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ABSTRACT: Oxygen transport mechanisms for two different Au/Ti/InpO3/Al,O3/p™-Si samples were ex-
perimentally evaluated with hard X-ray photoelectron spectroscopy (HAXPES). The deposition temperature for
atomic layer deposition (ALD) of In,O3, as well as the bias voltages applied on the entire stacked structures,
were the main parameters used in the work. Chemical analyses of the In,O3 layers deposited at 150 °C and
200 °C for the samples named T_150 and T_200, respectively, revealed a decreased carbon impurity content in
the host InyO3 used as a dopant. Ex-situ interfacial analysis of In,O3/Al,O3 also indicated oxygen transport
from Al,O3 to InyO3. Moreover, we observed that the Ti adhesion metal attracted oxygen and carbon from
the InyO3 to form TiO; and TiC conductive interlayers. Furthermore, operando-HAXPES under an applied
bias voltage also revealed that InpO3 underwent phase separation, likely due to variations in the space charge
(carriers) around the In;O3/Al, O3 interface for the T_150 sample. Finally, our results emphasize the prominent
roles of migration for the ionic oxygen/carbon species and the uncompensated interfacial charge formed by the
bias voltage for the metal-semiconductor-oxide stacked structure.
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I. INTRODUCTION

Thin film transistors (TFTs) have undergone extensive
evo-lution, development, and refinement!2. Recently,
amorphous oxide semiconductors (AOS) have been proposed
as propi-tious alternatives to extend the limits of the
amorphous sil-icon (a-Si) semiconductors predominantly
used as channel layers in TFTs>. AOS materials involving
cations with the (n — 1)d'%s%n > 4) electronic configuration
provide perfor-mance enhancements thanks to their high
conductivities, high transparencies, and excellent mechanical
properties*. Indeed, charge carriers for AOS migrate through
the TFTs at rates 20 to 40 times faster than those for a-Si
TFTs. In addition, the ad-vantages of the AOS materials over
the current a-Si technol-ogy include superior surface
planarity and easy manufactur-ing on plastic substrates at low
servicing temperatures, which leads to flexible electronics
without compromising their ex-cellent properties®.

From the perspective of TFT applications, the AOS chan-
nel materials require reasonably low carrier densities and
high electron mobilities while also providing good ohmic
con-tact to source/drain electrode materials. Among a
plethora of amorphous oxide semiconductors (AOS), indium
ox-ide (InpO3) emerges as a compelling and promising can-
didate for transparent and flexible electronics. Its ap-peal
stems from its wide band gap, high carrier mobil-ity (~ 40
cm?/Vs), and compatibility with diverse appli-cations
necessitating transparency and low-temperature deposition®
8 However, it is notable that consensus re-

garding the precise value of the InpO; band gap remains
elusive’ !2. It is imperative to acknowledge that band gap
values can exhibit variability within a defined range ow-ing
to factors such as experimental techniques, sample
preparation methods, measurement conditions, or theo-retical
calculations. In 2013, Irmscher et al.!! conducted optical
absorption measurements on InyO3 single crystals with very
low defect density, reporting an optically mea-sured gap of
approximately 2.7 eV, consistent with the elec-tronic or
fundamental gap. Conversely, Muydinov et al.!? posited that
pure InpO3 cannot possess an indirect gap due to the parabolic
nature of the conduction band. Addition-ally, they asserted
that the minimum electronic or funda-mental band gap,
symmetrically forbidden, hovers around 2.9 eV, with the first
allowed transition originating from a level roughly 0.8 eV
below the valence band top, yielding the commonly observed
optical band gap value of approx-imately 3.7 eV. These recent
findings align with previous calculations by Karazhanov et
al.!0,

InyO3 unfortunately exhibits instability over time, pos-ing a
significant hurdle to its future commercialization. This
instability is largely attributed to the presence of an
uncontrollable excess of oxygen vacancies (Vo>")!'3. In-deed,
oxygen migration outwards from amorphous In,O3 at room
temperature under air or vacuum conditions due to the
relatively low dissociation energy of the In-O bond has been
previously reported!*!3. Fuh et al.'# observed a decrease in
threshold voltage (V) values of amorphous IGZO-TFTs
with prolonged exposure to the environment,



where the average threshold voltage shifted from 10.2 V to
5.8 V after a 9-day duration. They linked the insta-bility of
passivation-free amorphous IGZO-TFT channels to the
exposure of the a-IGZO layer to ambient condi-tions. The
authors suggested that the weak bond of oxy-gen atoms
(BDE: 346 kJ/mol'®) lacked sufficient energy for structural
relaxation during annealing, leading to easy desorption of
oxygen atoms from the a-IGZO film and the formation of
oxygen vacancies, thereby providing free car-riers. The
precise mechanism (vacancy-mediated diffu-sion, interstitial
diffusion, grain boundary diffusion, sur-face diffusion, etc.)
by which oxygen is transported out of the amorphous In,O3
thin film remains unclear to date. In addition, the degree of
similarity between the structure and properties of point
defects in amorphous solids and those in the crystalline phase
remains a subject of ongoing debate and exceeds the scope of
this report'-'8. However, the presence of excess V" defects,
each offering two elec-trons, inevitably leads to a transition
from semiconduct-ing to metallic behavior'*2!. Additionally,
the V2" sites in the TFTs have been identified as the cause of
negative Vy, shifts in the transfer characteristics?®?3. These
sites are also suspected of influencing other TFT properties,
in-cluding carrier concentration/mobility, current on/off ra-
tio, subthreshold swing, and contact resistance. To mit-igate
the issues associated with V2" defects, numerous research
groups have pursued various optimization strate-gies.

Simple chemical doping process represents one of the most
common methods to regulate the excess carrier of In,O3 with
precise control over the doping process. Adding elements
such as Ti%10, W816 La%* Ga?, and Si® are also expected
to stabilize the existing Vo2t In addition, the defect stabi-
lization process will cancel the out-diffusion of the oxygen
atoms from the InyO3 matrix by raising the In-O BDE.

