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Layered Si—Ti oxide thin films with tailored
electrical and optical properties by catalytic

tandem MLD-ALD¥
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Oxides with well-controlled optical and electrical properties are key for numerous advances in

nanotechnology, including energy, catalysis, sensors, and device applications. In this study we introduce

layer-by-layer deposition of silicon—titanium layered oxide (Si—Ti LO) thin films using combined MLD-
ALD methodology (M/ALD). The Si-Ti LO film deposition is achieved by acid—base catalysis establishing
an overall catalytic tandem M/ALD super cycle (CT-M/ALD). The catalytic nature of the process allows

relatively fast deposition cycles under mild conditions compared with the typical cycle time and

conditions required for ALD processes with silane precursors. The Si—Ti LO thin films exhibit tuneable

refractive index and electrical conductivities. The refractive index is set by the stoichiometry of Si- to Ti-

oxide phases simply by selecting the MLD to ALD proportion in the CT-M/ALD super cycle, with low and

high refractive index, respectively. Thermal treatment of Si—Ti LO thin films resulted in conductive thin

films with both graphitic and Magnéli oxide phases. Enhanced conductivity and reduced onset

temperature for Magnéli phase formation were obtained owing to the unique Si-Ti layer structure and
stoichiometry attained by the CT-M/ALD process and facilitated by breaking of Si—C bonds and Red—Ox
reactions between the Si sub-oxide and TiO, phases leading to the conductive Magnéli phase. Hence,
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the embedded amine silane functions not only for catalysing Si—-Ti LO deposition but also to further

promote subsequent transformations during thermal processing. This work demonstrates the concept of
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1. Introduction

Si-Ti oxides are studied in numerous fields including photo-
voltaics," optics,> anti-reflective coatings,®> self-cleaning,*
sensing,>® and more. Various methods for depositing mixed Si-
Ti oxide films with tuneable optical properties include sol-gel,”
co-evaporation,® co-sputtering,® ion beam assisted deposition,*
and plasma enhanced chemical vapor deposition (PECVD).*"*?
Such methods are applicable for many cases and are quite
useful, however, for thin films in the nanometer-scale regime it
is quite challenging to control the film thickness and
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embedding a meta-stable organic motif by the MLD step to facilitate transformation of an oxide phase
by taking advantage of precise layer-by-layer deposition of alternating phases enabled by M/ALD.

composition uniformity, which are critical parameters for many
nanoscale applications. Atomic and molecular layer deposition
(ALD & MLD) excel in control over thin film composition with
the ability to precisely vary the deposited material composition
and form multi-layered, multi-component thin films while
overcoming complications commonly encountered using
solution-based methods with a level of control that is typically
challenging to attain using physical deposition methods. ALD
of SiO, typically requires one or more of the following condi-
tions; high reaction temperatures, long cycle time, and strongly
oxidizing reactants such as ozone or oxygen radicals. For
example, vapor deposition of SiO, using SiCl, and H,O required
high reaction temperatures of 600-800 K and long exposure
times. This is mainly due to the limited gas phase reactivity of Si
precursors which is kinetically limited, especially in the
hydrolysis and condensation steps in the absence of acid or
base catalysis in the gas phase. Several methods involving the
use of catalyst and plasma were introduced for lowering the
high temperature and processing times required for ALD of
Si0,.** Catalytic ALD of SiO, was previously demonstrated by
adding a Lewis base such as pyridine or ammonia as a co-
reactant in the deposition process.*** Another approach relies
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on self-catalytic alkoxy silane precursors with an embedded
amine group (Si(-OR);R’) where -R is a typically methyl or ethyl
group and R’ is an alkylamine functionality, resulting in a Si-C
bond along with the amine functionality.®

