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ABSTRACT
This study explores the integration of atomic layer deposited (ALD) HfO2 dielectric films with solution-processed In2O3

semiconductor channel, thin-film transistors (TFTs) for a silicon chip-free temperature sensor label. The inclusion of the HfO2

high-κ dielectric permits reduced voltage operation of the sensor label. HfO2 films are deposited by atomic layer deposition (ALD)
at three different hot source temperatures (80◦C, 90◦C, 100◦C), with XPS revealing improved stoichiometry and O/Hf ratios of 1.75,
1.92, and 1.95, respectively, as temperature increases.MOSCAPmeasurements show improved oxide/semiconductor interface with
higher deposition temperatures. The extracted dielectric constants (εr ≈ 18.5–18.8) correspond to an equivalent oxide thickness
(EOT) of about 3.1 nm, consistent with optimized high-κ film formation. To enhance drain current, a reduced 7.5 nm HfO2 film
thickness is used, achieving higher current but reducing yield by 30% due to increased leakage probability in ultrathin films.
A voltage divider circuit is developed to integrate an electrochemical thermal sensor, TFT, and an irreversible visual indicator
(IVI), allowing for temperature monitoring with a resistivity change of three orders of magnitude at 8◦C. The circuit is powered
by a 60 mF supercapacitor array providing approximately 0.21 J of available energy, resulting in IVI activation within 40 min at
measured activation currents of 20 µA. The system demonstrates potential for low-voltage, energy-efficient, silicon-free sensor
labels in applications such as food safety and healthcare monitoring.

1 Introduction

The demand for fully thin-film integrated sensor systems
that operate completely without Si chips has grown signifi-
cantly, driven by applications in wearable electronics, smart

packaging, and healthcare monitoring. These systems require
low power consumption, scalability, and solution-processable
circuits that integrate key functional components, includ-
ing power sources, sensors, switching circuits, and visual
indicators [1, 2].
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A key requirement for switching circuits is reliable opera-
tion at low voltage, which has been a challenge for thin-film
transistors based on solution-processed semiconductors. Atomic
layer deposition (ALD) has emerged as a crucial enabling
technology, particularly for the fabrication of high-performance
thin-film transistors (TFTs) using high-κ dielectrics. ALD is a pre-
cise, self-limiting, thin-film deposition technique that provides
nanometer-scale control over film thickness and composition,
ensuring uniformity and conformality over complex topographies
essential for reliable electronic devices.

Each ALD cycle consists of sequential surface reactions between
a metal precursor and a reactant, separated by inert gas purging
to remove by-products and prevent gas-phase reactions. The self-
limiting nature of ALD relies on the complete chemisorption
of a monolayer of precursor molecules, followed by surface
ligand exchange or oxidation during the second half-cycle. These
reactions are strongly influenced by the precursor’s vapor pres-
sure, reaction kinetics, and the thermal energy available on the
surface. When the temperature is too low, precursor adsorption
becomes incomplete or sterically hindered; at excessively high
temperatures, thermal decomposition can occur, leading to non-
ideal film growth. The operational range between these limits
defines the so-called ALD temperature window, within which
true layer-by-layer growth is achieved.

Compared to conventional dielectrics, ALD-deposited high-κ
materials such as aluminum oxide (Al2O3) and hafnium oxide
(HfO2) offer enhanced capacitance, reduced defect density, and
superior interface quality, thereby improving charge transport
and lowering power consumption and improving TFT per-
formance [3]. These advantages make ALD-enhanced TFTs
particularly promising for fully printed, low-voltage, and energy-
efficient sensor circuits, which integrate multiple thin-film
components to achieve standalone functionality. Moreover, the
dielectric constant (εr) and equivalent oxide thickness (EOT)
extracted from MOSCAPs serve as quantitative indicators of
dielectric quality, providing a direct correlation between ALD
precursor temperature and interface performance. Additionally,
solution processed metal oxide semiconductors (MOS) paired
with ALD high-κ dielectrics exhibit superior carrier mobility
and electrical stability, further supporting their application in
Si-free sensor labels [4]. Recent studies have demonstrated the
successful integration of ALD-based high-κ dielectrics into TFT
architectures, highlighting their potential for scalable, flexible,
and environmentally sustainable electronics.

Research has shown that TFTs using ALD-generated Al2O3 or
TiO2 can achieve exceptionally high on/off current ratios and
subthreshold slopes, suggesting superior electrostatic control
over the channel [5]. Furthermore, films produced by ALD
exhibit fewer defects and better uniformity than those created
by conventional chemical vapor deposition (CVD) methods,
leading to more reliable device performance [6]. Moreover,
the compatibility of ALD materials with flexible substrates
enhances the potential for developing next-generation electronic
devices. Flexible metal-oxide-based TFTs demonstrate promis-
ing applications in sensors and displays, as they utilize the
mechanical flexibility of the substrates while maintaining high
performance [4, 7].

The integration of flexible devices with high-κ dielectrics enables
innovative applications ranging from smart labels to electronic
skin or health monitoring devices, providing a platform for
intelligent and adaptable technology [8].

Hafnium dioxide (HfO2) has appeared as a critical material in
the realm of TFTs due to its high permittivity and compatibility
with advanced device architectures, exhibiting superior dielectric
properties, which enhances the gate capacitance and reduces
the leakage current to improve the overall device performance
[9]. The use of HfO2 improves the electrostatic control over the
channel, and also contributes to better thermal stability, making
it favorable for temperature-sensitive applications [10–12].

