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ARTICLE INFO ABSTRACT
Keywords: We report the fabrication and characterization of high-performance, full-swing inverter and logic circuits
Amorphous oxide semiconductor based on amorphous hafnium-indium-zinc-oxide (a-HIZO) thin film transistors (TFTs) with varying channel

Thin film transistor

layer thicknesses. Structural and compositional analyses were performed to validate the amorphous nature
NMOS inverter

and chemical uniformity of the HIZO matrix. High-resolution transmission electron microscopy (HRTEM)

;‘gg;ﬁ: confirmed the absence of. cr}lfstal.linity. Energy-dispersive X-ray spe.ctroscopy (S’leM-EDX) elem.ental mapping
NAND gate revealed homogeneous distribution of Hf, In, Zn, and O, supporting the multicomponent oxide system. X-
ray photoelectron spectroscopy (XPS) analysis was conducted to investigate the elemental composition and
oxidation states of Hf, In, Zn, and O. The transmission line method (TLM) was utilized to ensure ohmic contact
between the electrodes and the channel layer, and to calculate total resistance, sheet resistance, and contact
resistance. The TFTs demonstrated excellent electrical performance, including a maximum field-effect mobility
of 13.5 cm? V~! s7!, an on/off current ratio of 10%, and stable operation under temperature stress. The a-
HIZO-based inverters achieved a maximum voltage gain of 32.38 at a supply voltage of 16 V. In addition,
logic circuits, such as NOR and NAND gates, were fabricated, showcasing sharp transfer characteristics. These

results highlight the potential of a-HIZO TFTs for advanced electronic applications.
1. Introduction V-decade™!, an on-off current ratio exceeding 108, and low opera-
tion voltage, among other advantages [4-6]. a-IZO-based TFTs have
Thin film transistors (TFTs) are essential technology for advancing already been commercialized for use in active-matrix flat-panel dis-
next-generation electronics, providing easy fabrication on diverse sub- plays(AM-FPDs) such as active-matrix liquid crystal displays (AMLCD),
strates and being cost-effective. There present several advanced TFT high-resolution large-size active-matrix organic light-emitting diode

technologies such as amorphous-Si (a-Si:H), organic, low-temperature (AMOLED) TV panels.

polycrystalline Si (LTPS), and amorphous oxide semiconductors (AOS). A CMOS inverter primarily consists of p-channel and n-channel
Among these technologies, Si based TFTs are considered cutting-edge ~ TFIs functioning as pull-up and pull-down devices, respectively [7-11].
technology and are predominantly used in Complementary Metal- However, oxide-TFT-based inverters, such as unipolar n-type metal—-
Oxide-Semiconductor (CMOS) circuits. However, fabricating LTPS and oxide-semiconductor (NMOS) inverters, require only n-channel TFTs.
single crystal Si-based TFT requires temperatures exceeding 450 °C. Numerous efforts have been made to develop TFT-based inverters and
Although, a-Si:H and organic TFTs can be fabricated at relatively lower ~ related circuit applications, including logic gates (NAND, NOR gates),
temperatures than c-Si TFTs, they exhibit poor electrical performance. ring oscillators (RO), flip-flops, shift registers, and radio-frequency

AOS offer a promising alternative to silicon-based Complementary identification (RFID) tags [12-14]. The limited availability of high-
Metal-Oxide-Semiconductor (CMOS) circuits [1-3]. AOS based TFTs, performance p-type channel oxide-TFTs has led to the predominance of
particularly those using amorphous-In-Zn-O (a-IZO) are recognized NMOS inverters, constructed exclusively with n-channel oxide-TFTs, in
for their excellent device performance and ease of fabrication on most oxide-TFT-based applications. These inverters can be categorized
diverse substrates due to their low processing temperature (below into two types: enhancement-mode (E-mode) and depletion-mode (D-

200 °C). These a-IZO TFTs demonstrate a field-effect mobility of mode). Among these, depletion-mode inverters stand out due to their

>10 cm? V=! 57!, an excellent sub-threshold swing of less than 0.3 superior performance, which includes low power consumption, sharp
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transition characteristics, and a more compact layout [13]. Further-
more, the use of only unipolar TFTs simplifies the fabrication of various
logic circuits. Achieving this requires adjusting the threshold voltage
through methods such as doping the channel, varying the channel
length and width, modifying the channel thickness, and/or altering the
electrode configuration [15-18].