Here we report a coupled MLD-ALD super-cycle process
where Si oxide and Ti oxide layers are deposited in alternating
repetitions of MLD using amine alkoxy silane and water, and of
ALD using TiCl, and water precursors, respectively resulting in
Si-Ti layered oxides (Si-Ti LO). The Si-oxide is not a pure oxide
as it contains an alkyl amine organic component linked by Si-C
bond. The alkyl-amine moiety is also used for catalyzing the
process acting as Lewis base catalyst as well as proton scavenger
for taking advantage of the HCI evolving in situ during the
coupled TiO, ALD promoting acid catalysis. Overall, the Si-Ti
LO film synthesis featuring the two components is co-catalyzed
by acid-base in tandem. This approach overcome the limited
gas-phase reactivity of alkoxy-silane precursors for the SiO,
component which hampered the successful application of these
methods so far for preparing Si-Ti oxide layered films by vapor
phase techniques. This approach is different from previously
reported MLD-ALD processes where the components are
deposited independently. We therefore term it as catalytic
tandem M/ALD process (CT-M/ALD). In the context of MLD,
organic-inorganic hybrid thin films constitute a particularly
interesting material family as the compositional synergies
achieved by a hybrid framework combine with the flexibility of
tuning the dimensions of the inorganic and organic material
domains on the nanoscale. The synthesis of such hybrid
organic-inorganic thin films structures requires a precise
atomic level control over the chemistries that determine the
organic-inorganic interface structures upon the film growth.
The organic parts of the MLD film can be retained as structural
component of the film to introduce structural flexibility and
functionalities or utilized as a sacrificial component. Additional
strategies to tune the properties of the hybrid films involve post
deposition thermal treatment (calcination) to form crystalline
metal (M)-oxide/carbon composite films. The molecular
constituent (R) can be embedded in the hybrid film in various
modes, for example:

(i) -M-O-(R)-O-M-, as in hybrid organic-inorganic thin
films, also called metalcones, such as alucone (TMA-EG),"” and
titanicone (Ti-EG).*® In this mode, for example, the ethylene
glycol (EG) molecule contains two hydroxyl groups separated by
a carbon chain that serve as reactive linkers leading to hybrid
organic-inorganic materials. Thermal processing of hybrid
organic-inorganic Ti-EG films was previously demonstrated as
a versatile method for controlling the reactivity of TiO, by
intentional introduction of electronic defect states, doping, and
band positions adjustment.**"**

(ii) -O~(M-R)-O-(M')-O, where the molecular component R
is directly attached to the metal, M, introducing a metal-carbon
(M-C) bond which can be used in the post-deposition calcina-
tion resulting in decomposition of the organic components to
form graphitic phase and/or as an embedded redox-active
component, depending on the processing conditions.

In this study we focus on (ii), where M = Si and M’ = Ti by
developing a new type of catalytic tandem M/ALD process to
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Fig. 1 (a) CT-M/ALD deposition of Si-Ti LO films depicted with DM-
APTMS & H,O (MLD) and TiCly & H,O (ALD) precursors, respectively.
Where m and n indicate the number of repetitions of the MLD (SiO,)
and ALD cycles (TiO,), respectively, and L represent the number of
repetitions of the super-cycle. (b) Silane precursors studied, (c) optical
properties of Si—Ti LO films. Refractive index of as-deposited films
measured at 650 nm for m : n MLD : ALD super-cycle for increasing
TiO, (O), and SiO, ([0) repetitions, respectively, in the super cycle (L =
120). The line presents a linear fit obtained for increasing TiO, repe-
titions data, y = 2.133x + 1.36(1 — x) with R? = 0.99.

achieve Si-Ti LO thin films with the following structure, [O,~
(Si-R)],,-[O—(Ti)-],—O, where R = alkylamine, and m, n are the
number of MLD, ALD steps applied in each super cycle repeti-
tion, respectively, using various silane precursors (see Fig. 1a
and b). The thin films obtained consist of well controlled ratio
of the hybrid silicon oxide component featuring a Si-C bond,
resulting in a sub-oxide form, [SiO,] where x < 2. The titanium
oxide phase, formed by ALD, is in the stoichiometric form,
[TiO,]. Upon thermal processing under inert atmosphere, such
as argon, the following internal rearrangement takes place:
[SiO,]; [TiO,] — [SiO,); [Ti,O(n-1))- Phase transformations
between different oxide phases depends on the thermodynamic
driving force that can be evaluated by Ellingham diagrams. The
thermodynamic driving force for this transformation is high
from the corresponding Ellingham diagram for Ti and Si oxides.
However, this does not provide information regarding the
kinetic aspects of the process and barriers involved in such
transformations. It is known, for example, that transformation
from Ti,O;3 to TiO is kinetically limited as it requires major
reconstruction of the lattice. In contrast, the reduction of TiO,
to Ti,O3, for example, is relatively facile because the rutile
structural motif is conserved. Furthermore, Magnéli phases
typically consist of slabs of rutile structural motifs, separated by
oxygen-deficient shear planes.”® Here we demonstrate the
introduction of the relatively labile Si-C bond to facilitate the
kinetics of the phase transformations, and also results in the
formation of graphitic phase as a by-product.

