10-30 cm*/V 5.%”
Thus, low-temperature polycrystalline silicon (LTPS) TFTs with
much higher mobility (about 100cm*/Vs)® are frequently
employed together with IGZO TFTs as low-temperature polycrys-
talline oxide (LTPO) technology to enhance the current driving

capability.”'' However, the high production costs, high process
temperature, large leakage current, and difficulty with the process
in large-areas have limited the employment of LTPS in large-area
display applications. To achieve high-mobility oxide semiconduc-
tors, TFTs would significantly benefit display technology.

Some approaches have been adopted to develop high-mobility
oxide semiconductors, such as indium-rich compound,”™"* new
elements’ introduction,'”™” metal-induced crystallization,lg’zu and
design of sequential layer deposition.”'™** Although there have
been many works reporting rather high-mobility oxide TFTs, these
methods often suffer from nonideal effects, such as bad stability,
negative shift of threshold voltage (Vry), and deterioration of
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FIG. 1. (a) Schematic and (b) device fabrication process flow of a Ga,04/IGZO heterojunction transistor, highlighting the key process steps. The cross-sectional STEM 3
and EDS images of a Ga,04/IGZO heterojunction transistor at (c) S/D region and (d) channel region. HRTEM images of a Ga,04/IGZ0 heterojunction transistor at (e) S/D §
region and (f) channel region, with corresponding FFT images at different locations. 5
o
3
3
subthreshold swing (SS). As a result, the mobility-stability trade-off ~electron gas (2DEG) over 6 x 10'*/cm” beyond the gate control lim-
becomes a well-known issue for high-mobility oxide semiconductor itation. The S/D contact was fabricated by the selective etching of
TFTs.'° Thus, enhancing the driving current of oxide semiconduc- Ga,05 over IGZO and followed by the deposition of Ni as the S/D
tor TFT by mobility engineering without sacrificing stability and contact was deposited as S/D contact. A gate-controllable Schottky
reliability is very challenging. junction is formed due to the Vo-rich Ni/IGZO contact without
Here, the Schottky barrier TFT can offer another path to over- introducing high carrier density in the semiconductor. As a result,
come the above issues, where the on/off switching is determined by an enhancement-mode Schottky barrier TFT is achieved with
controlling the source/drain (S/D) Schottky barrier height higher drain current than conventional TFT with the same IGZO
(®g).”* >’ Meanwhile, the current driving capability can be signifi-  channel and Ni contact.
cantly enhanced with a high-carrier-density channel. However, an
oxide semiconductor with high carrier density is necessary to
achieve a highly conductive channel, but a high carrier density Il. EXPERIMENT
would result in low effective @, resulting in a poor on/off ratio. The Ga,05/IGZO heterojunction TFTs with a bottom-gate
Therefore, to form a gate-controllable Schottky barrier at S/D and top-contact structure were used in this work. The devices were
contact and a highly conductive channel on the same device are fabricated on an Si wafer with 90 nm thermally grown SiO,. TiN
the key to realize the Schottky barrier oxide TFT with high drive was used as the gate electrode. A 7 nm HfO, gate insulator and a
current. 7nm IGZO channel were deposited by ALD. Three types of
In this work, a highly conductive Ga,O3/IGZO heterojunction devices were designed: Ga,O;-first (Ga,O; deposited before S/D
channel was grown by the atomic layer deposition (ALD) of the contact formation) [Figs. 1(a) and 1(b)], Ga,O3-last (Ga,O3 depos-
Ga,05/IGZO bilayer. High-density oxygen vacancies (Vo) are ited after S/D contact formation), and without Ga,0; (both shown
formed near the Ga,03/IGZO interface due to the broken In-O in Fig. S1 in the supplementary material), for investigating
bond, which was identified by the x-ray photoelectron spectroscopy the Schottky junction formation mechanism and the properties
(XPS) depth profile, leading to a high-density two-dimensional of the channel. The Ga,Os;-first devices are the Ga,0;/IGZO
J. Vac. Sci. Technol. A 43(4) Jul/Aug 2025; doi: 10.1116/5.0268479 43, 043409-2
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heterojunction Schottky barrier TFT proposed in this work, while
the Ga,Oj;-last and without Ga,O; devices are the control group.
For the Ga,O;-first devices, after patterning of IGZO, the Ga,0;
layers were deposited using ALD. The patterning of Ga,O; was
achieved simultaneously with S/D lithography, where the 2.38% tet-
ramethylammonium hydroxide (TMAH) developer could etch
Ga,0; under the S/D contact, but IGZO was retained. 40 nm Ni S/D
electrodes were formed by thermal evaporation and lift-off method.
For the Ga,Os-last devices, the Ga,O; layers were grown after the
S/D formation of 40 nm Ni. For the devices without Ga,Os, no
Ga,Oj; layer was deposited after IGZO patterning and S/D deposi-
tion. Finally, the Ga,Os-first devices and the Ga,Os-last devices were
annealed in air at 250 °C for 5 min.