The ALD of HfO2 typically involves metal–organic precursors
such as tetrakis(ethylmethylamino)hafnium (TEMAH) and an
oxidant (commonly H2O or O3). The surface reaction mecha-
nism proceeds through ligand exchange and formation of Hf─O
bonds, while volatile by-products are purged from the chamber.
Growth behavior is therefore extremely sensitive to precursor
saturation; insufficient adsorption results in sub-stoichiometric
films, while excess thermal energy can lead to premature ligand
decomposition, both of which affect electrical leakage and flat-
band voltage stability. The surface coverage and reactivity of
TEMAHdepend strongly on its vapor pressure and the availability
of reactive─OH sites on the substrate. Incomplete ligand removal
or precursor decomposition can introduce oxygen vacancies
and hydroxyl-related defects, which alter band alignment and
dielectric properties. Consequently, understanding the thermody-
namic and kinetic limits of precursor adsorption and oxidation is
essential for achieving defect-free, stoichiometric HfO2 films [13].

HfO2 serves as an effective gate insulator for various oxide
semiconductors, including amorphous In2O3, In─Ga─Zn─O (a-
IGZO) and ZnO [10, 13]. These metal oxide semiconductors
are notable for their excellent optical transparency, high carrier
mobility, and compatibility with low processing temperatures,
facilitating the fabrication of flexible and lightweight electronic
devices [14]. The solution processing of metal oxides enables the
development of large-area electronics, making them particularly
suitable for applications such as sensors, displays, and electronic
skins [15]. These semiconductors often demonstrate improved
electrical characteristics when hybridized with high-κ dielectrics
like HfO2, as they reduce the overall power consumption and
improve the performance metrics of the devices [16, 17]. Despite
the well-established advantages of HfO2, its ALD process opti-
mization and the corresponding physicochemical mechanisms
remain areas of active investigation. While HfO2 has been widely
studied in various electronic applications, its specific use in
conjunction with sensor technologies for temperature sensing
or other smart functionalities is still rare and in such cases, the
relationship between precursor volatility, surface saturation, and
defect formation continues to play a decisive role in determining
dielectric and device performance [9, 10].

The reaction enthalpy of TEMAH decomposition and the
adsorption—desorption equilibrium at the substrate surface
directly influence growth per cycle, film density, and stoichiome-
try. Understanding these phenomena enables controlled tailoring
of dielectric constants and leakage characteristics.

2 of 14 Advanced Physics Research, 2026

 27511200, 2026, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/apxr.202500191 by T

am
pere U

niversity Foundation, W
iley O

nline L
ibrary on [23/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Employing HfO2 in TFTs for smart label applications may unlock
additional performance enhancements, particularly concerning
responsiveness, efficiency, and miniaturization. Moreover, HfO2
enhances the reliability of TFTs through mechanisms such as
improved charge trap stability and its good interface with the
metal oxide semiconductor channel [18]. The interface between
HfO2 and the active semiconductor can be finely tuned to reduce
hysteresis, an essential aspect for accurate and stable sensor
readings [19]. Understanding these characteristics positions HfO2
as an enabling material in the next generation of smart sensor
devices while providing insight into the underlying surface
chemistry and electronic structure that governTFTperformance.,
particularly in applications that demand precision and reliability.

In our previous study, we focused on the deposition and
characterization of HfO2 thin-film dielectrics [20].

Recognizing the limitations of traditional ALD recipes primarily
used over the last two decades, we developed a hybrid ALD
approach providing enhanced control over film thickness and
stoichiometry [20]. Such an optimized composition was pivotal
in reducing electronic defects within thin films, thereby increas-
ing their electrical performance and stability under operational
conditions. Our observations indicated that the hybrid recipe per-
mitted a more precise alignment of the HfO2 chemical properties
with the needs of contemporary TFTs, particularly in minimizing
leakage current and improving on/off ratio and sub-threshold
slope. Furthermore, we noted that this improved stoichiome-
try significantly augmented the effectiveness of post-deposition
thermal annealing treatments aimed at enhancing the electrical
characteristics of the HfO2 thin films. However, it was identified
in this study that the incorporation of the metal precursor
(TEMAH) in processes requiring high hot source temperatures
(higher than 100◦C) led to potential precursor decomposition over
time due to the volatility of metal–organic precursors such as
TEMAH, which can break down into non-volatile by-products or
reactive species that negatively influence film morphology and
enhancements typical of HfO2 [21]. This decomposition not only
compromised the integrity of the composition but also posed
risks to the uniformity of the deposited films, severely impacting
performance metrics [20]. Such degradative effects inhibit the
desired stoichiometry and introduce unwanted electronic states
in the bandgap, leading to increased leakage currents and reduced
overall device performance. Consequently, achieving an optimal
balance between deposition temperature and precursor stability
is critical to maximizing the operational efficiency of HfO2-based
thin films [22].

In this work, we investigate the use of the previously established
hybrid recipe for ALD ofHfO2 thin filmswhilemaintaining lower
hot source temperatures, without altering any other deposition
parameters. By systematically studying the deposition behavior
and resulting film properties at reduced precursor temperatures,
we aim to elucidate the transition between sub-saturation and
self-limiting regimes, linking precursor reaction kinetics and
surface chemistry to dielectric quality and electrical performance.
Additionally, we explore the effect of film thickness on the satu-
ration drain–source current (IDS) of the HfO2-based TFTs, which
is expected to improve the device’s electrical characteristics,
particularly the saturation current, due to better gate control and
enhanced electrostatic integrity [22, 23].