2. Experimental section
2.1 Tandem M/ALD

Si-Ti LO thin films were prepared using TiCl, (Acros, 99.9%),
N,N-dimethyl-3-aminopropyl trimethoxysilane (DM-APTMS)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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from Gelest, N,N-diethylaminomethyl trimethoxysilane (DE-
AMTMS) from Gelest, (3-aminopropyl)trimethoxysilane
(APTMS) from Aldrich, tetramethyl orthosilicate (TMOS) from
Sigma-Aldrich and ultra-pure water (>18 MQ, ELGA purification
system). Ultra-high purity Ar gas was used as the carrier gas and
purge in a hot wall reactor. The duration of precursor dosing
was controlled using computer controlled pneumatic valves
with a steady state working pressure of 1.5 x 10~' mbar
maintained during the process.

The process consists of two parts:

(i) MLD deposition of SiO, with a Si-C bond, where ‘x’ is
indicating a non-stoichiometric oxide phase using alkoxysilane
and water termed here MLD cycle, repeated (m) times.

(ii) ALD deposition of TiO, using TiCl, and water termed
here ALD cycle, repeated (n) times.

Film deposition consisting of the two parts, (i) followed by
(ii) is termed a super-cycle, repeated (L) times (Fig. 1a and b).
Unless otherwise mentioned, typically L = 120 M/ALD cycles for
the Si-Ti LO films used for characterization and analysis. The
optimized conditions were determined by attaining saturation
in film thickness with complete surface reaction in the exposure
step and complete removal of volatile residues in the purge step
to avoid side-reactions. DM-APTMS, TMOS and APTMS kept at
oven set to 80 °C. DE-AMTMS kept at oven set to 95 °C. The
sample temperature was set to 153 °C unless otherwise
mentioned. Si-Ti LO films prepared by DM-APTMS, TiCl, and
water were processed under Ar atmosphere at different
temperatures for 20 minutes, termed here film calcination.

2.2 In situ quadrupole mass spectroscopy

The volatile fragments released during Si-Ti LO M/ALD process
were characterized by in situ quadrupole mass spectroscopy,
SRS CIS 300, with electron multiplier detector.

2.3 XPS measurements

X-ray photoelectron spectroscopy (XPS) data was collected with
a Kratos Axis Ultra X-ray photoelectron spectrometer. Spectra
were acquired with monochromatic Al Ko radiation.

2.4 Raman measurements

Raman spectra were collected on a Renishaw inVia (Glouces-
tershire, UK) Raman spectrometer, operated as follows: Ar" laser
(514.5 nm), 50x magnification.

2.5 Four-point probe sheet resistance measurement

Sheet resistance was measured using four-point probe setup
(Jandel, RM3-AR).

2.6 Ellipsometry

Refractive index and optical thickness of the films were
measured by spectroscopic ellipsometry. Measurements were
performed using variable-angle spectroscopic ellipsometry
(VASE) at wavelengths from 300 nm to 900 nm. Cauchy
modeling was adopted to extract film thickness and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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refractive index at 650 nm considering low energy regime
without absorption.

2.7 X-ray diffraction

Rigaku SmartLab X-ray diffractometer (Cu Ko radiation (1 =
1.54 A), 40 kV and 30 mA) was used to evaluate the oxide crys-
tallinity and phases. The diffractometer was operated at a low
angle of incidence (« was set to 0.5°), i.e., grazing incidence X-
ray diffraction (GIXRD) geometry was used.

2.8 Scanning tunneling microscopy and spectroscopy

The tunneling spectra were acquired using a home-built room-
temperature STM and a Pt-Ir tip. The STM topographic images
were typically measured with sample-bias and current set values
of V=2V and I = 1 nA, whereas the tunneling I-V curves were
acquired with set values (before disabling the feedback loop for
spectrum acquisition) of I = 1 nA and at variable voltages to
confirm that the apparent gaps do not depend on the setting.
Band gaps were determined form the difference between the
voltage values at which the tunneling current onset was ob-
tained at positive and negative sample bias voltage.

2.9 Conductive atomic force microscopy

The C-AFM data were taken using a commercial (NT-NDT Nte-
gra) AFM system with metal (TiN and TiPt) coated silicon tips.
Here, current maps and topographic images are acquired
simultaneously several mm from the Au electrode, both in the
contact (constant-force) mode.