The roughness of the IGZO thin films with and without
Ga,0; was characterized by atomic force microscope (AFM)
(Cypher S, Asylum Research). Transmission electron microscopy
(TEM) (TALOS F200X, Thermo Fisher) was conducted to analyze
the Ga,O3/IGZO heterojunction Schottky barrier TFT at the S/D
region and channel region. Secondary ion mass spectrometry
(SIMS) (ToF-SIMS 5-100, ION-TOF GmbH) analyses were used to
find the concentration variations in Hf, In, Ga, Zn, O, and H ele-
ments in the depth profile of IGZO thin films. Chemical bond
states at the Ga,O5/IGZO heterojunction and S/D contact region
were analyzed by x-ray photoelectron spectroscopy (XPS) (AXIS
Ultra DLD, Kratos) with a depth profile by Ar* etching, which was
carried out using a monochromatic Al Ko (1486.6 eV) source.

The electrical properties of the devices were measured using a
B1500A semiconductor parameter analyzer. The gated Hall bar
devices were fabricated together with TFTs to evaluate the Hall
mobility (uy) and sheet carrier density (n,p) of the 2DEG at the
channel region. The Hall measurement was performed based on
the ASTM F76 standard with a Hall bar structure to avoid the dis-
tortion of geometry in the regularly used van der Pauw samples
(see Sec. V in the supplementary material for details). The voltage
parallel to Ip and Hall voltage were measured by a SR830 lock-in
amplifier, and the gate voltage was applied by Keithley 2400. The
gated Hall measurement was carried out in a physical property
measurement system (PPMS) (DynaCool-14T). The driven AC
signal has a frequency of 499 Hz and an amplitude of 0.1 Vyyys.

I1l. RESULTS AND DISCUSSION

A. Characterization of Ni/IGZO and Ga,0s/IGZO
interfaces

The scanning transmission electron microscopy (STEM) and
energy dispersive spectroscopy (EDS) images of a fabricated
Ga,03/IGZO heterojunction Schottky barrier TFT at the S/D
region [Fig. 1(c)], and the STEM and energy dispersive channel
region [Fig. 1(d)]. Figures 1(e) and 1(f) illustrate the corresponding
high-resolution transmission electron microscopy (HRTEM) and
fast Fourier transform (FFT) images, where both Ga,0; and IGZO
are amorphous. It is clear that Ga,O; on top of IGZO at the S/D
region was completely etched. AFM topological images of the
as-deposited IGZO thin film, IGZO covered with Ga,03, and IGZO
covered with Ga,O; after the wet etching of Ga,O; are shown in
Fig. S2 in the supplementary material. The root-mean-square (RMS)
roughness values are estimated to be 0.157 ~ 0.214nm, showing

ARTICLE pubs.aip.org/avs/jva

smooth morphologies and slight damage to the IGZO surface after
wet etching. In addition, ToF-SIMS was used to characterize the
depth distribution of elements at the S/D contact region [Fig. S3(a)
in the supplementary material] and channel region [Fig. S3(b) in the
supplementary material]. The oxygen concentration of IGZO in the
two regions remains relatively stable. The concentration of indium
and zinc at the Ga,O3/IGZO and Ni/IGZO interface shows a sharp
change, reflecting almost no In or Zn diffusion. The H peak is
observed at the Ga,05/IGZO and Ni/IGZO interfaces, indicating
that there may exist hydrogen-related defects at the interfaces.

In order to further explore the interface defects, Fig. 2(a)
shows the XPS depth profile by Ar" etching at the S/D contact
region. The Ni 2ps, spectra contain a strong peak at 852.3 eV rep-
resenting Ni’ and a weak peak at 853.5¢eV corresponding to oxi-
dized Ni**. There are two strong peaks in In 3ds;, spectra located
at 445.1 and 443.3 eV, representing In>* and In’ respectively. The
In>" peak represents the In>* bonds to the O~ (In-O). Due to the
poor stability of the In-O bond, there are more oxygen vacancies
around the indium atom, resulting in the appearance of the metal
indium (In®).”>" Therefore, the intensity of the In° peak serves as
a direct measure of this charge compensation, indirectly indicating
the concentration of oxygen vacancies. The intensity of the In°
peak decreases with the Ar" etching time, suggesting the existence
of a high density of Vo near the Ni/IGZO interface due to the
broken In-O bond. The Ga 2p;,, and Zn 2p;,, spectra remain
similar at different depths, indicating that Ga-O and Zn-O
bonds are more stable. A subpeak related to O-related defects
occurs in O 1s spectra, which may be caused by oxygen vacancies,
hydroxyl (-OH) or weakly bonded oxygen. The defects at Ni/IGZO
interface are likely caused by Ga,O; growth and etching.
Figure 2(b) shows the XPS depth profile at the channel region. The
behaviors of In 3ds,, Ga 2psj,, Zn 2psj, and O 1s are similar to

that at the S/D region, suggesting that a high density of Vg also §

occurs near the Ga,03/IGZO interface.