Finally, to demonstrate the technological relevance of the
optimized process, we developed a fully thin-film integrated
temperature-sensing circuit, incorporating a thermal sensor with
variable resistance that responds to changes in ambient temper-
ature by change in its morphology. This circuit was designed to
seamlessly integrate not only the temperature-sensing material
but also a thin-film HfO2/In2O3 TFT switching circuit, superca-
pacitors, and an irreversible visual indicator (IVI). The IVI serves
as an indicator, switching color once the temperature surpasses a
predefined threshold, enabling a permanent, tamper-proof record
of exposure to critical temperatures. The integration of a self-
powered energy storage unit (supercapacitor) ensures reliable
operation without requiring external power sources, making this
system particularly attractive for standalone, low-power applica-
tions. This fully thin-film, silicon chip-free sensor label enables
real-time, autonomous monitoring of environmental tempera-
ture, with potential applications in food safety, pharmaceutical
storage, and healthcare monitoring [25].

The anticipated outcome of this research is to establish a clear
process-to-property-to performance relationship, demonstrating
how precise ALD control over HfO2 growth conditions governs
dielectric quality and transistor behavior, which in turn enables
reliable thin-film sensor systems. Additionally, the extracted
parameters such as εr, EOT, and Dit provide quantitative links
between the ALD process window and the observed transistor
and circuit behavior, ensuring consistency across all reported
datasets. While integration serves as a proof of concept, the
main contribution of this study lies in understanding how the
chemistry and physics of ALD process optimization directly
translate into improved dielectric and device performance.

2 Experimental

The samples for this study were n-type Czochralski-grown,
single-sided polished silicon wafers, oriented along the <100>
axis, with a thickness of 279 µm and a sheet resistance ranging
from 1 to 10 Ω cm. Prior to the fabrication process, the wafers
underwent cleaning following the RCA cleaning protocol. Ini-
tially, the wafers were cleaved into four quarters and immersed
in a Solution 1 (SC1), which consisted of ammonium hydroxide
(NH4OH), hydrogen peroxide (H2O2), and deionized water in a
1:1:5 volumetric ratio. This mixture was maintained at 75◦C for
15 min, allowing the removal of organic contaminants effectively.
Following SC1 treatment, the wafers were subjected to a second
cleaning step using Solution 2 (SC2), formulated with hydrochlo-
ric acid (HCl), hydrogen peroxide (H2O2), and deionized water
in a 1:1:6 ratio. This step was crucial for the removal of metal
ions from the wafer surfaces. In the final cleaning step, a dilute
hydrofluoric acid (HF) solution was prepared in a ratio of 1:25
with deionized water. The wafers were then immersed in this
solution for 1 to 2 min, during which the removal of the native
silicon oxide layer occurred, as evidenced by the hydrophobic
nature of the wafer surface post-treatment.

After cleaning, the wafers underwent thermal ALD for coating
the cleaned wafers with HfO2 utilizing a Beneq TFS-200 sys-
tem equipped with an HS-300 hot source. The deposition was
conducted using TEMAH as the metal precursor and H2O as
the oxidizing agent, following the hybrid ALD recipe introduced
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in the previous work. The hot-source temperatures were set to
80◦C, 90◦C, and 100◦C; the 80◦C case serves as a process-window
reference representing limited precursor volatility under fixed
pulse and purge conditions, while 90◦C and 100◦C correspond to
self-limiting ALD growth regimes.

Post-deposition, the samples underwent a thermal annealing
process at 700◦C for 30 min in ambient air to enhance the
structural and electrical properties of the deposited films, as
documented earlier [20]. For the fabrication of metal-oxide-
semiconductor capacitors (MOSCAPs), aluminum contacts were
deposited via electron beam evaporation. A layer of 100 nm
of aluminum was shadow mask–evaporated onto the HfO2-
coated wafers to form the top MOSCAP contacts in circular
patterns with four different diameters (2, 1.5, 1, 0.5 mm), cor-
responding to pad radii of 1.0, 0.75, 0.5, and 0.25 mm. These
pad sizes allowed verification of area scaling and ensured
consistent capacitance density across all frequencies (measured
at 1–100 kHz).

To fabricate the TFTs, a solution (ink) of indium oxide was pre-
pared by dissolving indium (III) nitrate hydrate, In(NO3)3⋅xH2O,
in anhydrous 2-methoxyethanol (99.8% purity). This solution
was subsequently heated at 75◦C for 12 h while maintaining
continuous stirring. The resulting precursor was then spin-coated
onto the cleaned substrates. Following the spin coating, the films
were subjected to a two-stage annealing process, first at 90◦C
and then at 300◦C for periods of 15 and 30 min, respectively,
in air. A Rudolph AUTO EL III ellipsometer was used to non-
destructivelymeasure theALD film thickness of deposited oxides.
To complete the TFT fabrication, source and drain contacts were
formed by depositing an additional layer of 100 nm aluminum
using an M-Braun MB 200 B evaporator with a patterned metal
shadow mask. This resulted in a channel width of 1 mm and
a channel length of 80 µm. The aluminum deposition was also
achieved through electron beam evaporation under high vacuum
conditions of approximately 5.33×10−6 mbar.