3. Results and discussion
3.1 Optical properties of as-deposited Si-Ti LO thin films

The refractive index was obtained by spectroscopic ellipsometry
for Si-Ti LO films deposited with varying Ti (n repetitions) to Si
(m repetitions) in the super cycle repeated (L = 120) (Fig. 1c).
The graph presents the measured refractive index vs. number of
ALD cycles normalized to the sum of the ALD and MLD cycles in
the tandem process, showing a linear correlation for the range
1.75 to 2.13. In this range, where TiO, repetitions is increased
(n), the Si-Ti LO films exhibit tunable refractive index corre-
sponding to the Si-, and Ti-oxide fraction of the film. The
measured refractive indices of the nanocomposite films (data
presented in Fig. 1c) was accounted for by considering the
weighted contribution of the SiO, and TiO, phases according to
the n, m dose in the CT-M/ALD process (eqn (1)):

n n
M(si-Ti LO) = NTio, —— +nsio, | 1 — wrm) (1)

where nrjo, = 2.13 obtained from the linear fit match the
refractive index for pure TiO, deposited by ALD, m = 0, in
agreement with an amorphous TiO, thin film,* and ngjc_= 1.36
obtained from the linear fit correspond to the refractive index of
SiO,. The results obtained are in good agreement with the linear
model (R*> ~ 0.99) demonstrating continuous tuning of the
refractive index which directly correlates with the M/ALD super-
cycle details, allowing the formation of refractive index

RSC Adv, 2021, 11, 35099-35109 | 35101
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gradients along the film cross-section in a straight forward
manner while utilizing the unique characteristics of MLD and
ALD for coating non-planar and possibly porous surfaces. The
refractive index is matched by setting the stoichiometry of Si- to
Ti-oxide phases simply by selecting the MLD to ALD proportion
in the CT-M/ALD super cycle, with low and high refractive index,
respectively.

3.2 Electrical properties of calcined Si-Ti LO thin films

Tailoring the electronic and optical properties of mixed oxide
films often involve varying film composition by post deposition
treatment under various conditions.”**® The catalytic tandem
M/ALD process studied here was used to prepare Si-Ti LO films
that were thermally treated under Ar atmosphere (calcined)
resulting in films exhibiting an insulator to semiconducting
characteristics. During heat treatment under Ar atmosphere the
resulting Si-Ti LO films gain electrical conductivity with tunable
conductivity in a wide range spanning over several orders of
magnitude (Fig. 2a). The resistivity of calcined Si-Ti LO films
with one MLD cycle (m = 1) and increasing number of ALD
cycles (n) decreased up to n ~ 3 or 4, depending on the post-
deposition processing temperature and showed no further
significant decrease for higher number of ALD steps in the
super-cycle sequence (Fig. 2a). Increasing the number of ALD
cycles changes the proportion of the TiO, phase to the SiO,
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Fig. 2 Evolution of various physical properties of Si-Ti LO films
calcined under Ar atmosphere. (a) Resistivity of Si-Ti LO films vs. M/
ALD super-cycle details (m =1, n = 1 to 5), (b) comparison of resistivity
of Si—Ti LO films, Ti-EG and Ti—-EG-TiO, films calcined under Ar
atmosphere, (c) Raman spectra for various treatment temperatures,
and (d) intensity ratio of D to G Raman bands and conductivity vs.
calcination temperature (m = 1, n = 5). DM-APTMS precursor used to
deposit Si—Ti LO films.
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phase in the film. When the composite films were calcined
under Ar atmosphere, sub-stoichiometric metallic-like (TiO,)
phases were formed. This observation is in accord with ref. 27
reporting the formation of metal-like (TiO,) thin films, resulting
in conductive films by thermal processing in Ar atmosphere
films deposited by pulsed laser deposition. The conductivity
trends upon thermal processing were further studied for other
type of organic-inorganic hybrid films prepared by MLD, such
as Ti-EG (titanium-ethylene glycol). This allows to compare the
conductivity changes upon thermal treatment for Ti oxide
organic hybrid thin films and the Si-Ti LO films where, in
addition, a Si-C bond is introduced to promote internal Red—-Ox
processes between the Si- and Ti-oxide layered oxide
components.