In this study, we have fabricated an inverter, as well as NAND
and NOR logic circuits, utilizing thin-film transistors (TFTs) with an
a-HIZO channel layer. To the best of our knowledge, this is the first
reported instance of inverters and logic circuits based on a-HIZO TFTs.
The selection of a-HIZO as the channel material was driven by its ex-
ceptional electronic properties, including high field-effect mobility and
thermal stability, which make it a promising candidate for advanced
semiconductor applications [19-22]. To modulate the threshold voltage
of the TFTs, we varied the thickness of the channel layer. The a-HIZO
TFTs demonstrated excellent electrical properties and high stability
under temperature stress. Specifically, the a-HIZO TFTs exhibited a
maximum field-effect mobility exceeding 13 cm? V~! s~!, an on/off
current ratio greater than 108, and an excellent sub-threshold swing
(SS) value.

2. Experimental

Bottom gate and top contact a-HIZO TFTs were fabricated using RF
magnetron sputtering at room temperature. The devices were config-
ured as shown in Fig. 1. The a-HIZO TFTs were fabricated with different
thicknesses via varying deposition time. Deposition was carried out on
a 100 nm SiO,/p**-Si substrate, with SiO, serving as the gate insu-
lator. The SiO,/p**-Si substrates underwent sequential cleaning with
acetone, methanol, and DI water for 10 min each in an ultrasonication
bath, followed by drying with N, gas.

The deposition chamber’s base pressure before each deposition was
approximately 5 x 10~ torr. Deposition power, pressure, and Ar flow
for all depositions were maintained at a constant 20 W, 16 mT, and
30 sccm, respectively. Devices were fabricated with deposition times
of 10 min and 18 min to achieve modulation in the threshold voltage.
Fig. 1(b) shows a cross-sectional high-resolution transmission electron
microscopy (TEM) image of a control sample, where the a-HIZO chan-
nel layer was deposited for 10 min on the SiO, gate insulator, followed
by an Al,0O; capping layer to protect the a-HIZO layer. The a-HIZO
layer deposited during the 10 min process has an estimated thickness
of approximately 10 nm, indicating a growth rate of 1 nm per minute.
Therefore, the channel deposited for 18 min is projected to have a
thickness of approximately 18 nm.

Comprehensive structural and compositional characterization was
performed using X-ray photoelectron spectroscopy (XPS) over a binding
energy range of 0 to 1400 eV to identify the elemental composi-
tion and determine the oxidation states of Hf, In, Zn, and O in the
HIZO thin film. In addition, X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), and scanning transmis-
sion electron microscopy with energy-dispersive X-ray spectroscopy
(STEM-EDX) elemental mapping were employed to evaluate the crys-
tallographic structure and spatial distribution of elements within the
film.

After deposition of a-HIZO, the bilayer thin film underwent wet
etching process to form channel with width of 250 pm and length
of 50 pm. Following channel pattering, films were annealed in air at
150 °C for 2 h. The source and drain electrodes (S/D) were deposited
via e-beam evaporation (10 nm thick Ti) and thermal evaporation
(40 nm thick Al) followed by lift-off process.

The electrical characteristics and the stability were carried out in
the dark box using a semiconductor parameter analyzer (HP 4156C,
33220s, Agilent) and a vacuum probe station (Hewlett-Packard Co.
HP 4145B (Keysight)), respectively. NAND and NOR logic circuit per-
formance was measured by using a triple output dc-power supply
(E3631A, Keysight Company) to supply the input voltage (V;), with
the output voltage (V1) recorded by the semiconductor parameter
analyzer.
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3. Results

Understanding the internal composition of the HIZO compound
is vital for evaluating its structural and chemical properties. In this
regard, XPS analysis was performed using a standard Al Ke source
over a binding energy range of 0 to 1400 eV to determine the ox-
idation states of Hf, In, Zn, and O in the HIZO thin film. The XPS
data presented in this study were calibrated using the adventitious
carbon (AdC) C 1s peak at 284.6 eV, following common practice in
XPS analysis. However, recent literature by Greczynski and Hultman
highlights significant uncertainties associated with this conventional
approach [23]. Specifically, referencing binding energies using AdC
introduces inaccuracies due to the unknown and variable chemical
nature of the carbon contamination layers, the lack of a stable elec-
trical contact between the carbon layer and underlying materials, and
variability in the C 1s peak position depending on the substrate’s work
function.