The surface composition of the HfO2 samples was identified by
analyzing the core level photoelectron transitions of C 1s, O 1s,
and Hf 4f, using the XPS technique. The lens-defined selected-
area XPS was performed on∅1.93 mm area employing a DAR400
Al Kα X-ray source (Al Kα (1486.6 eV) beam was used) and Argus
electron spectrometer (Omicron Nanotechnology GmbH). The
spectra were collected in normal emission angle to maximize the
sampling depth: 4.7 nm for O 1s electrons and 6.5 nm for Hf 4f
electrons through HfO2. The spectrometer transmission function
(TRF) corrected, and Shirley-background subtracted XPS spec-
tra were least squares fitted with Lorentzian asymmetric (LA)
and Gaussian–Lorentzian (GL) component line shapes using
CasaXPS software version 2.3.25PR1.011 using Scofield relative
sensitivity factors to correct for photoionization cross-sections.
A minimum number of synthetic components were applied to
achieve good overall fitting of the spectra. The binding energy
scale was calibrated according to C 1s (C–C/H) peak at 284.8 eV.
The Hf 4f doublet was modeled with a fixed spin–orbit separation
of 1.70 eV and an area ratio of 4f7/2:4f5/2 equal to 4:3. The
derived O/Hf ratios carry an estimated fitting uncertainty of ±
0.03, reflecting both instrumental and modeling precision. The
samples were characterized by the structural studies by GIXRD
using a Bruker D8 Advance X-ray diffractometer system. The

source for the incident X-ray consists of Cu Kα radiation (λ =
1.5046 Å). Finally, the electrical characterization of the flexible
In2O3 TFTs, along with the inverter circuit, was conducted
using a Cascade probe station interfaced with triaxial shielded
probes connected to a Keysight B1500A semiconductor device
parameter analyzer. All electrical measurements were performed
at room temperature (25 ± 2◦C) in ambient air. The C–V sweeps
were recorded in both forward and reverse bias directions to
confirm curve reproducibility, while TFT transfer characteristics
were measured using double gate-voltage sweeps (forward and
backward) to evaluate hysteresis and interface charge trapping
effects.

2.1 Fabrication of Printed Supercapacitor

The authors have already published a detailed description of the
process for the fabrication and characterization of the printed
supercapacitors (SCs) used in this study [24]. This paper provides
only a brief overview of the SCs fabrication process. A double-
sided flexible Al/PET (9 µm Al and 50 µm PET) substrate was
coated with graphite ink as a current collector on the PET
side, while the Al layer acted solely as a barrier. To form an
electrode layer, activated carbon ink was applied to the current
collector layer using an in-house formulation containing chitosan
as a binder. The two layers were deposited using laboratory-
scale doctor blade coaters. Afterward, an aqueous electrolyte
(NaCl: H2O) and a paper separator were added, and the two
electrodes were heat-sealed upside down using an annealed
adhesive material to form an SC of the electrochemical double-
layer capacitor (EDLC) type. The fabricated SC, including the
package, had final dimensions of 50 mm in length, 50 mm in
width, and a thickness of 0.4–0.5 mm.

A single printed SC can store up to 1.2 V due to the elec-
trochemical window limitation of the electrolyte. Therefore, in
order to increase the energy storage capacity, four printed SCs
were connected in series to form a SC energy module capable
of storing 4.8 V. However, to prevent and mitigate the risk of
imbalance among individual printed SCs due to the capacitive
voltage division, which could lead to themalfunction of the entire
energy storagemodule, the general recommendation is to operate
the system slightly below the maximum operating voltage of the
supercapacitor module [25].

2.2 Fabrication of Thermal Sensor

The carbon nanotube dispersion was prepared by sonicating
100 mg of commercially purchased multiwalled carbon nan-
otubes functionalized with ─COOH (MWCNT─COOH) powder
(Nanocyl NC3101), 300 mg of hexadecanol (1:3), and 10 g of hex-
adecane (MWCNT─COOH_hdl_hx). The sonication was carried
out at 50◦C for 60min. Indium oxide-coated polyethylene tereph-
thalate (PET-ITO) substrates of suitable dimensions (3.5 cm ×
1.5 cm × 0.125 mm) were cut. A commercially purchased NITTO
spacer (1 cm × 0.5 cm × 0.22 mm) was used to join both PET-ITO
electrodes, which had a sheet resistance of 80 Ω sq−1 (Eastman,
FLEXVUE). The dispersion was then injected into the cell using
a syringe and properly sealed. Silver contacts were used for
assembling and integrating the thermal sensor into the circuit.

4 of 14 Advanced Physics Research, 2026
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FIGURE 1 Schematic representation of the thermal sensor fabrication process.

Figure 1 schematically illustrates the thermal sensor fabrication
process.

2.3 Fabrication of Irreversible Visual Indicator

The mechanism, application, and electrochemical polymeriza-
tion of Irreversible Visual Indicators (IVIs) are detailed in a previ-
ous publication by Howard et al. [26]. Here we provide a concise
summary of the IVI fabrication process. The electrolyte consists
of ethylene carbonate, propylene carbonate, and lithium perchlo-
rate in a 1:0.47:0.098 ratio. Gel electrolytes were formulated by
incorporating 9.95 wt% Zeospan 8030 triblock copolymer (ZEON
Chemicals) and 0.5 wt% phenylbis(2,4,6-trimethylbenzoyl) phos-
phine oxide photo-initiator using a stainless-steel blade mixer.
A monomer concentration of 10 mg mL−1 was mixed into the
gel electrolyte. Flexible devices were fabricated with a vertical
architecture consisting of two 80 Ω □−1 PET-ITO electrodes
(Eastman, FLEXVUE) and a 220 µm adhesive spacer material.
The working area was 1 cm2. The electrolyte was cured using a
LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape was
added to improve electrical contact.