B. Impact of Ga,O3 passivation on the I-V
characteristics

To investigate the impact of Vg on the channel region and the
S/D region of Ga,0O3/IGZO TFT, devices with three types of Ga,0;
passivation stack were fabricated. Figures 3(a)-3(c) present the
transfer curves and field-effect mobility (upg) extracted at low Vpg
for IGZO TFTs with a channel length (Lg,) of 10 um. Both the
without Ga,05 and Ga,Os-last devices are ohmic contacts; a signif-
icant difference between the without Ga,O5 device Vi =0.6 V and
the Ga,Os-last device Vi =—1.9V is additional evidence that the
growth of Ga,Oj; increases the carrier concentration. The compari-
son of Ip at a Vpg of 1.2 V and pgg is shown in Figs. 3(d) and 3(e).
As can be seen, the Ga,0Oj;-last device has a larger Ip than the
device without Ga,0s, which proves that Ga,03/IGZO heterojunc-
tion enhanced Ip significantly compared to IGZO only. The
Ga,O5-first device can achieve the same driving current at a lower
voltage, significantly reducing power consumption. However, the
Ga,03-last device cannot be turned off and the ugpg of the
Ga,05-last device is similar to the device without Ga,0;. Based on
the XPS results, it can be inferred that a highly conductive
Ga,03/IGZO channel is formed in the Ga,Os-last device due to the
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(e) Temperature-dependent Vry, 1re, and SS of the Ga,04/IGZ0 heterojunction transistor. (f) Contact Schottky barrier height at various Vs extracted from Arrhenius plot

with linear fitting at different Vgs.

high density of Vg at the Ga,O3/IGZO interface so that a high-
density 2DEG is generated exceeding the limit of gate control. The
large I of the Ga,Os-last device also demonstrates that ohmic Ni/
IGZO contacts can be formed without any treatment. For the
Ga,O;-first device with Ly, =10um, a high maximum upg of
57.6 cm*/(V s), a positive Vg of 1V, and an SS of 122.15 mV/dec are
simultaneously achieved in Fig. 3(a). The highly conductive Ga,O5/
IGZO channel contributes to the high apparent sz, and the off-state
is more likely to be contributed by the Schottky barrier at the S/D
region. In addition, Fig. 3(f) shows the Ip-Vpg characteristics of the
Ga,0;-first device with Ly, =10um, including linear and saturation
regions. The Ga,O;-first device has no exponential I-Vps relation at
low Vpg shown in Fig. 3(f), which may be due to the combined
effects of barrier inhomogeneity and thin semiconductor thickness.”
To further examine the operation mechanism in
Ga,03/IGZO heterostructure TFTs, a series of electrical charac-
terizations were performed. The devices with different channel
lengths were fabricated, and the L.,-dependent transfer curves are
plotted in Fig. 4(a). Figure 4(b) summarizes the Vry and pupg
scaling metrics extracted from transfer curves. With increasing
La», Vg changes slightly and upp increases significantly to
151.66 cm?/V's at Le, = 90 um. The scaling metrics of upg in the
Ga,O;-first device are different from traditional TFTs with ohmic
contact, which means that the modulation of Iy in Ga,05/IGZO
heterojunction Schottky barrier TFTs is mainly attributed to the
gate control of the Ni/IGZO Schottky junction at the S/D region.
Note that the heterojunction structure may not be suitable for

short channel devices, as upp decreases with L, scaling (see
Sec. IV in the supplementary material for details), but it will play
a significant role for driving TFTs in display applications at an
L of a few um.™

C. Measurements of Schottky barrier and channel
2DEG

To reveal the working mechanism, a gated Hall bar device is
fabricated to capture the voltage drop across the S/D contact

—_
[
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FIG. 5. Extracted mean (a) x4 and (b) nyp of a gated Hall bar with Ga,O4/
IGZO heterojunction under +1, 3, +5T at different Vgs. The high nyp is
beyond the capability of gate control.
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TABLE I. Benchmarking of the relevant metal oxide TFT devices, including carrier density (n), Ly, mobility (x), Ve, SS, and lon/lorr

Reference n (em™) La, (um) u (cm?/V s) Vg (V) SS (V/dec) Ton/lorr
24 1.0 x 107 — — -16 0.2 1.0x 108
25 1.2x 10" 100 20.4° 5.8 0.4 2.0% 107
26 1.8x 10" 12 16.1° -12 0.4 1.3x10°
27 1.0x 10'® 60 15.8° 16.1 0.6 1.2x107
29 1.5%x 10" 800 102.6 -6 1.1 1.0 x 10°
This work 8.6 x 10" 10 57.6" 0.7 0.1 1.0 x 10°
90 151.7%

*The apparent field-effect mobility extracted from the Schottky TFT.
PThe apparent saturation mobility extracted from the Schottky TET.
“The field effect mobility extracted from the ohmic contact TFT.