Furthermore, a doping process by controlling the deposi-
tion temperature has been lately reported as a practical way of
improving InyOj electrical performance and stability. In this
later method, the variation of the deposition temperature can
affect the decomposition and reaction of precursors and lead
to changes in the film’s properties, including its conduc-
tivity, bandgap, or structural characteristics. More recently, it
has been reported that low-temperature deposited InyOs films
grown by an atomic layer deposition (ALD) method showed
the presence of impurities, which mainly consisted of
carbon®®. This residual carbon was expected to mitigate the
Vo?" issues specially observed at 200 °C deposition tem-
peratures. Indeed, from these papers?®, authors claim that the
involvement of these carbon impurities at 150 °C reduces the
Vo?" and allows transistor to reach a threshold voltage (V)
of 3.2 V and high mobility of 20.4 cm?/Vs. Finally, from the
transfer and output characteristics of the InyOs-based TFT,
au-thors also reported a large negative Vy, shift with higher
de-position temperature while no Vy, shift was observed at
lower deposition temperature.

Post-thermal annealing (PTA) under an oxygen atmosphere
has been also used to partially compensate for the oxygen
losses from InyO3!327, Ma and coworkers also reported the

positive influence of the PTA process on InyO3-TFTs?8, which
was also suggested earlier by Yeom er al.?®. Note that post-
process annealing has been also shown to improve the thresh-
old voltage shift*’, field-effect mobility*!*? and channel-to-
source/drain metallization interface resistivity>>—3.

The effects of these aforementioned In,O3 thermal treat-
ments on the chemical and electronic structures of the adjacent
layers and buried interfaces must also be considered seriously
during optimization of the indium oxide-based TFTs*38,
Generally, the subthreshold swings (SS: the minimum gate
voltage required to switch the transistor from OFF to ON) or
Vi, of AOS-TFT devices are mainly determined by the qual-
ity of the AOS-gate dielectric interface. As we expected, the
thermal conditions used for TFT manufacturing will affect the
AOS-gate dielectric interface.

To make excellent ohmic contact at the AOS-source (AOS-
drain) heterojunction, it is important to select metal electrodes
with low specific resistivities. Indeed, high specfic contact
resistance at the AOS-source (or drain) metallization interface
is associated with decreases in the field effect mobility. The
chemical states at the interfaces and the effects of common
metal contacts on TFT stability should be also considered to
improve the TFT performance.

Therefore, it seems necessary to shed more light on the
changes in the chemical structures occurring in the films and
buried interfaces TFT devices with non-destructive analyses.
Hard X-ray photoelectron spectroscopy (HAXPES)* ! is a
suitable method to study the chemical states of buried layers
and interfaces in real device structures with a non-destructive
way owing to a large probing depth of photoelectrons with
several ten nanometers. Thus, with HAXPES analyses for
In,Os3-based TFTs, we will be able (1) to observe how oxy-
gen species move and react inside stacked devices, (2) to see
whether C doping has the expected effect on In,O3 such as a
reduction in the V" level as well as suppression of vacancy
migration, and (3) to confirm whether there are further issues
that must be addressed to improve the general performance of
the device.

Since the purpose of this work is limited to understand-ing
the reactions (mainly oxygen) that occur as a result of the
deposition as well as PTA temperatures and the applied
external electric field, we only focus on the prototypical Au/
Ti/InpO3/Aly03/p™-Si stacked structure and not on a full TFT
device.

II. EXPERIMENTAL SECTION

A. Materials and Preparation

Amorphous InyOj3 films were grown on Al,O3/p™-Si sub-
strates by using an AT-400 ALD System from Anric Tech-
nologies. For low-temperature In,O3 deposition using met-
alorganic precursors, a liquid ethylcyclopentadienyl indium
(InEtCp) compound was used*’. In reference to the InyO3
deposition temperature, the Iny03/Al,03/p™-Si samples with
InyO3 deposition at 150 °C and 200 °C were labelled T_150-
bare and T_200-bare, respectively, as shown in Figure 1(a).



The fully stacked Au/Ti/InpO3/AlO3/pT-Si samples with
Au/Ti top electrodes were named T_150 and T_200, respec-
tively, as depicted in Figure 1(b).

For each sample, a 5-nm-thick In,O3 layer on a 5-nm-thick
Al,0O3 layer was deposited on a heavily doped p™-Si substrate
(bottom electrode), as follows. First, the p™-Si substrate was
cleaned with an organic solvent solution and deionized wa-
ter, followed by cleaning with HF solution to remove a native
Si0; layer. Then, a trimethylaluminium ((CHz)3Al) precur-sor
and O3 oxidant gas were used to deposit the amorphous Al,O3
layer via ALD at 200 °C. The presence of unintention-ally
formed SiO; intermediate layer between the p™-Si and Al,O3
layers was already identified and reported in our previ-ous
work®3,

Then, In;O3 layers were grown on the Al,O3 layer by ALD.
The ALD process consisted of alternating exposure to the In-
EtCp precursor and the H,O/O3 oxidant gases, as follows'3.
The temperature of the InEtCp precursor was fixed at 80 °C,
and N, was used as both the carrier and purge gas. Then, to
improve the properties of the indium oxide, PTA was per-
formed on the T_150-bare and T_200-bare samples for 90
min at 150 °C under an O3z atmosphere. Finally, to evaluate
the de-vice properties under the bias voltages, Au/Ti were
patterned on the T_150-bare and T_200-bare layers by
electron beam evaporation to obtain T_150 and T_200 (Figure
1). The sur-face size associated with the top electrode stacked
device was 3 mm X 2 mm.