The thermal sensor was placed inside aMaccorMTC-020 temper-
ature chamber while remaining connected to the circuit, which
was located outside the chamber. The circuit consisted of an SC
energy module, an IVI, a TFT, and discrete resistors (as can be
seen in Figure 10). The connection was established through the

Maccor terminals at the back of the equipment. A controlled
heating transition was initiated, increasing the temperature from
0◦C to 20◦C at a rate of 2.5◦Cmin−1. The current flowing through
the circuit was simultaneously recorded using the KEITHLEY
DMM 6500 instrumentation.

3 Results and Discussion

To confirm the successful deposition of the HfO2 film on the
cleaned Si substrate, spectroscopic ellipsometry was performed.
The thicknessmeasurements obtained fromellipsometry indicate
a notable decrease in the growth per cycle (GPC) as the hot
source temperature is reduced. This decline can be attributed to
the lower vapor pressure and reduced reactivity of the precursor
at lower temperatures, which limits the adsorption of precursor
molecules during each ALD cycle.

It should be noted that the lower hot-source temperature of
80◦C likely resulted in reduced TEMAH vapor pressure and,
consequently, incomplete surface saturation during the metal-
precursor pulse. Under the fixed dosing and purging sequence
used in this study, this condition may represent a sub-saturation
regime rather than fully self-limiting ALD. Therefore, while the
80◦C data are included for completeness and to illustrate the
lower boundary of the process window, comparative conclusions
regarding ALD film quality and device performance are drawn
primarily from the 90◦C and 100◦C depositions, which fall
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FIGURE 2 XPS and ellipsometry measurement results for three precursor temperatures.

within the self-limiting growth regime under these conditions.
Similar behavior has been reported for TEMAH in previous
studies, where precursor volatility becomes insufficient below
85◦C, leading to non-ideal growth kinetics [20].

In addition to thickness measurements, XPS was conducted
to assess the stoichiometry and chemical composition of the
deposited films. The results demonstrate a clear improvement
in film stoichiometry with increasing hot source temperature,
as evidenced by the O/Hf atomic ratio, which was measured
to be 1.75, 1.92, and 1.95 for hot source temperatures of 80◦C,
90◦C, and 100◦C, respectively. The closer the O/Hf ratio is
to the ideal value of 2.0 for stoichiometric HfO2, the better
the film quality, indicating a more complete oxidation pro-
cess at higher temperatures. This trend suggests that higher
precursor sublimation rates and improved surface reactions at
elevated temperatures enhance the incorporation of oxygen,
thereby reducing the likelihood of oxygen-deficient hafnium
oxides.

Figure 2 presents the ellipsometry thickness data and XPS
elemental analysis results for all three deposition conditions,
highlighting the correlation between growth rate, stoichiometry,
and deposition temperature.

Peak positions for Hf 4f7/2 (16.8 eV) and O 1s (530.0 eV) agree
with values reported for stoichiometric ALD-grown HfO2 films,
[9, 20, 23] confirming the successful deposition of crystalline
HfO2 consistentwithmonoclinic phase signatures observed in the
GI-XRD results.

Deconvolution of the O 1s spectra revealed a main lattice-oxygen
component near 530.0 eV for all samples and an additional higher

binding energy feature at 531.5 eV present only for the 90◦C
film. This intermediate-temperature sample corresponds to the
transition between precursor-limited and self-limiting growth
regimes. At 80◦C, the low vapor pressure of TEMAH limits
molecular flux to the surface, resulting in incomplete cover-
age and suppressed formation of hydroxyl or oxygen-deficient
species. Consequently, the additional O 1s component is absent.
At 90◦C, however, the surface coverage becomes sufficient for
partial ligand retention or incomplete oxidation, leading to the
emergence of the 531.5 eV feature attributed to Hf—OH or
sub-stoichiometric oxygen species. At 100◦C, increased thermal
energy promotes complete ligand removal and film densification,
eliminating these intermediate chemical states. This evolution
confirms that the additional O 1s peak originates from transient
surface chemistry near the lower boundary of the self-limiting
ALD window.

To investigate the crystallinity of the deposited HfO2 films,
grazing-incidence X-ray diffraction (GIXRD) was employed. This
technique was chosen to minimize the intense diffraction signal
from the Si substrate while enhancing the detection of crystalline
phases within the thin film. Figure 3 presents the GIXRDpatterns
for the three samples, which exhibit diffraction peaks that are
consistent with those obtained from films deposited at higher
hot source temperatures. The diffraction profiles reveal multiple
intense peaks, predominantly corresponding tomonoclinic phase
orientations, indicating that the deposited HfO2 films crystallize
primarily in this stable phase under the given deposition and
processing conditions. Notably, no significant differences were
observed when comparing these results with those of the hybrid
recipe deposited at a 120◦C hot source temperature, suggesting
that the reduction in precursor temperature did not drastically
alter the fundamental crystallographic nature of the films. The

6 of 14 Advanced Physics Research, 2026
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FIGURE 3 GI-XRD characterization results for three different hot source temperatures.