Given these critical considerations, we re-evaluated our binding
energy referencing strategy by cross-verifying binding energy values
against well-characterized oxide peaks inherently present in our thin-
film samples, such as Zn 2p (1022.38 eV for Zn 2p3/2), In 3d (445.08 eV
for In 3d5,), and Hf 4f (18.3 eV for Hf 4f; ,), aligning these values with
reported literature. This referencing helped in validation and ensured
accuracy and reliability in identifying chemical states and oxidation
conditions of the HIZO films. This approach effectively mitigates some
of the uncertainties introduced by AdC referencing. Nevertheless, it is
essential to acknowledge potential binding energy shifts and intrinsic
uncertainties remaining from the original calibration method.

The high-resolution XPS spectrum of Zn 2p is depicted in Fig. 2(a).
Two distinct peaks were observed at binding energies of 1022.38 eV
and 1045.48 eV, which correspond to the Zn 2p;, and Zn 2p, , states,
respectively. These peaks indicate a spin-orbit splitting of 23.1 eV.
The positions of these peaks and the measured spin-orbit splitting are
consistent with the chemical states associated with Zn-containing com-
pounds such as ZnO, ZnS, or even elemental Zn. This characterization
confirms the presence of Zn in the HIZO film, providing insights into
its oxidation state and bonding environment [24,25].

Fig. 2(b) shows high resolution spectra of oxygen 1s (O 1s) for HIZO
film. The spectrum reveal two primary peaks at 530.38 eV (peak 1)
and 532.28 eV (peak 2), which are de-convoluted into distinct compo-
nents. The peak at ~530.4 corresponds to metal oxide (M-O) bonding,
indicating presence of Hf, In, or Zn within the HIZO matrix [26,27].
The second peak at 532.28 is attributed to hydroxyl groups (O-H),
suggesting presence of surface adsorbed hydroxides or chemisorbed
water. The prominence of the hydroxyl peak may arise from exposure
to ambient atmospheric conditions post-deposition or residual water
vapor during processing. This observation underscores the need for con-
trolled processing environments to minimize moisture incorporation.
Despite this, the strong M-O peak confirms the formation of stable
oxide bonds, supporting the integrity of the HIZO structure [28,29].

The high-resolution XPS spectra of In (In 3d) are shown in Fig.
2(c). Two main peaks are observed at binding energies of approxi-
mately 445.08 eV and 452.68 eV, corresponding to the In 3ds,, and
In 3d;/, spin-orbit components, respectively. These peaks exhibit a
spin-orbit splitting of 7.6 eV, which is consistent with indium in the
+3 oxidation state, primarily found in In,0;. Deconvolution of these
peaks reveals additional minor components, suggesting the presence of
multiple bonding environments, including potential contributions from
hydroxyl groups or chemisorbed species. The dominant peaks, however,
confirm the primary oxidation state of indium as +3, indicative of a
stable oxide matrix. The relative intensities of the deconvoluted peaks
suggest a significant contribution from the oxide form, with minor
peaks attributed to surface hydroxylation. This analysis highlights the
chemical stability of indium within the HIZO matrix. These findings
further corroborate the presence of strong metal-oxide bonds in HIZO
compound [25-27].



S.K. Maurya et al.

sio,

Si Wafer

p-Sit*/SiO, substate

S/D deposition

(b)

Vacuum 239 (2025) 114350

RF Sputtered HIZO

Thin film
sio,

Si Wafer

v

HIZO Channel

Al O; capping layer

a-HIZO

Si0,

Fig. 1. (a) Fabrication process flow of HIZO TFTs showing sequential steps: RF sputtering of the HIZO channel layer, channel patterning using photoresist and UV-light exposure,
and subsequent source and drain electrode deposition. The red-encircled optical image highlights the a-HIZO channel layer with the source and drain terminals, formed on a SiO,
gate insulator over a p**-Si substrate. (b) Cross-sectional TEM image of the controlled sample, illustrating the a-HIZO layer (approximately 10 nm thick) deposited during a 10-min
RF sputtering process on the SiO, gate insulator, followed by an Al,O; capping layer for surface protection.