B. Stacked device characterization

The HAXPES measurements at room temperature and with
a stable base pressure (~ 107 Pa) were conducted at
BLI5XU at the SPring-8 synchrotron radiation facility in
Japan**. Since the angle between the incoming X-ray and the
photoelectron analyzer was set to 90°, the X-ray beam
impinged on samples with a grazing angle of 5° in our ex-
perimental setup (Figure 1). This experimental geometry with
a take-off angle (TOA: the angle between the sample surface
and photoelectrons entering the analyzer) of 85 was chosen
to increase as much as possible the probing depth through the
stacked devices. With this TOA of 85, an X-ray beam with
an expanded footprint size of approximately 400 x 30 u m?>
was projected on the surfaces. The excitation photon energy
was set to 5.95 keV, and photoelectrons were analyzed with a
hemispherical electron analyzer (VG-Scienta R4000). The
total energy resolution was 0.24 eV determined by fitting the
Au Fermi edge. The binding energy (BE) was calibrated by
using the Fermi edge of Au.

The inelastic mean free paths (IMFPs) of photoelectrons
were calculated with QUASES-TPP2M software, and probing
depth d is ~3 times the IMFPs*>. With binding energy of 99.3
eV for Si 2p; 5, 1561.8 eV for Al 1s and 445.4 eV for In 3ds ),
at the excitation photon energy of 5.95 keV, we estimated d as
approximately 30.4 nm, 24.6 nm, and 21.0 nm, respectively,
for a TOA of 85° These latter d values were multiplied by
factors of 0.77, 0.5, and 0.17 when the TOAs were fixed at
50, 30 and 10°, respectively, according to the equation d ~

3 x IMFP x sin(TOA).
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FIG. 1: Schematic illustration of (a) T_150-bare and
T_200-bare samples for HAXPES measurements and (b)
T_150 and T_200 samples for operando-HAXPES.

For the operando analysis, an ADCMT 6241A DC Volt-age
current source/monitor system interfaced with an external PC
controller was used to apply different bias voltages to the
samples, as depicted in Figure 1(b) during the HAXPES mea-
surements. The duration of each measurement with fixed bias
voltage polarization of the sample was approximately 1 hour.
Core level spectra were recorded once a steady current den-
sity was reached under the fixed bias voltage (except with the
relatively unstable current at +5 V), as reported in the elec-
tronic supplementary Information (ESI), p. S-6, Figure S10
for T_150 and in ESI, p. S-6, Figure S11 for T_200.

As a reference data, Au 4f core level spectra from T_150
and T_200 are reported in the ESI, p. S-6, Figure S12. Spec-
tra were acquired using different bias voltages applied to the
bottom pT-Si. As expected for the grounded Au layer, there is
no significant binding energy difference (energy shift) when
the applied bias voltage was modified. We also note that the
Au 4f peak intensities and shapes remained identical during
all operando analyses. The Au 4f;; binding energy of 84.0
eV was consistent with metallic gold (Au%)*3. The overall data
analyses of core level spectra were performed with CasaXPS
software*® with a Shirley algorithm used to subtract the back-
ground and a pseudo-Voigt peak shape (Gaussian/Lorentzian
with 30 % Lorentzian character) for the major peak fittings.

III. RESULTS AND DISCUSSION

A. Influence of the In,O3 deposition and PTA temperatures on
the oxygen transfer process in the In,03/Al,O3/p™-Si stack

After the survey scans reported on ESI, p. S-2, Figure S1,
the In 3d, Al 1s, O 1s core levels and the valence band HAX-
PES spectra of the T_150-bare and T_200-bare samples were
recorded and shown in Figure 2 (a)-(d), respectively. The
components and corresponding binding energies obtained by
the peak fitting for each core level are listed in Table I. From
Figure 2 (a), the In 3d deconvolution yielded three contri-
butions attributable to different chemical states. Based on
the report of Qi et al.*’, we attributed that the green (444.8
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FIG. 2: Core level HAXPES spectra of T_150-bare and
T_200-bare: (a) In 3d, (b) Al 1 s, and (c) O 1s binding
energies and (d) the valence band spectra for T_150-bare and
T_200-bare.

eV) and blue (445.4 eV) peaks were related to stochiomet-ric
Iny03*¥9 and carbon-doped InyO3 (C-InyO3_,), respec-
tively. From a combination of surface-sensitive X-ray pho-
toelectron spectroscopy (XPS, hv = 1.486 keV) experimental
data and density functional theory (DFT) calculations, Qi et
al. explained that the In 3d moved to a higher binding energy
compared to that for InyOs3.

From the peak fitting result shown in Figure 2 (a), we see
that the C-InpO3_, signal for T_150-bare is larger than for
T_200-bare. We observed the presence of the C-InyO3_, com-
pound not only in T_150-bare but also in T_200-bare, con-
trary to what had been previously reported in some research.
We ascribed this contradiction to the fact that XPS used in?®
reports is surface-sensitive, while in this current work, bulk-
sensitive HAXPES was used. In other words, we may assume
that in the case of the T_200-bare sample, we have a gradi-ent
in the carbon content from the surface of the In,O5;_, film to
the buried interface (InpOs3_,/Al,O3_,). We associated this
relatively high concentration of the blue peak with incomplete
pyrolysis and dihydroxylation when the ALD growth temper-
ature decreased. Thus, the variations in the C-InyO3_, sig-nal
indicated that the C doping level may be tuned during the
ALD process. Furthermore, from AFM (ESI, p. S-2, Figure
S2) a decrease in the root mean square (RMS) surface rough-
ness value from 0.73 and 0.16 nm is observed for T_150-bare
and T_200-bare, respectively.

The Al 1s core level spectra in Figure 2 (b) indicate the
presence of stoichiometric Al,Os3 indicated by the grey peaks
and oxygen-deficient Al,O3 (AlO,) indicated by the orange
peaks at 1562.5 eV and 1561.8 eV, respectively’'. This in-
dexation of components is consistent with the depth probing
from the naked Al,O3 (-bare) reported in ESI, p. S-3, Figure

TABLE I: Summary of the fitting parameters used for the In
3ds/p, Al 1s, O 1s and Ti 2p3 5 peaks: the colours,
components and binding energies in eV are listed.