FIGURE 4 MOSCap structure and C–V characteristics of the MOSCaps fabricated based on HfO2 films for 3 different hot source temperatures.
Higher hot source T let to lower flat-band voltage.

observed phase distribution could still be influenced by residual
stress effects induced by post-deposition annealing, which can act
as a driving force for phase stabilization or transformation in the
thin film.

To further examine the electrical properties of the depositedHfO2
films, capacitance–voltage (C–V) measurements were performed.
To ensure accurate characterization, the measurement setup was
shielded from ambient light using aluminum foil protection blan-
kets, preventing the generation of light-induced charge carriers,
which could otherwise distort the intrinsic electrical behavior
of the devices. Figure 4 displays the C–V characteristics of the
MOSCaps fabricated usingHfO2 films deposited at three different
hot source temperatures. A notable leftward shift in the C–
V curves is observed with increasing hot source temperature,
indicating an improvement in flat-band voltage (Vfb). This shift

suggests a reduction in charge trapping and improved dielec-
tric quality at higher deposition temperatures, which is likely
due to enhanced stoichiometry and fewer oxygen vacancies, as
previously confirmed by XPS analysis. These results highlight
the strong correlation between deposition conditions, structural
properties, and electrical performance of ALD-grownHfO2 films.

Based on the measured dielectric constants (εr = 18.5–18.8) and
film thicknesses of 14.6–15.2 nm, the EOT was calculated as
3.1 ± 0.05 nm, confirming the high-κ nature and excellent film
uniformity across deposition temperatures.

At this stage, the results confirm that high-quality, repeatable
HfO2 dielectric films can be successfully deposited even at
reduced hot source temperatures, without compromising film
integrity, equipment stability, or precursor efficiency. This find-
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FIGURE 5 SEM image and EDX analysis of the TFT structure.

ing demonstrates that lowering the hot source temperature
does not detrimentally affect the dielectric properties of the
film, making it a viable approach for process optimization.
Having these promising results, we moved toward TFT fabrica-
tion.

Figure 5 presents scanning electron microscopy (SEM) images
of the bottom-gate, top-contact TFT structure, highlighting the
well-defined layered architecture of the fabricated device. Addi-
tionally, energy-dispersive X-ray spectroscopy (EDX) analysis was
performed to confirm the elemental composition of the TFT
stack. To further examine the structural quality, backscatter
electron (BSE) imaging was utilized, capturing the composi-
tional contrast of the cross-sectioned sample prepared using
ion beam milling. The backscatter detector images reveal a
well-integrated and uniform material distribution across the
TFT layers, as elastically scattered electrons provide sensitivity
to atomic number differences, enabling the clear visualiza-
tion of interfaces and material boundaries within the device
structure. These results confirm the successful integration of
the HfO2 dielectric into the TFT architecture, supporting the
feasibility of this approach for high-performance thin-film
electronics.

The electrical measurement results, shown in Figure 6, demon-
strate a significant improvement in the performance of devices
fabricated with HfO2 films deposited at a hot source temperature
of 90◦C compared to those at 80◦C. A minor improvement is
observed when increasing the hot source temperature from 90◦C
to 100◦C.

The hysteresis observed in the transfer curves of the TFTs is
a well-documented phenomenon, typically attributed to charge
trapping and the presence of interfacial states between the
dielectric and semiconductor layers. During the forward sweep
of the gate voltage, charge carriers are trapped in these states.
When the gate voltage is reversed, the trapped charges are slow
to de-trap, resulting in a shift in the transfer curve and mani-
festing as hysteresis. This behavior is consistent with previous

studies on TFTs, where hysteresis has been directly linked to the
oxide/semiconductor interface quality and the density of trapped
charge states.

Table 2 presents the figures of merit for the TFTs fabricated with
HfO2 films deposited at three different hot source temperatures.
As expected, a lower subthreshold swing (SS)was observed for the
TFTs fabricated with films deposited at higher hot source temper-
atures, indicating an improvement in the oxide/semiconductor
interface and reduced charge trapping.

Using these subthreshold swing values (195, 144, and 141mVdec−1
for 80, 90, and 100◦C, respectively), the interface-trap density
(Dit) was estimated as 7.8 × 1011, 5.0 × 1011, and 4.8 × 1011 cm−2

eV−1, respectively. These values align well with reported ranges
for ALD grown HfO2 dielectrics on solution-processed oxide
semiconductors, confirming effective interface passivation and
stable charge transport.

The purpose of investigating the ALD process window and
dielectric quality was to directly link the HfO2 film properties
to the electrical behavior of the In2O3 TFTs and, ultimately, to
the activation performance of the integrated temperature sensor
label. As summarized in Table 1, HfO2 films deposited at 90◦Cand
100◦C exhibited high dielectric constants (18–19) and improved
stoichiometry, leading to higher gate capacitance and reduced
interface trap density. These properties translated into better
TFT figures of merit (Table 2), including lower subthreshold
swing and higher field-effect mobility, as enhanced gate control
reduced channel scattering and trap-assisted recombination.
When the dielectric thickness was further reduced from 15
to 7.5 nm (Table 3), the increased gate capacitance enabled
a higher saturation drain current (IDS), providing sufficient
drive for the irreversible visual indicator (IVI) activation above
8◦C, as shown in Figure 10. This clear correlation between
dielectric optimization, TFT characteristics, and the final label
operation highlights that the HfO2 film engineering is the
key enabler of the low-voltage, silicon-free temperature sensing
system.
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FIGURE 6 Transfer (a–c) and output (d–f) characteristics of TFTs fabricated usingHfO2 films deposited at different hot-source temperatures: (a,d)
80◦C, (b,e) 90◦C, (c,f) 100◦C. All axes include appropriate units.