The resistivity Si-Ti LO films with m = 1 and n = 5, Ti-EG,
Ti-EG,,—4(Ti0,),—5, and pure TiO, films were studied for
various processing temperatures in the range of 450-1050 °C
under Ar (Fig. 2b). All properties were measured after the
samples were processed at the specified temperature and cooled
to RT under Ar to avoid additional processes. Ti-EG films were
prepared by MLD process of TiCl, and EG, whereas Ti-
EG,,—4(TiO,),—s films were prepared by MLD-ALD process of
TiCly, EG and H,O0. Pure TiO, films calcined in the range of 450-
1050 °C exhibit high resistance, above the contact limit of our
measurement setup, and therefore sheet resistance values could
not be measured. Ti-EG films calcined in Ar gave the resistivity
in the range of 36-0.14 Q cm showing a decreasing resistivity
trend with increased temperature, where resistivity values for
Si-Ti LO with m = 1 and n = 5 resulted in the lowest resistivity
for all temperatures, and Ti-EG,,—1(TiO,),—s films showing the
highest values (Fig. 2b). The decrease in resistivity between the
three types of films spanning over several orders of magnitude
for each calcination temperature can be attributed to the
evolution of oxygen deficient titanium oxide (TiO,) and to the
formation of a graphitic phase by thermal decomposition of the
organic part of the film under Ar. This result agrees with the
range of resistivity and the conclusion reported by Aziz et al. for
pyrolysis of Ti-GL (glycerol) films under Ar atmosphere at
similar range of temperatures.”® Combination of Ti-EG and
a TiO, films [Ti-EG,,—1(TiO,),—5] show higher resistivity than
Ti-EG films at the whole range of processing temperatures. This
result can be accounted by the fully oxidized TiO, which is an
insulator with a reported resistivity in the order of ~10° to 10°
Q cm at room temperature for the rutile phase.>® Si-Ti LO films
prepared with m = 1, n = 5 showed lower resistivity (higher
conductivity) for all temperatures studied. In order to obtain
further insight regarding the low resistivity of these films,
Raman and XPS analysis were applied. Raman spectra of Si-Ti
LO films prepared with m = 1, n = 5 revealed characteristic D
and G bands at 1350 cm ™" and 1605 cm ™" respectively (Fig. 2c).
The intensity ratio between D and G bands usually reflects the
graphitic ordering. Analysis of D and G bands in Si-Ti LO films
with m = 1, n = 5 following calcination under Ar atmosphere
shows D/G band ratio that increases with processing tempera-
ture, and above 850 °C the D/G ratio exhibits a slight decrease in
contrary to a sharp increase in the conductivity (Fig. 2d).
Generally, the electrical conductivity is proportional to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphitization degree of the material and the G band intensity is
a measure of the degree of graphitization. However, for Ar
processed Si-Ti LO films the electrical conductivity of the film
has a complicated correlation with D/G ratio which is not
explained by considering only the graphitic phase since addi-
tional conductive phases are involved, as further demonstrated
below.