The high-resolution XPS spectra of hafnium (Hf 4f and Hf 4d)
are presented in Fig. 2(d) and (e). The Hf 4f spectrum shows two
primary peaks at binding energies of approximately 18.3 eV and 18.9
eV, corresponding to the Hf 4f;,, and Hf 4f;;, states, respectively.
These peaks exhibit a spin—orbit splitting of 0.7 eV. Shifting of peaks
towards higher binding energy can be due to surface hydroxides arising
from atmospheric exposure. Further, the Hf 4d spectrum, shown in Fig.
2(e), supports the presence of Hf in the +4 oxidation state. Peaks are
observed at approximately 213.5 eV and 224.7 eV, corresponding to the
Hf 4ds,, and Hf 4d;, states, respectively, with a spin-orbit splitting of
11.2 eV. These results confirm the chemical stability of Hf within the
HIZO matrix [30,31].

To validate the amorphous nature and elemental homogeneity of
the HIZO thin films, we performed detailed cross-sectional HRTEM and
STEM-EDX elemental mapping. Fig. 3(a) presents the HRTEM image of
the a-HIZO film deposited on a thermally oxidized SiO,/p** Si sub-
strate. The image series, progressing from low to high magnification,
reveals a featureless contrast throughout the HIZO layer, with no dis-
tinct lattice fringes even at high magnification, confirming the absence
of crystallinity. This indicates that the HIZO film is fully amorphous,
consistent with the low-temperature deposition conditions employed.

To complement the HRTEM results, XRD analysis was conducted and
is shown in the inset of Fig. 3(a). The XRD spectrum exhibits a broad
hump centered around 25-35 °C and lacks any sharp diffraction peaks,
further corroborating the amorphous nature of the HIZO thin films.
These findings collectively affirm that the as-deposited HIZO channel
layer is amorphous, consistent with expectations for low-temperature
sputtered oxide semiconductors. The lack of any electron diffraction
spots indicates that the HIZO thin film remains fully amorphous under
the sputtering and post-deposition annealing conditions employed. Im-
portantly, the incorporation of Hf into the In-Zn-O matrix does not
induce crystallization or secondary phase formation (such as HfO,).
Instead, Hf appears to be well integrated into the disordered structure,
likely raising the crystallization temperature and helping to stabilize
the amorphous phase.

To assess the spatial distribution of the constituent elements, STEM-
EDX mapping was conducted on the same sample. Fig. 3(b) displays
the scanning image used for mapping, while Fig. 3(c—f) show the corre-
sponding elemental maps for O, Zn, In, and Hf, respectively. The results
confirm a homogeneous distribution of all four elements throughout
the HIZO film thickness. In particular, the even distribution of oxygen
is critical for ensuring stoichiometric integrity and stable oxide forma-
tion, which are essential for the reliable electrical performance of the
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Fig. 2. High-resolution XPS spectra of the HIZO thin film. (a) Zn 2p core-level spectrum showing peaks at 1022.38 eV and 1045.48 eV corresponding to Zn 2p,,, and Zn 2p,,,
states. (b) O 1s spectrum de-convoluted into peaks at 530.38 eV (M-O bonding) and 532.28 eV (hydroxyl groups). (c) In 3d core-level spectrum with peaks at 445.08 eV and
452.68 eV corresponding to In 3ds/, and In 3d;/, states, confirming the +3 oxidation state. (d) Hf 4f spectrum showing peaks at 18.3 eV and 18.9 eV corresponding to Hf 4f;,
and Hf 4f;, states, indicating a +4 oxidation state. (e) Hf 4d spectrum with peaks at 213.5 eV and 224.7 eV, further supporting the +4 oxidation state of Hf. These results validate

the chemical stability and bonding environments of Zn, O, In, and Hf in the HIZO matrix.
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Fig. 3. (a) Cross-sectional HRTEM images of the a-HIZO thin film deposited on SiO,/p** Si substrate at increasing magnifications. No lattice fringes are observed, indicating the
amorphous nature of the film. The inset shows the XRD pattern exhibiting a broad hump characteristic of amorphous materials. (b) STEM image of the HIZO cross-section used
for EDX mapping. Elemental maps showing the spatial distribution of (¢) O, (d) Zn, (e) In, and (f) Hf. The elemental maps show that O, Zn, In, and Hf are uniformly distributed
throughout the HIZO film thickness, with no evidence of phase segregation or clustering. All elements are confined to the deposited HIZO layer, demonstrating a homogeneous

single-phase amorphous oxide.