TABLE 1 Thickness, capacitance, and permittivity of HfO2 films deposited at different hot-source temperatures. Note: The 80◦C condition
represents the lower limit of precursor volatility and likely operated in a sub-saturation regime under fixed dosing; 90◦C and 100◦C correspond to
self-limiting ALD growth.

Thickness [nm] Capacitance [nF cm−2]
Dielectric
constant

Hot source temperature
80 ◦C

14.6 463 18.5

Hot source temperature
90 ◦C

15.1 471 18.8

Hot source temperature 100 ◦C 15.2 468 18.8

TABLE 2 Figures of merit for TFTs fabricated using HfO2 films deposited with different hot source temperatures.

Mobility [cm2 V−1 s−1] Threshold voltage
Sub-threshold slope

[mV per Dec] On/off ratio

Hot source temperature 80
◦C

8.1 1.9 195 1.8 × 105

Hot source temperature 90
◦C

9.4 1.7 144 6.3 × 105

Hot source temperature
100 ◦C

9.6 1.7 141 6.51 × 105

TABLE 3 Figures of merit for TFTs with different HfO2 thickness.

Mobility [cm2 V−1 s−1]
Threshold voltage

[V]
Sub-threshold slope

[mV per Dec] On/off ratio

15.1 nm HfO2 9.6 1.7 141 6.51 × 105

7.5 nm HfO2 14.1 1.6 124 8.6 × 105

Advanced Physics Research, 2026 9 of 14
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FIGURE 7 Electrical measurement results for TFTs using thinner HfO2 films. Improvement in IDS current is evident, providing enough charge
to activate electrochromic displays.

With functional TFTs successfully fabricated, an attempt was
made to improve the drain current in the saturation regime by
reducing the number of ALD cycles by half, resulting in the
deposition of a 7.5 nm thick HfO2 film. Figure 7 presents a
comparison between the output and the transfer characteristics
of TFTs with dielectrics of varying thicknesses. From these
measurements, key figures of merit were extracted (as shown
in Table 3), confirming the anticipated improvements in device
performance. Specifically, the reduction in dielectric thickness
led to enhanced saturation drain current.

However, this performance gain came at the cost of a 30%
reduction in yield compared to TFTs with thicker dielectrics. The
trade-off between device performance and yield suggests that
while thinner dielectrics are advantageous for boosting current,
theymay increase the likelihood of defects or increased variability
in device characteristics. Yield was defined by gate leakage
density lower than 10−7 A cm−2 at VG = 5 V and on/off ratio
> 105. The 7.5 nm HfO2 film exhibited approximately 30% lower
yield, which is attributed to enhanced local electric field stress
and tunneling assisted leakage, frequently observed in ultrathin
high-κ dielectrics approaching the direct tunneling regime. This
highlights the challenge of optimizing both performance and
manufacturability in thin-film transistor fabrication.

To demonstrate the practical potential of the improved dielectrics
and TFTs, a simple switching circuit was designed and imple-
mented based on a voltage divider configuration to integrate
an electrochemical thermal sensor, an IVI, and a TFT, as a
step towards the development of silicon-free sensor labels. The

thermal sensor is used to monitor temperature changes, par-
ticularly during cooling events. However, because its resistivity
increases with temperature, it cannot be placed in series with
the IVI, making it unsuitable for directly triggering the color
change at high temperatures. To overcome this challenge, the
voltage divider inspired circuit was designed and implemented
to utilize the temperature-dependent resistance of the thermal
sensor, ensuring the correct switching behavior for the sensor
label.

In this circuit, the thermal sensor exhibits a resistivity three
orders of magnitude lower at temperatures below 8◦C compared
to temperatures above this threshold. The circuit exploits this
sharp transition in resistivity, allowing the resulting voltage drop
across the sensor to provide enough voltage to the TFT gate to
turn it on, pushing the TFT into the saturation regime. This
action enables the TFT to deliver sufficient current by opening the
pathway from the supercapacitors to activate the electrochromic
indicator for temperatures exceeding 8◦C. The supercapacitor
array, consisting of four 240 mF units in series (effective C = 60
mF), provided sufficient stored energy for IVI activation. Vinit
corresponds to the fully charged state (4.8 V), while Vmin ≈

4.0 V represents the residual voltage measured after switching.
The available energy, calculated as E = 1

2
C (Vinit2-Vmin2) is

approximately 0.21 J. Using the measured IVI current of 20 µA,
the activation time tact = C(Vinit-Vmin)/IIVI is approximately 40
min, which is in agreement with the acquired results in practice.
The 1 kΩ drain resistor causes an instantaneous voltage drop of
only 20 mV during IVI activation, whereas the 0.8 V difference
between Vinit and Vmin represents the gradual discharge of the
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FIGURE 8 Proposed circuit for a simple switch to activate the IVI when passing the threshold temperature.

FIGURE 9 The relation between indicator current and thermal
sensor resistance versus ambient temperature.

supercapacitor bank over the full activation period. The two
values correspond to different timescales: the millivolt-level drop
confirms low on-path losses through the TFT branch, while the
larger capacitor discharge reflects the total energy consumed by
the electrochemical switching process. The circuit design utilizes
this steep resistance change to precisely control the activation of
the indicator, facilitating reliable temperature detection for the
sensor label.