3.3 Electrical properties of calcined Si-Ti LO thin films
studied by scanning tunneling spectroscopy (STS)

Spatially resolved tunneling spectra were measured at various
locations on each sample and correlated with the macroscopic
data obtained by optical absorption spectra of the same thin
films (Fig. 3a-d). In particular, the spatial distribution and
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Fig. 3 Typical tunneling /-V curves for calcined Si—Ti LO films (m =1,
n=>5,L =120, DM-APTMS). (a, b) Film calcined at 550 °C, red traces, R,
=335 kQ sq~ %, and at 750 °C, blue traces, R = 125 kQ sq~?, respec-
tively. Two types of -V characteristics were found on different regions
of the samples, showing gaps of around 2.8 eV (a) and gapless
metallic-like behavior (b). Inset of (a) portrays a 300 x 300 nm? STM
topographic image of the sample calcined at 550 °C. Inset of (b)
depicts a 2 x 2 pm? AFM image of the sample calcined at 750 °C. Full
color scale in both images is 10 nm. (c, d) Typical tunneling -V
characteristics measured on a sample of sheet resistances, R = 4.47
MQ. Three types of spectra were found, on spatially separated regions,
showing: (c) gaps of sizes ~3.2 eV (green and blue curves), gaps of
sizes ~1.8 eV (red, orange, magenta curves); and (d) gapless metallic-
like behavior. Optical BGs determined for films calcined at 850 °C, (e)
optical BG values determined for (im =1, n =1to 6, L = 120, DM-
APTMS), and (f) typical Tauc plot analysis presented for (m=1,n=4,L
= 120, DM-APTMS) from which the BG values were determined.
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abundance of band-gaps (BGs) extracted from the STS data are
compared with those manifested by the optical spectra showing
dual BG structure (Fig. 3e and f). Such comparison is important
for two main reasons. First, the tunneling spectra measure the
fundamental (single-particle) BG because the conduction and
valence bands are monitored separately, while optical absorption
spectra measure the excitonic BG that is usually smaller than the
fundamental gap due to the electron-hole Coulomb interac-
tion.**** Therefore, and quite importantly, this interaction energy
can be estimated by comparing the two measured gaps. Second,
as mentioned above, the spatially resolved tunneling spectra can
shed light on the origin of the dual gaps suggested by the optical
absorption data that average over the whole sample. STS
measurements on two samples calcined under Ar, (Rs; = 335 kQ
sq " and 125 kQ sq ') exhibited two types of I-V characteristics;
one showing a clear gap of ~2.8 eV and the other a metallic,
gapless structure (Fig. 3a and b). The abundance of the gapped
areas reduced with increasing film conductivity. Interestingly, the
spectra measured on the R = 335 kQ sq~ ' sample suggest that it
is n-type doped, as the chemical potential (zero-bias) is shifted
towards the conduction-band edge (onset of current at positive
sample bias). Data measured on a more resistive sample (R =
4.47 MQ sq 1), reveal three types I-V characteristics on spatially
separated regions. Most of the sample area shows I-V curves with
gaps of two sizes, ~1.8 eV and ~3.2 eV (Fig. 3c). This is consistent
with the optical band gap details revealed by the optical
absorption measurements (Fig. 3e and f). However, metallic-like
(gapless) regions were also found (Fig. 3d), similar to previous
studies on VO, that indicated the existence of metallic ‘pockets’
in the insulating phase.’**

3.4 Electrical properties of calcined Si-Ti LO thin films by
conductive atomic force microscopy (C-AFM)

C-AFM provides information on the local electrical transport
properties and thus yields further insight into the spatial
distribution of areas of different conductivities within the
sample. In C-AFM, the current between a conductive tip and an
external electrode deposited on the sample surface is measured
along with the topography (Fig. 4), and the obtained current
maps resolve the preferred current paths.***® Fig. 4a portrays
the C-AFM measurement configuration applied here, in which
current between a conductive tip and a pre-fabricated Au elec-
trode is measured (as a function of tip bias, V3) along with the
topography. Typical results acquired from the R = 335 kQ film
are presented in Fig. 4b (topography) and Fig. 4c (current maps
at Vp = 2 V). The current maps are further analyzed in Fig. 4d.
The C-AFM data are consistent with the STS results, the former
showing distribution in the local conductivities while the latter
demonstrating a distribution in the BG values and metallic-like
regions. It should be noted, however, that the nature of two data
sets is fundamentally different and therefore they are comple-
mentary to one another. STS is a predominantly surface-
sensitive method, yielding information on the local surface
density of states and thus the local BGs whereas C-AFM moni-
tors also the sample's interior properties as the current from the
tip to the external electrode can flow also there.
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Fig. 4 Conductive atomic force microscopy measurements (C-AFM).
(@) Scheme of the measurement configuration — current between
a conductive AFM tip and an external (Au) electrode is measured along
with the topography. (b and c) C-AFM measurement of the Ry = 335 kQ
sq~! sample with tip bias Vg = 2 V. The topographic image is presented
in (b) and the corresponding current map in (c). Scan size is 1.5 x 1.5
um?. (d) Conductive area percentage showing currents larger than
a cutoff value /... Metal electrodes were evaporated after the thermal
processing step. Samples were measured at RT after calcination of the
Si—Ti LO films (m =1, n =5, L = 120, DM-APTMS).