Elements Colors Components Binding energy (eV)

In 3ds 5 Red In® (In-Ti) 4433
Green Iny, O3 444.8
Blue C-Inp,O3_, 445.4
Al ls Orange AlO, 1561.8
Gray Al,O3 1562.5

O ls Green In, O3 530.3 -530.4
Blue C-InpO3_, 531.1
Gray Al,O3 532.0
Orange AlO, 532.9

Ti2p;;  Cyan Ti% - TiC 453.9 -454.2
Magenta TiO 455.3
Yellow Tip O3 457.4
Olive TiO, 459.1

S.3. By decreasing the information from 85 (deep probing) to
10° (shallow probing), we see the presence of contribution at
lower binding energy from both Al 1s (ESI, p. S-3, Fig-ure
S.3 (a)) and Al 2p (ESI, p. S-3, Figure S.3 (b)). We do not
consider surface potential formation at the naked surface
because the VBM (not shown here) of Al,O3 was found be-
low Fermi energy (Er)*. From ESI, p. S-3, Figure S.3 (c), we
assume a mixed-valence state of Al, such as the coexis-tence
of stoichiometric Al,O3 and non-stoichiometric Al,O3 (AlO,)
due to a lack of oxygen species (presence of Vo>t). Then,
from Figure 2 (b), we also highlight that the relative amount
of AlO, increased from the T_150-bare to the T_200-bare
samples. As reported by Qi et al.*’, it is challenging to
distinguish the Vo>*-poor InyOs3, Vo?t-rich InyO3_, how-
ever, by increasing the temperature of In,O3 deposition, more
Vo> inside the In,Oj layer is likely generated. This result is
also consistent with the fact a lack of oxygen in In,O3; will
trigger an oxygen transport from Al,O3 to In,O3 and there-
fore we observe more AlO,in T_200-bare than T_150-bare.

The O 1s peaks in Figure 2 (c¢) were deconvoluted into four
components representing four different states associated to the
Al,O3 and InpO3 layers. The green peak at approximately
530.3 - 530.4 eV was attributed to the oxygen in stochiometric
In,03%3. Then the blue peak at 531.1 eV is associated with the
C-Iny03_,>3. The gray peak at 532.0 eV was assigned to the
oxygen in stochiometric Al,O3>* and the orange peak centered
at 532.9 eV was from the AlO,>* due to the presence of Vo3t.

Complementary depth profiling analyses along the T_200-
bare stacked structure were carried out by changing TOA
from 85° (deep probing) to 20° (shallow probing). While the
In 3d energy position (not shown here) was not affected by
TOA,
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FIG. 3: Depth-dependent analyses: HAXPES spectra for the
Al 1s state of Al,O3-bare at TOA of 85° and T_200-bare
samples at TOAs of 20 and 85°.

the Al 1s position seemed to differ slightly with a TOA of 20°
as shown in Figure 3. In contrast to Al;O3-bare (Al,O3/p*-Si),
the T_200-bare results indicated the presence of substan-tial
AlO, contribution when using a similar TOA of 85°. The AlO,
ratio was more important around the InpO3/Al,Oj3 inter-face as
indicated by the TOA of 20°. We attribute this oxy-gen
gradient to a redistribution of oxygen between In,O3; and
Al,O3 to mitigate the chemical potential mismatch as previ-
ously observed in the case of for TiO,/V0,.5°. Indeed, a dif-
ference in oxygen chemical potential between two materials
may give rise to oxygen ion transfer to bring the system into
equilibrium. In this scenario, InpO3_, took oxygen from sto-
chiometric Al,O3 to produce Vo*t-like defects in the AlO,.
Mobile oxygen species were transferred to adjacent materials
until the chemical potentials of the layers matched.
Furthermore, when comparing the AlO, amount between
the two samples in Figure 2 (c), we observe that the ALD
growth temperature enhanced the oxygen transport. The rel-
ative quantification show an increase of A1O, amount from
~ 40% to ~ 55% for T_150-bare and T_200-bare, respec-
tively. This oxygen loss from Al,O3 layer by diffusion will
reduced the V>* amount in the In,Oj3 layer. Bayer et al. ob-
served similar phenomena during the deposition of Al,O3 on
an ITO substrate’’. They showed that the oxygen from the
ITO substrate was the source of the additional reactant during
the deposition of the Al O3 layer. They assumed that the large
growth per cycle observed during ALD process of the Al,O3
layer on the ITO substrate was only possible if an additional
oxygen reactant was present for the formation of Al;O3. In
the Bayer report, oxygen species were released at the surface
and reacted with the trimethylaluminium (TMA) precursor to
form Al,O3. The authors also reported that a sufficient con-
centration of interstitial oxygen was liberated from the ITO
substrate to provide enough oxygen for the growth of a 1-2
nm Al,O3 layer. Finally, we add that although the oxygen
species were sufficiently mobile at 200 °C>®, oxygen release

was also observed at room temperature during the deposition
of organic molecules onto clean ITO°. Based on the above
discussion, we expected an identical process for our stacked
In203/A1203/p+-Si.

In Figure 4, we sketched models to explain the reduction
process of the Al,O3 layer during the growth of InyO3. Fig-ure
4 (a) describes the first stage of the interaction between the
AlOs-bare and the InEtCp precursor. After completion of the
first cycle of In,O3 growth, as shown in Figure 4 (b), Vo2t
was present at the surface and in the bulk In;O3 layer. Now,
because the In atoms from the InEtCp precursor specifically
bond to oxygen at the surface upon exposure to the InEtCp
precursor, a decrease in the In,O3 growth rate was observed.
To partially compensate for this lack of oxygen, the diffusion
of oxygen atoms from the Al,O3 substrate takes place, as il-
lustrated by the red arrows in Figure 4 (b). This oxygen
migra-tion process led to the creation of new V>* inside the
AlO3, as shown in Figure 4 (c).