resulting thin-film transistors. The oxygen map (Fig. 3(c)) exhibits a
uniform intensity within the HIZO film, with a clear demarcation at the
SiO, interface. The maps for Zn, In, and Hf (Fig. 3(d-f)) each closely
overlap the same region, indicating that Zn, In, and Hf are co-localized

in the film without any concentration gradients or segregated clusters.
Notably, the Hf signal is spread evenly within the HIZO layer, con-
firming that Hf is incorporated substitutionally or interstitially in the
amorphous oxide matrix rather than forming separate Hf-rich phases.
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In addition, the sharp drop-off of the Hf, In, and Zn signals at the
HIZO/SiO, interface confirms that the sputtered film is well-confined
to the substrate surface and that there is no unintended diffusion of
metal species into the gate dielectric. The combined HRTEM and STEM-
EDX data strongly support the uniform amorphous microstructure and
compositional homogeneity of the HIZO thin films, consistent with the
proposed model of a stable, disordered multicomponent oxide system.
The operation of the channel layer requires an ohmic contact be-
tween the semiconducting channel and the source/drain metal contacts.
To optimize the performance of AOS TFTs, it is crucial to under-
stand their electrical characteristics. In this regard, the Transmission
Line Method (TLM) is a powerful tool that provides essential insights.
Therefore, TLM analysis was performed to calculate the total resistance
(R,,;), sheet resistance (R,,), and contact resistance (R,), facilitating the
optimization of AOS TFT performance for various applications. Fig. 4(a)
illustrates the variation in total resistance of the a-HIZO channel with
changing channel length, which ranged from 10 pm to 650 pm. Inset
of Fig. 4(a) shows optical image of TLM. The gate voltage was varied
between 25 V and 45 V. The total resistance was extracted from the
ohmic (linear) regime of the output curve (V.4 V. 14.4in) Using the
following equation [32,33]:
Rsh
W (€)]
In this equation, L, represents the electrode separation, and W de-
notes the fixed channel width of 250 pm. R, corresponds to the contact
resistance, while Ry, signifies the sheet resistance of the semiconduct-
ing layer. The contact resistance is determined from the intercept (2R.)
of y-axis and the sheet resistance is calculated from the slope (R,,/W)
of the linear curve. With increasing gate voltage, the device transitions
into a more conductive state, where the total resistance decreases due
to the combined effects of the reduced channel resistance and lower
contact resistance as shown in Fig. 4(b) and (c). The contact resistance
decreased from approximately 3.3 x 10> Q at a gate voltage of 25 V
to 1.8 x 10> Q at 45 V. Simultaneously, the sheet resistance dropped
from approximately 2.5 x 10° Q/sq at 25 V to 8.2 x 10* Q/sq at 45 V.
This improved control over the channel enables more efficient current
flow between the source and drain.

Riot = 2R, +

*Len

Fig. 5(a) shows the I g vs. V¢ transfer curves of two a-HIZO TFTs.
Thickness of the a-HIZO channel was 10 nm (TFT1) and 18 nm (TFT2).
Transfer curve shows that the threshold voltage shifts to negative
direction with increasing channel thickness. The combination of in-
creased carrier density [34,35] and reduced effect of surface roughness
in thicker channel [36] lead to the negative shift in the threshold
voltage with increasing channel thickness [37]. The threshold voltage
was extracted by extrapolating the linear region of the Igf vs. V,, plot.
Meanwhile, the field effect mobility at V,;; = 5.1 V was calculated using
the following equation [38-40]:

Lgm
" = — 2
wv,,C, 2

ox
where g, is transconductance, C,, is capacitance of the oxide gate
electrode, and L and W are channel length and width, respectively.
The field effect mobility (uy ;) of TFT1 and TFT2 was approximately
9 cm? V=! 57! and 13.5 cm? V~! s~!, respectively. Increased mobility
in thicker channel can be attributed to the reduced effect of surface
roughness on the carrier mobility as the carrier transport layer is
relatively farther from the surface [36]. Further, sub-threshold swing
(SS) values were calculated using following equation:
s= Mo 3)
d(logly)
As increasing channel thickness, SS value slightly degraded from 0.512
V decade ! to 0.578 V decade~!. Degradation in SS value can be
correlated to increase in total trap density (N,,). N, is combination of
bulk trap density (N,,,) and interface trap density (D;). N,,, can be
calculated from using SS values as shown in following equation [41]:

SSlog(e) 1] Cox
kT /q q
where SS is the subthreshold swing, kT represents the thermal energy,
q is the electronic charge, and C,, is the dielectric capacitance of
the oxide gate electrode. The calculated total trap density for TFT1
and TFT2 is approximately 1.65 x 10'2 cm~2 and 1.87 x 10'2 cm™2,
respectively. All electrical parameters, including threshold voltage,
on/off current ratio (1,,/1,, ), field-effect mobility, SS value, and total

Ny = Ny + Dy = [ 4
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highly stable devices.

Table 1

Extracted device parameters of some selected amorphous a-HIZO thin film transistors
TFTs with different thicknesses.

aHIZO iy Vy (V) L/L;, ss N,

(cm? V-1 s71) (V decade™)  (x10'> ecm~2)
10 min 9.12 3.13 7.78 x 107 0.512 1.65
18 min 13.48 1.15 1.17 x 103 0.578 1.87

trap density, are summarized in Table 1. Fig. 5(b) and (c) show the
typical output characteristics (V,, vs. I;,) of TFT1 and TFT2. TFT2
exhibits increased drain current compared to TFT1 for the same gate
voltage. This increased drain current corresponds to the higher mobility
observed in TFT2.

The temperature stability of both devices was tested under vacuum
conditions using a vacuum probe station. This setup was chosen to
eliminate the effects of adsorption and desorption of water molecules
and/or oxygen from the ambient environment. The devices were sub-
jected to temperature stress up to 60 °C, starting from room tem-
perature (RT). Transfer characteristics were measured at RT, 30 °C,
40 °C, 50 °C, and 60 °C. Fig. 6(a) and (b) show the transfer charac-
teristics of TFT1 and TFT2 under temperature stress, respectively. Both
TFTs exhibited no discernible change in their transfer characteristics,
demonstrating very stable device performance.

Table 2 presents a summary of some of the reported amorphous
HIZO TFTs from the literature. As shown, HIZO TFTs can achieve

Table 2
Performance summary of reported a-HIZO TFTs from the literature.
a-HIZO

HEE La/Topy SS Process Temp
(em? V-1 s71) (V decade™) °C

HIZO [42] 1.94 106 0.58 500

HIZO [22] ~8 108 ~0.17 150

HIZO [43] 5.35 108 0.35 300

HIZO [44] 18.1 107 0.4 400

HIZO [45] 4.7 108 0.55 250

HIZO [19] 10 108 0.23 200

HIZQThis work 13.48 108 0.58 150

high mobility (10-30 cm? V~! s71), steep subthreshold slopes (<0.6
V/dec), and a large on/off ratio across various processing temperatures.
The HIZO TFTs in our work show excellent electrical properties while
being fabricated at a lower temperature (150 °C), confirming their
superior charge transport characteristics. However, the main novelty
of our study is the integration of these HIZO devices into logic circuits,
leveraging the material’s high intrinsic mobility and stability to realize
functional inverters and logic gates for the first time using HIZO TFTs.

Fig. 7(a) illustrates the schematic of the equivalent circuit for an
NMOS inverter, utilizing a saturated depletion (D)-mode TFT as the
active load or pull-up device. This depletion-load-type inverter was
constructed using two TFTs with differing threshold voltages. The D-
mode TFT, serving as the load device, has a threshold voltage that
is negative relative to the E-mode TFT. In the D-mode TFT, the gate
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Fig. 7. (a) schematic of the equivalent circuit for an NMOS inverter, utilizing a saturated depletion (D)-mode TFT. (b) VTC characteristics and voltage gain of depletion-load type

inverter obtained for supply voltage from 2 to 16 V.