3.5 Chemical composition and species of calcined Si-Ti LO
thin films studied by X-ray photoelectron spectroscopy (XPS)

XPS was applied to study the chemical composition of the Si-Ti
LO films after thermal processing under Ar atmosphere. All
measurements were performed under vacuum at RT. Decon-
volution of O1s and Ti2p peaks to TiO,/Ti2p species showed
value of ~2 in the calcination temperature range of 450-
1000 °C, as expected for the TiO, phase (Fig. 5a-c). In contrast,
increasing atomic ratio of O1s{Si-O-Ti}/Ti2p species imply the
evolution of an additional oxide phase (Fig. 5c). Analysis of the
conductivity of Si-Ti LO films with m = 1, n = 5 vs. the atomic%
ratio of O1s{Si-O-Ti}/Ti2p reveals two regimes associated with
the calcination process and the stoichiometry of the film. Below
850 °C the conductivity increases slightly with temperature and
from 850 °C and above the sharp increase in conductivity cor-
responding to stoichiometry ratios of ~1.5-1.6 for O1s/Ti2p
indicate that the conductivity mostly affected by the formation
of sub-stoichiometric TiO, (1.5 < x < 1.6). Formation of oxygen
deficient TiO, from TiO, can be explained by loss of oxygen to
the Si phase by internal redox reaction as further discussed
below by considering the Si2p XPS data. Lakshmi Nagarajan
et al. reported oxygen deficient gallium oxide, GaOx, with
insulator-metal transition upon heating associating the
conductivity jump observed to internal redox disproportion-
ation reaction.*® The internal redox reaction between the Si and
Ti explored by XPS characterization of Si-Ti films with m =1, n
= 5 on sapphire (Al,O3) substrate to avoid background signals
from the sample substrate. Deconvolution of Si peak reveal Si in
oxidation states of Si** at BE of 102.5 & 0.2 eV and Si*" at 103.4
=+ 0.2 eV (Fig. 5e). XPS analysis of the relative contribution of the
Si species reveal that up to 850 °C most of the film consist Si**
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Fig. 5 XPS analysis for Si—-Ti LO films after calcination at specified
temperatures under Ar measured under vacuum at RT. (a) Ols XPS
spectra (b) Ti2p XPS spectra (c) O1s{TiO,}/Ti2p atomic ratios of indi-
cated species vs. temperatures. (d) Film conductivity vs. O1s{Si—-O-Ti}/
Ti2p ratios. (e) Si2p XPS spectra (f) relative contribution of Si** and Si**
species. Si—Ti LO films (m =1, n =5, L = 120, DM-APTMS).

(Si,03) (Fig. 5f). However, above 850 °C Si*" (SiO,) species
contribution increased markedly and Si*" species contribution
decreased dramatically with most of the film consisting of SiO,
following calcination at 1050 °C. The oxidation state of silicon
in films after calcination at high temperatures under Ar suggest
that SiO, phase, which has a labile Si-C bond, where the
alkylamine functionality links, functioning as a reducing agent
while TiO, act an oxidant resulting in formation of sub-
stoichiometric TiO, phases. Hence, the higher conductivity of
the Si-Ti LO films following calcination above 850 °C was due to
the formation of sub-stoichiometric oxides of titanium, also
commonly referred to as Magnéli phases and have the formula
Ti,0,,—1 where n is an integer of 4 or more. Examples of sub-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stoichiometric oxides of titanium include Ti O, Ti5Oy, TigO1,.%
Upon thermal processing under inert atmosphere, the following
internal rearrangement takes place: [SiO,]; [TiO,] — [SiO,];
[Ti,Opn-1)] and formation of an additional graphitic phase
resulting from the decomposition of the alkyl substituent.
Further crystallographic and Raman analyses presented below
support this conclusion.

3.6 Crystal phases of calcined Si-Ti LO films

X-ray analysis showed TiO, anatase phase (ICDD PDF#01-070-
6826) for Si-Ti LO films with m = 1, n = 5 calcined below
1050 °C under Ar atmosphere. All films exhibited polycrystalline
nature with slightly different degrees of orientation with
increasing temperature. Films processed at 1050 °C, displayed
Magnéli phases (Ti,O,, 1, 4 < n < 10), the diffraction peak
positions were consistent with Ti,O, (ICC PDF#00-050-078) and
TigO;; (ICDD PDF#00-050-0788). Because of the wide line
broadening (most probably due to small crystallite size) and
peak superposition it is rather difficult to identify the specific
Magnéli phase based on XRD pattern alone. Both XPS and
Raman analysis suggest the formation of Magnéli phase at
lower temperatures, below 850 °C (Fig. 5c and 6b), however
those are not detectable by XRD until large enough crystallite
formed at 1050 °C. To elucidate the Magnéli phase for Si-Ti LO
thin films calcined at lower temperatures, where the application
of X-ray diffraction may be limited, the films were studied using
Raman analysis in the wavenumber region ranging from
100 cm™* to 900 em ™. TiO, anatase show six active Raman
modes (A + 2B, + 3E;) and three infrared (IR) active modes
(Ayy + 2E).** In rutile TiO, four vibration modes (A4 + Byg + By
+ Eg) are Raman active and four vibration modes are IR active
(Azy + 3E).%° In Fig. 6b, the peak at 146 cm™ ' corresponds to
anatase E, and the peak at 610 cm™' corresponds to rutile A,
mode. The E, mode is associated with planar O-O interactions
while A;; and B;; modes originate from Ti-O stretching
modes.”” A broad peak appeared approximately at 260 cm ™' (E)
revealing a defect induced disorder due to oxygen deficiency.*®
All films shows a peak at 260 cm ™', it corresponding to the re-
ported band for Magnéli phase.* A strong peak at 420 cm ™ for