From 150 °C to 200 °C, more significant oxygen transport
occurred in Figure 4 (e) than in Figure 4 (d). At 200 °C, more
oxygen atoms are extracted from the Al,O3 layer. As de-
scribed theoretically with the DFT calculations®, the oxygen
atoms easily moved inside the In,O3 reached the surface and
reacted with the InEtCp precursor to form a new In,O3 layer.
This explanation is consistent with the higher AlO, amount
for T_200-bare compared to that for T_150-bare, as shown in
Figure 2(b).

Finally, the effect of PTA on the T_150-bare and T_200-
bare samples was also studied. Results from In 3d and Al 1s
core levels before and after the PTA process are reported in
the ESI, p. S-3, Figure S4. For both samples, no significant
changes were observed for the normalized In 3d level after the
PTA step. However, one noticed a slight re-oxidation of the
covered Al,O3 layer after PTA. The stochiometric Al,O3
signal increased while that for the AlO, material decreased.
From the decrease of AlO,, we argue that during the PTA
process, oxygen species went through the In,O3 layer and par-
tially compensated for the lack of oxygen in the Al,O3 layer.

As a summary of the ALD growth temperature and PTA
effects, it is clear that oxygen transport process into the InyOs/
Al)Os/p™-Si stack may have sharply affected the de-vice
performance. We observe that the ALD growth temper-ature
for In,O3 controlled both the C-doping level and the Vo>
contents of the InpO3 and Al,O3 layers. We confirmed that the
PTA process lowered the V27 sites inside the stacked InpO3/
Al,Os structure.

B. Impact of the patterned Au/Ti electrodes on the
Au/Ti/Iny03/Al,03/p™-Si stack

The impact of Ti metal from Au/Ti electrode on InyO3 with
a PTA process was studied. Chemical analysis of Ti/InyO3
interfaces from the T 150 and T 200 samples are shown in
Figure 5. From the In 3d/Ti 2p core level spectra, we dis-
cern the oxidation states of titanium from Ti’ to Ti*" (ma-
genta), Ti’" (yellow), and Ti*" (olive)®':%2. Additionally, a
small red component at 443.3 eV, indicative of the reduc-
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tion of indium with the In® component, was attributed to the
metallic contribution of indium In from the binary Ti-In
system®. The binary Ti-In system is characterized by the
mixture of indium and titanium at the Ti/In,O3 in-terface.
Notably, the binding energy of In® (443.3 eV) ob-served in
Figure 5 is lower than the expected binding en-ergy of pure
indium (443.8 eV) from a reference source, as reported in the
ESIL, p. S-4, Figure S5 (c). This devia-tion towards the
negative direction (decreased binding en-ergy) of In® can be
attributed to changes in the electronic structure, bonding
interactions, or chemical environment surrounding the indium
atoms within the Ti-In alloy. The binding energies and the
corresponding components are re-ported in Table 1.
Regarding the In,Os reduction process, a complementary
depth profiling analysis was initially carried out on the T 200
reference sample (with as-deposited In,O3; and without PTA).
First, results revealed that In® species were mainly located at
the Ti/InyOs3 interface. As seen in the ESI, p. S-4, Figure S6
(a) and (b), we observe a reduction of In,O3 (Green arrow)
relative to In® (red arrow) when the TOA goes down (from
deep or bulk to shallow or interfacial probing). This result is
consistent with the reduction of stochiometric In,O3; and an
increase of In® around the Ti/InyO3 junction. Then, for the
partial oxidation of Ti, the results also indicated that the Ti
oxidation process was triggered by Ti deposition and did not
require any PTA. Indeed, based on the reactivity of Ti and its
strong affinity for oxygen, the Ti layer should take up oxygen
from the InyOs3 layer. In addition, oxygen transport towards
the Ti layer may be facilitated by the relatively weak In-O
bond in the case of InyOj3 structure. In fact, with a un-stable
Ti/InpO5 interface, oxygen atoms could preferentially migrate
from In;O3 to form the more stable TiO, interlayer. To
determine which tie-line is theoretically favored at room
temperature deposition (25 °C), the two possible tie-line reac-
tions are written in the form of balanced chemical reactions:

Ti(s)+2Iny05(s) = 4In(s) + 3TiO(s);
AG,,=3GT0,~ 2Gl,,0,~ —988.5;(T'=25°C)

From the standard 25 °C thermodynamic values, the standard
Gibbs free energy (AGY?,,) was found by summing the forma-

rxn
tion energies of the oxides multiplied by their stoichiometry

) Vacancy N\ Thermal diffusion of Oxygen

FIG. 4: Illustration of the oxygen migration
driven by diffusion on InyO3/Al, 03 stack
obtained by ALD. (a) Formation of the interface
with the first layer of InpO3 on Al,O3-bare. (b)
Oxygen migration from the Al,O3 substrate
towards the interface with the fully developed
initial layer of InyO3. (c) Emergence of oxygen
vacancies within the Al,O3 layer showing the
intricate interplay between the two materials.
(d-e) Comparison of oxygen vacancies ratio
within the Al,O3 layer resulting from In, O3
deposition at 150 °C and 200 °C respectively.

metric coefficients. Since AGY,,, was negative, the forward re-
action was favoured, and we conclude that the stable tie-line

for this system connected In metal to TiO; and that the Ti in
contact with In,O3 formed an unstable interface. Finally, we
add that the TOA analysis of Al 1s from ESI, p. S-4, Figure
S6 (c) does not support the existence of dropping electrostatic
potential (gradient) across the Al,Os3 layer after the deposi-
tion and partial oxidation of Ti top layer on InyO3 layer. This
explanation is consistent with the fact regardless of the angle
of measurement the Al 1s remain unchanged (identical shape
and position). No shift or change relative to a band bending.