Table 3

Calculated maximum gain values for supply voltage ranging from 2 V to 16 V.
A 2V 4V 6V 8V 10V 12V 14V 16 V
Voltage gain 1.77 7.77 1322 17.80 2216 2591 27.78 32.38

and source terminals are connected, ensuring that the device remains
‘ON’ regardless of the input voltage (V,,). Fig. 7(b) shows the typical
voltage transfer characteristics (VTC) of the inverter composed of a
TFT1 and TFT2 with supply voltage V,, ranging from 0 Vto 16 Vin2V
increments. In this depletion-type inverter, TFT2 acts as the load-TFT
and TFT1 as drive-TFT. When V,, is 0 V, the output voltage (V,,) is
nearly equal to the supply voltage V,,. As V,, further increases, the
drive TFT switches ‘ON’, leading to a drop in V,, to 0 V once the
inverter’s threshold voltage is surpassed. The inverter’s response was
observed across a voltage range from —7 V (low voltage) to +7 V (high
voltage). When V,, is =7 V (logic 0), the load transistor is ‘ON’ and
drive transistor is ‘OFF’, resulting in V,, being close to V,p (logic
1). Conversely, when V,, is +7 V (logic 1), both the load transistor
and the drive transistor are ‘ON’, resulting in V,,, being close to 0 V
(logic 0). Thus, incorporating TFT1 and TFT2 achieves a full swing
logic inverter. For an inverter, the voltage gain, which is defined as
dv,,,/dv,,, serves as a essential benchmark for evaluating the quality
of inverters fabricated using TFTs. Table 3 presents the maximum
voltage gain of inverters for various V,;,. A maximum gain of 32.38 was
calculated for V,, = 16 V. These voltage gains are comparable to some
of reported a-IGZO, a-SZTO, a-SIZO, ITO (tin doped indium oxide), and
SnO, based inverters [17,18,39,46,47]. To the best of our knowledge,
this is the first report based on a-HIZO-based inverter achieving a gain
of approximately 32.

To further explore the potential of a-HIZO TFTs, more complex
logic circuits such as NOR and NAND gates were also implemented.
The NOR gate was constructed with two parallel drive transistors
(TFT1) connected to a load transistor (TFT2), while the NAND gate
was created using a series connection of two drive transistors (TFT1)
with a load transistor (TFT2). Fig. 8(a) and (c) illustrate the schematic
diagrams and truth tables for the NOR and NAND gates, respectively.
The performance of these gates was evaluated using a fixed V,, of 10
V, with the input signals (Vin) of +10 V representing a logic ‘1’ (high)
and —10 V representing a logic ‘0’ (low). Each gate had two input
terminals (V;y; and V;y,) for the drive transistors and one output
terminal (Voy7). For the NOR logic gate, Vo is 10 V (‘1” high) when
both inputs are at —10 V (‘0’ low). The output drops to 0 V (‘0’ low)
when either or both of the input are at +10 V (‘1’ high), as shown in
Fig. 8(b). Conversely, for the NAND logic gate, V,+ remains at 10 V
(‘1” high) when both inputs or any one of the inputs are at =10 V (‘0’
low). The output drops to 0 V (‘0’ low) only when both inputs are at
+10 V (‘1 high), as shown in Fig. 8(d). These measurements confirm
the formation of NOR and NAND logic circuits using a-HIZO TFTs.

4. Conclusion

In summary, we fabricated and characterized high-performance a-
HIZO thin-film transistors (TFTs) and demonstrated their integration
into full-swing inverters and logic circuits. Structural characterization
using cross-sectional HRTEM and XRD confirmed the fully amorphous
nature of the HIZO films. STEM-EDX elemental mapping validated the
homogeneous distribution of Hf, In, Zn, and O across the film, support-
ing the proposed model of a stable, single-phase multicomponent oxide.
XPS analysis confirmed the stable oxidation states of all constituent
elements and highlighted the chemical stability of the amorphous oxide
matrix. The fabricated a-HIZO TFTs exhibited a maximum field-effect
mobility of approximately 13.5 cm? V~! s~!, an on-off ratio of 10% and
SS value ranging from 0.5 to 0.6 V decade™'. Additionally, a tempera-
ture stress test was conducted to assess the stability of the a-HIZO TFTs,
demonstrating that the devices remained highly stable even at 60 °C.
A full-swing depletion-type logic inverter fabricated using a-HIZO TFTs
achieved a high voltage gain of 32.38. Furthermore, the development of
NOR and NAND logic gates showcased the scalability and applicability
of these devices for advanced electronic circuits. These results establish
a-HIZO TFTs as promising candidates for next-generation low-power
and high-performance integrated electronics.
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