9The Ion/Iogs radio ~1.0 x 10° for Vgs =2V and Vs = 1.2 V, where Iogy is limited by measurement detection limit.

[llustrated in Fig. 4(c)]. Vpg is fixed at 0.02V, while Vg sweeps
from 0 to 2 V. In the Vg range from 0 to 0.7 V at the subthreshold
region, the mid-point voltage (V,,iq) is higher than half of Vpg. It
can be deduced that the voltage drop is mainly on the source
contact, because the Schottky junction at the source contact is

reversely biased and the potential barrier is high at the subthres-
hold region. When Vgs further increases over 0.7V, Vi

approaches half Vpg, indicating that the voltage drop is mainly
across the channel region. Therefore, ®g can be lowered by the pos-
itive Vgs. Moreover, the contact resistance (R¢) is extracted from
the transfer curves in Fig. 3(a) and plotted in Fig. S4 in the
supplementary material, which decreases with the positive Vgs.
The above results confirm the off-state of Ga,O;-first devices is
realized by a high Schottky barrier at source contact when Vg is
below V. In addition, to further characterize the gate control of
®g, the Ip — Vg curves are measured under a Vpg of 0.1V and
Vgs from —1 to 2V at the temperature range of 20 °C ~ 160 °C, as
shown in Fig. 4(d). The Ip — Vs curves shift negatively at elevated
temperature due to the enhanced thermal emission of electrons.
Figure 4(e) summarizes the Vry, upg, and SS versus temperature
characteristics. upg does not change at high temperatures, suggest-
ing a good thermal stability of the Schottky junction. Based on the
thermal emission model, the I, is determined by

Ip :A*Tzexp<k T
B

@B)

1

where A* is the Richardson constant, T is the temperature, and
kg is the Boltzmann constant. The inset in Fig. 4(f) shows the In
(I3/T) vs 1000/T characteristics, the slopes of which correspond to
®g, as shown in Fig. 4(f).”* It is understood the fermi level (Eg) is
pinned due to defects at the Ni/IGZO interface, so @p is deter-

mined by the charge neutral level (CNL).”

According to the above results, when the Schottky junction is
formed with zero gate voltage, the Er of IGZO and Ni are equal,
and a Schottky barrier exists. If a positive gate voltage is applied,
the IGZO depletion region width is narrower, leading to a low R,
so that the device is in on-state. Meanwhile, a highly conductive
Ga,05/IGZO channel promotes carrier transport from the source
to drain. Both of two factors contribute to the high apparent

mobility and large output current at the long channel. On the con-
trary, under a negative gate voltage, the depletion region of IGZO
becomes wider, making it more difficult for electron injection into

the IGZO layer, so the device is in off-state.

The gated Hall measurement is performed at 300 K to evaluate

4y and n,p at different Vgg. Figure 5(a) shows the extracted mean
upy under +1, 3, 5T to be ~17cm?/V's at high Vs, which is

consistent with the ugg of the unpassivated IGZO thin film in
Fig. 3(e). The extracted mean n,p is shown in Fig. 5(b), increasing
linearly at high Vs when the Schottky barrier is low, exhibiting a
maximum n,p, of 6.64 x 10'*/cm? (other details shown in Fig. S5 in

the supplementary material). The maximum carrier density that
can be controlled by Vg is calculated as Cy (Vs — Vry). Thus, as
can be seen from the trend line in Fig. 5(b), the device cannot be
turned off by the gate voltage only, verifying that the device turns

off due to the modulation of @5 by Vgs.

Table T lists the relevant performance parameters of TFTs. It

62:%5:20 20T dunr 02

is evident that the Ga,03/IGZO heterojunction transistors exhibit

ultrahigh current density, steep SS, and high Ion/Iogr ratio.

IV. CONCLUSIONS

In conclusion, we demonstrate a Schottky barrier TFT with
high-density 2DEG by introducing Ga,03/IGZO heterojunction
and reveal its potential to enhance the driving current of oxide
semiconductor TFTs. Through a detailed investigation of device
operation, the role of Vg defects on the formation of high-density
2DEG at the channel region and Schottky barrier at the S/D region
is clarified. Our findings provide a new route to improve current

driving capability without improving channel mobility.

SUPPLEMENTARY MATERIAL

See the supplementary material for the additional details on
device fabrication, AFM, ToF-SIMS, R, and Hall characterization.
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