As for the PTA impact, we have observed an important oxi-
dation of Ti to TiO, with PTA as reported in Figure 5. For
both T_150 and T_200 samples, the total amount of Ti0 was
more than halved by the PTA, which led to the creation of a
thick (> 2.5 nm) titanium oxide intermediate layer (as
supported by the ESI, p. S-5, Figure S7). We assumed that the
Iny0O3 acted as an oxygen tank during PTA and then released
some of the stored oxygen into the Ti layer. We also expect
that the significant amount of TiO, will increase the Vo>
concentra-tion in the In,Oj layer. This gradual increase in Vo?
* would then provoke a second oxygen migration
(compensation pro-cess), which would take place between the
In,O3 and Al,Os3 layers. A shift towards a lower Al 1s binding
energy with in-creasing titanium oxide concentration was
confirmed (green curve in ESI, p. S-5, Figure S8). This energy
shift was asso-ciated with an increase in the amount of AlO,
remaining after oxygen species left the Al,O3 layer.

Moreover, we underline that the binding energies of Ti
metal in Figure 5 is slightly shifted towards the higher energy
relative to the Ti position when In,O3 underwent a PTA pro-
cess, as seen in Figure 5. The Ti’ peak at 453.9 eV exhibited a
BE shift of 0.3 eV towards higher energy due to the presence
of titanium carbide (454.2 eV®*). The presence of carbon on
the Ti layer also suggested residual carbon transport from the
Iny03 layer to the Ti film during the PTA (a heat treatment
performed below 150 °C). We note that, unlike the wide band
gap for TiO,, which is not a good electrical conductor, TiC is
a good electrical conductor®-%® and can likely play a central
role in determining the channel-to-source (or drain) interface
resistivity in case of actual TFT.



In light of these results, we can expect that the oxygen de-
ficiency at the In,O3/TiO, junction as well as the presence of
TiC will act as a highly doped n* contact (n™ channel/source
(drain) region in the case of an actual TFT device). The V>*
will serve as an electron source that forms a semiconductor
and leads to a low-resistivity interface. With the existence of
the upper n™ contact side, the region of In,O3 near the Al,O3
layer can be considered the less conductive surface (doped
n~). Therefore, Inp,O3-TFT with a Ti electrode may have an
n~n"/metal junction in the source (drain) region, leading to
better ohmic behavior.

O, annealed
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FIG. 5: In 3d/Ti 2p core levels for T_200
(Au/Ti/In,O3/Al,03/p™-Si structure) with and without the
PTA process under an O3 atmosphere for the
Iny03/Al,03/p™-Si stack (T_200-bare).

C. Chemical analysis of the Au/Ti/In,03/Al,O3/p™-Si
structure under an applied bias voltage

Operando-HAXPES analysis was carried out under an ap-
plied bias voltage to investigate the electric field effects on
T_150 and T_200 samples. Before the operando analysis, a
standard current-voltage measurement was performed on
samples as reported in the ESI, p. S-5, Figure S9.

Figure 6 illustrates the binding energies and peak shapes of
Al 1s and Si 2p for (Figure 6 (a-b)) and T 200 (Figure 6 (c-
d)) stacked devices. Similar trends in energy shifts were
observed for both samples. Regarding Si 2p (Figure 6 (b)-
(d)), it is noted that, except for the -1 V bias voltage setting,
the effective or actual applied bias voltage across the devices
tends to be lower than the set values (1V, 5V). Specifically,
the Si 2p shift is notably lower than the applied voltage when
+1V or 5V are applied. Under normal circumstances, the Si
2p positions are expected to shift concerning the Si 2p
0V_forward reference by almost the exact applied voltage
amount, particularly for heavily doped p*-Si substrates. This
approximation holds for a voltage of -1V. However, for +5 V
applied on T 150 and T 200 samples, the Si 2p from p*-Si
substrates experi-ences a shift ranging from +1.7 eV to +2.0
eV, respectively. These findings suggest limited penetration of
the electric field into the heavily doped p-type Si. Notably,
the effec-tive bias voltage applied to heavily doped p-type Si
may

deviate from the set bias voltage due to various factors,
including contact potential, depletion region, series resis-
tance, external circuit impedance, etc. Therefore, the ex-act
cause of this lower effective bias voltage on the stacked
devices cannot be definitively determined. However, issues
related to the complex outer HAXPES circuit connection or
current flow have been ruled out, as evidenced by the nearly
-1 eV Si 2p shift observed at -1 V. Furthermore, de-spite the
lower effective bias voltage compared to the ap-plied voltage,
the impact of the bias voltage on AIpO3 and In203 functional
layers, the main focus of this study, was successfully
demonstrated. Lastly, no significant broaden-ing of the Si 2p
peak was observed with applied voltage, with the full width
at half maximum (FWHM) of the Si 2p3/2 remaining
between 0.39 eV and 0.46 eV.

Chemical alterations occurring on the AI20O3 layers in
response to applied bias_ voltages on the +.-Si substrate
are also elucidated in Flgure% (a)-(c). Ilg is crucial to
emphasize that due to the time-consuming nature of the
analysis, we only utilized a single take-off angle (TOA) to
record chemical changes. Consequently, it becomes chal-
lenging to discern binding energy shifts associated with
variations in the built-in potential gradient and intensity
changes based on depth analysis. The impact of the built-in
potential on the spectrum with this single TOA can only
be anticipated through the asymmetric broadening of core
levels. In both samples, an asymmetrical energy shift
along the energy axis relative to the 0 V curve, as well as
band bending induced by the electrostatic poten-tial across
the stacked devices, were observed. Notably, the presence of
a global energy shift of the symmetric spectral shape along
the energy axis led us to dismiss the possibility of potential
chemical changes under an applied bias volt-age.
Additionally, it is noteworthy that the Al 1s shifts are lower
than the Si 2p core levels when the same bias volt-age is
applied. This suggests that the electrostatic potential drop
within the AIpO3 layer and the broadening of the Al 1s
peak at +5 V are more likely induced by band bend-ing
and/or an interfacial effect between AI20O3 and p+-Si
(interface energy barrier).