Figure 8 illustrates the circuit schematic, aswell as an image of the
circuit mounted within the climate chamber where the thermal
sensor is placed. Figure 9 presents the relationship between IVI
current and temperature, alongside the thermal sensor resistiv-
ity versus temperature curve, demonstrating how the sensor’s
resistance variation correlates with the temperature changes in
the environment. Figure 10 presents the performance of the fully
thin-film integrated temperature sensor label, illustrating the
operation of the HfO2/In2O3 TFT-based circuit that drives the
electrochromic display (ECD) known as the irreversible visual
indicator (IVI). As illustrated, the measured IVI current was

obtained from four individual devices, each tested oncewithin the
0–10◦C range due to the one-time activation nature of the IVI. The
IVI current remains nearly constant below approximately 6◦C
and exhibits a sharp increase around 8◦C, corresponding to the
rapid resistive transition of the CNT-based thermal sensor. This
rise in gate voltage switches the TFT into its saturation regime,
providing sufficient drain current to activate the IVI. Beyond
this threshold, the current tends toward a plateau, indicating
steady-state operation limited by both the TFT saturation and the
electrochemical kinetics of the IVI. Although temperatures above
10◦C could be measured, additional data were not recorded, as
the activation threshold and current stabilization were already
well defined within the application-relevant range for cold-chain
monitoring. Figure 10b shows the irreversible color change of
the IVI before and after activation, confirming permanent visual
switching once the threshold is exceeded. These results collec-
tively demonstrate the reliable functionality of the silicon-free,
fully thin-film integrated circuit, where material-level optimiza-
tion of ALD-grown HfO2 and solution-processed In2O3 TFTs
translates directly into robust, low-voltage system performance
suitable for disposable, flexible, and scalable temperature-sensing
labels. Since the IVI is irreversible, multiple thermal cycles
could not be measured. Each device provides a single activa-
tion event at 8–9◦C, with trip-point variation within ± 0.3◦C.
Humidity and bending durability tests will be addressed in future
work.

4 Conclusion

In this study, we investigated the impact of lower hot source
temperatures on the deposition of HfO2 films, motivated by
concerns over precursor integrity, as compared to our previously
developed hybrid recipe. By systematically varying the TEMAH
source temperature, we examined how precursor volatility and
surface reaction kinetics affect film growth, stoichiometry, and
dielectric quality. HfO2 films were deposited at three different
hot-source temperatures, thoroughly characterized, and imple-
mented into MOS capacitors and TFTs to assess their electrical
performance. The extracted figures of merit revealed a significant
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FIGURE 10 a) IVI current measurement for T = 0◦C, T = 6◦C, T = 7.9◦C and T = 10.2◦C, b) images of the IVI in off state and activated state, c)
IVI observed current versus test chamber temperature plot.

improvement in device characteristics when increasing the hot
source temperature from 80◦C to 90◦C, while only a marginal
enhancement was observed when further increasing it to 100◦C.

This trend reflects the transition from a sub-saturation regime,
where precursor adsorption is kinetically limited and incomplete
ligand exchange leads to hydroxyl-rich films, to a self-limiting
regime, in which surface reactions proceed to full monolayer
coverage without decomposition. The 80◦C process is therefore
reported as a process-window reference that defines the lower
volatility boundary for TEMAH under the dosing parameters
used in this study and does not represent a true ALD condition.

The ALD process optimization revealed that increasing the hot-
source temperature from 80◦C to 90◦C significantly improves
HfO2 stoichiometry (O/Hf = 1.92) and dielectric quality (EOT ≈

3.1 nm, Dit ≈ 5×1011 cm−2 eV−1), leading to enhanced TFT perfor-
mance. The final integrated Si-free temperature-indicator label,
powered by a 60 mF supercapacitor array, demonstrates reliable
IVI activation with available energy of 0.21 J and activation time
of 40 min. These results validate that controlled ALD process
conditions directly translate into improved circuit functionality,
enabling low power, fully thin-film temperature sensing systems.

To enhance the saturation drain current, we explored thinner
HfO2 layers. Reducing the HfO2 thickness enhanced gate control
and increased the drain current due to improved electrostatic
coupling but also led to a trade-off with device yield as thinner

films became more prone to local breakdown and leakage. This
balance highlights the interdependence of process chemistry,
dielectric scaling, and device reliability in ALD-based oxide
electronics. This optimization of ALD growth conditions and
TFT performance enabled the fabrication of an irreversible
electrochemical sensor label as a proof of concept for thin-film
circuit integration and a step toward Si-free sensor labels. In
this design, we successfully integrated electrochemical sensor
labels, IVI, supercapacitors, and TFTs in a circuit inspired by a
simple voltage divider. By leveraging the temperature-dependent
resistivity variation of the thermal sensor, we achieved activation
of the IVI at ambient temperatures exceeding 8◦C, demonstrating
potential applications in the food and pharmaceutical indus-
tries for temperature-sensitive product monitoring. This work
establishes a clear link between process parameters, material
properties, and device performance and our findings provide
valuable insights into process optimization for HfO2-based TFTs
paving the way for advanced sensor integration without relying
on traditional Si-based electronics. Future work will focus on
improving device stability, optimizing yield, and extending the
design toward broader industrial applications.
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