Figure 7 reports In 3d/Ti 2p core level spectra from T_150
and T_200 samples. For both samples, analyses were car-ried
out with similar bias stresses (0V_forward, +1V, +5V,
OV_reverse, and -1V). As expected after PTA of the In;O3
layer and the deposition of Ti, a significant TiO; contribution,
as well as a Ti? shift due to the additional TiC signal, was
observed. We also note that for both samples, variations in the
applied bias voltages did not affect the chemistry of the Ti
layer. This result was consistent with the fact that the Au/Ti
was grounded.

In Figure 7, we observe that the residual binding energy
shift of the In 3ds, peak around 445 eV (red dot line) is asso-
ciated with the In,O3; growth temperature but not to the bias
voltages applied to the samples. This In 3ds; shift is related
to the difference of InyO3 and C-In;O3_, amount between
samples, as presented in Figure 2 (a). Furthermore, under ap-
plied a progressive bias voltage, no significant modification
(shape and intensity) was detected for the T_200 sample, in
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FIG. 6: Core level spectra from Al 1s in (a)-(c) and Si 2p in (b)-(d) from T_150 and T_200 samples, respectively under an

applied bias voltage (0 V_forward, 1 V, 5V, 0 V_reverse and -1 V. We note that the Al 1s and Si 2p core level spectra from

T_150 and T_200 displayed the same trends for the binding energy (in red) shifts and full width at half maximum (fwhm in
blue) under the applied voltage.
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FIG. 7: In 3d/Ti 2p core level as a function of the externally
applied voltage bias (OV_forward, 1V, 5V, OV_reverse, and
-1V).

contrast to the T_150 sample. As emphasized by the arrows,
T_150 shows a voltage-dependent phase (denoted as a split-
ting phase (SP)) as well as clear variations in the maximum
intensities at +5 V, O_rev, and -1V, and contrarily 0_for and
+1V.

Figure 8 provides additional evidence on the SP phase. As
we have seen from Figure 2 (a)-(c), the two first components
(green and blue) and the two last peaks (gray and orange)
of O 1s core levels are consistent with the peak fitting of In
3d (InpO3) and Al 1s (Al,O3), respectively. This relationship
leads to the fact that any chemical change observed from In 3d
or Al 1s will likely induce a change in the O 1s curves. There-
fore, similar to In 3d (Figure 7) and Al 1s (Figure 6), from
O 1s core levels from Figure 8 (a) and (c), we noted that the
shapes of O 1s peaks are also bias voltage-dependent. With
the T_200 sample in Figure 8 (c), the change of O 1s shape
starts from 532 eV. As highlighted by the black arrow, the
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FIG. 8: O 1s and C 1s core levels determined for T_150 (a-b)
and T_200 (c-d) with operando-HAXPES analyses under an
applied bias voltage (OV_forward, 1V, 5V, OV_reverse and
-1V).

presence of a significant tail out to 536 eV is observed in the
case of +5 V. This feature induced by the band bending under
the bias voltage was ascribed to Al,Oj3 as already discussed in
the experimental section (B). Besides the Al;O3 band bending
component, with the T_150 sample, an extra intensity varia-
tion of around 531 eV is also observed as indicated by the red
arrow. This latter intensity variation is related to the indium
oxide layer. This modification of O 1s intensity was tightly
correlated with the emergence of the SP phase and was more
visible at +5 V. We note that a certain threshold bias voltage
was needed to generate the splitting phase for both the In 3d
and O 1s core levels from In, Os3.
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FIG. 9: Deconvolution of the In 3d and Ti 2p core levels as a
function of the bias voltage (OV_forward, 1 V,5V, 0
V_reverse and -1 V) applied on the T_150 sample during the
operando-HAXPES analyses. For 5 V, 0 V_reverse, and -1V,
the In 3d level showed a supplementary component ascribed
to splitting (SP for splitting phase) of C-In,O3_, (blue) under
the bias stress. The chemical state of the Ti 2p contribution
(Ti%TiC, TiO, Tiy 03, and TiO,) was unaffected over the
voltage range with a major contribution from the TiO; olive
peak.

From C 1s data in Figure 8 (b) and Figure 8 (d), we do not
observe a direct link between the carbon species and the SP
phase observed for the T_150 sample under a bias voltage.
However, the presence of TiC interlayer associated with the
C 1s component at 282.1 eV was confirmed in both samples.
This TiC is induced by the migration of carbon species into
the Ti layer.

In Figure 9, In 3d/Ti 2p curve fitting of T_150 sample as the
function of the applied bias voltage is reported. The SP signal
(wine peak) began to distinctly appear with a +5 V bias volt-
age and was induced by the splitting of C-In,O3_, component
shown in blue in Figure 9. Relative to the C-InpO3_, peak at
445.4 eV, the binding energy shifts of the SP under the +5 V,
0_rev, and -1 V bias voltages are +1.2 eV, +0.1 eV, and -1.0
eV, respectively. We also note that the SP shift followed the
same trends as the Si 2p and Al 1s core levels as reported in
Figure 6. Since the Au/Ti was grounded, we argue that chem-
ical splitting took place at the In,O3/Al,O3 interface and was
triggered by interfacial band bending of the In,O3 layer. In
addition, we did not observe an energy shift from the TiO,
contributions. For the T_200 sample, peak fitting data are re-
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ported in ESI, p. S-7, Figure S13.
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FIG. 10: Schematic cross-sectional view of the
Au/Ti/In,03/Al;,03/Si0,/p™-Si stacked structure deposited
at: (a) T_150 and (b) T_200 samples. The arrows indicate the
directions for oxygen and carbon movement.

With a penetration of the electric field into the In,Oj3 film,
the appearance of the SP for T_150 upon voltage application
can have various origins such as the interaction of the electri-
cal field with the chemical impurities, defects, charge
accumu-lation/depletion, and even interfacial chemical
reactions. The presence of this splitting phase also suggests
that the T_150 sample (higher C-In,O3 contribution) is much
more resistive than the T_200 sample (lower C-In;O3
contribution). This decrease of conductivity of T_150 is
consistent with the fact the presence of doping carbon (C-
InyO3) reduces the excess of oxygen vacancies (by raising the
oxygen bond dissociation energy and reducing the excess of
electrons from the remain-ing oxygen vacancies), and
decreases the very high and un-controlled n-type conduction.
As splitting occurred at the in-terface under a certain
threshold voltage, we cannot exclude a self-forming
interfacial ~ dipole®” 7% or interfacial electrochem-ical
polarization mechanism in the present study. This in-terfacial
state could be associated with the steep shift of the band
structure across the interfaces. Indeed, with the In;Oj3
semiconductor-like T_150 sample, the charge carriers at the
Iny03/Al,03 interface are not suppressed by the injection or
release of electrons from the grounded Ti/Au electrodes.
Thus, the presence of an increased charge potential due to the
interfacial charge might result in the polarization of the bot-
tom side of the InyO3 layer and then lead to the formation of a
separation phase for T_150.

In Figure 10, we graphically summarized the chemical
models for T_150 and T_200 stacked structures after the bias
voltage was applied. In this model, we intentionally included



the native SiO; interlayer as already discussed in our previ-
ous paper*3. For both samples, the presence of AlO, near the
InyO3/Al,03 interface resulted from oxygen diffusion into the
indium oxide layer and compensated for the oxygen defi-
ciency. Based on peak fitting of the In 3d core levels, the
indium oxide layers from T_150 and T_200 are labelled as C-
InyO3_, and InyO3, respectively. The presence of reactive Ti
metal at the indium oxide surface led to a substantial oxy-gen
shortage in the indium oxide layer. Ti removed oxygen and
carbon species from the indium oxide film and then scav-
enged them for the Ti layer. These transported species led to
the creation of interfacial In%InyO;3 5 on the side of the in-
dium oxide top interface and amtermediate TiC/TiO, (TiO,
Tiy03, TiO7) on the Ti bottom edge. In response to the bias
voltage applied at the p™-Si substrate, both samples exhibited
band bending along the Al,Oj3 layer. Furthermore, no addi-
tional chemical change occurred at the Ti (TiC and TiOy) ad-
hesion layer under electrical polarization. Within this model,
we highlight that in contrast to the metal-like T_200 sample,
the incorporation of carbon into the InyO3 matrix increased
the semiconductor-like behavior (T_150), which formed a
splitting phase at the InoO3/Al,Os interface under the applied
electric field. This splitting phase undergoes a band bending
which follows a similar direction to that of the Al,O3 layer.

By qualitatively analyzing the HAXPES data, we observe
that the ALD growth temperature and the post-annealing
strongly affect the In,O3 film and its adjacent layers. We
hypothesize that the imprint towards the negative bias as re-
ported in ESI, p. S-5, Figure S9 can be linked to the interfacial
defects (presence of energy barrier) while the hysteresis can
be related to the back-and-forth movement of ionic species
across layers.

IV. CONCLUSIONS

In this paper, we performed a non-destructive chemical
analysis of an Au/Ti/In,O3/Al,03/p™-Si stacked structure.
The study casts light on the impact of the ALD growth tem-
perature and the post-annealing treatment as well. HAXPES
analysis revealed that the chemical composition of the In,O3
semiconductor was temperature dependent, and the deposition
of In,O3 on the Al,O3 insulator layer triggered oxygen trans-
port from the insulator to the semiconductor to counterbalance
the intrinsic oxygen deficiency of InyOs3.

With the Au/Ti patterned samples, we observed the migra-
tion of the oxygen and carbon species from the In,O3 layer to
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the Ti layer. This C and O absorption generated TiO, and TiC
interlayers. Using operando-HAXPES analyses under applied
voltages, Al,O3 band bending leading to charge accumulation
at the In,O3/Al, O3 interface was observed. Conversely to the
Iny O3 metal-like in T_200 sample, we observe a presence of
the splitting phase in the In,O3 semiconductor-like behavior
in T_150 sample. We argue that this splitting phase in T_150
sample was induced by the position-dependent charge carriers
around the In,O3/Al,03 interface. From this paper, we note
that the ALD growth temperature as well as the post-annealing
treatment impacts may have major repercussions for interpret-
ing and optimizing actual TFT performance as suggested by
the analysis of the Au/Ti/In,O3/Al,O3/p™-Si stacked devices.

SUPPORTING INFORMATION

HAXPES spectra of wide range survey scans of Stacked
Au/Ti/In,O3/Al,03/p™-Si; Surface morphologies of the
T_150-bare and T_200-bare samples; HAXPES depth profile
analysis of naked-Al,Os3; In 3ds /2 and Al 1s core levels from
T_150-bare and T_200-bare samples; Al 1s binding energy
shifts for T_200 as a function of annealing under Oz; HAX-
PES depth profiling analyses of the Au/Ti/InpO3/Al,03/p™*-Si
without PTA on InyO3/Al,O3/p™-Si; In 3d/Ti 2p core levels
from stacked T_150 and T_200 with and without PTA; Cur-
rent density-voltage (J-V) characteristic; Investigation of the
stability of the T_150 sample over time; Investigation of the
stability of the T_200 sample over time; Au 4f, Al 1s and Si
2p core level spectra for T_150 and T_200 samples under an
applied bias voltage; Deconvolution of the In 3d and Ti 2p
core level spectra as a function of the applied bias voltage.
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