254 (b)
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Fig. 6 (a) X-ray diffraction (GIXRD) and (b) Raman spectra for Si—Ti LO

films calcined under Ar at the specified temperatures. Samples were
measured at RT after calcination of the Si—-Ti LO flms(m=1,n=5,L =
120, DM-APTMS).
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all post-deposition processing temperatures was attributed to
the TigO,; Magnéli phase.” The sub-stoichiometric Magnéli
phases of titania show higher electronic conductivity.” We
suggest that the formation of conductive phases in relatively low
temperature owing to the layer structure of the films obtained
by the M/ALD process where Si act as a reducing agent and
catalyzed stoichiometric titanium dioxide to Magnéli phase
formation by internal redox reaction. The film conductivity
increases sharply for temperatures 850 °C and higher, sug-
gesting that both the formation of TigO,; Magnéli and graphitic
phases are important for the overall conductivity of the films.

3.7 Deposition characteristics of Si-Ti LO films for 1: 1
MLD : ALD super cycles

The M/ALD process was optimized for four types of silane
precursors, DM-APTMS, DE-AMTMS, APTMS, and TMOS (opti-
mized process parameters are provided in the ESI, Table S17).
These amine silane precursors were selected for elucidating
mechanistic details of the CT-M/ALD process. DM-APTMS and
DE-AMTMS contains propyl and methyl linkers between the
amine and -Si functionalities, respectively, allowing to compare
inter vs. intra-molecular amine assisted catalysis. DM-APTMS
and APTMS contains tertiary vs. primary amine functionality,
and TMOS contains no amine functionality. Ellipsometry
measurements of the optimized M/ALD processes showed
linear film growth with M/ALD cycles (L) for all silane precursors
studied for both MLD and ALD processes (Fig. 7a). Growth per
cycle (GPC) values for the tandem M/ALD processes were 2.40 A
per cycle for DE-AMTMS, 1.90 A per cycle for DM-APTMS, and
1.80 A per cycle for APTMS compared to TMOS with 0.75 A per
cycle, showing a substantially lower value (Fig. 7a and b). In ALD
and MLD processes, GPC values are determined by multiple
factors including completeness of surface reactions, molecular
orientation at the surface, packing, tilt, double surface reac-
tions, etch and desorption, and steric hindrance by bulky
organic precursors.*” The GPC values obtained for the precur-
sors studied here point at the role of the embedded amine
functionality present in the first three precursors, acting as
a Lewis base catalyst in the film deposition process in contrast
to TMOS, where no amine functionality is present and a much
lower GPC value was obtained. Additionally, the GPC values
follows the amine basicity trend with higher basicity of the
dimethyl amine in DM-APTMS resulted in higher GPC value
compared with APTMS. The amine functionality forming
possibly both intra- and inter-molecular Lewis acid-base
interactions that catalyze the alkoxysilane condensation and
hydrolysis reactions and overall, the film growth. Under acidic
conditions, such as present in the in situ formation of HCI by
hydrolysis of TiCl,, acid-base catalytic reactions take place as
well. For the DE-AMTMS precursor the amine is linked to silicon
through a methylene bridge which allows the catalysis to occur
only through inter-molecular interactions since intramolecular
coordination of N: to Si is not accessible. Additionally, the short
linkage of the base functionality in DE-AMTMS decreases the
probability of steric hindrance, tilted molecular orientation,
and self-coordination towards Si, making this moiety more
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Fig. 7 Si—Ti LO M/ALD process. (a) Thickness vs. cycles (marker size
represent experimental error limit) {y = 2.4x, R? = 0.95 for DE-AMTMS,
y =2.1x, R? = 0.99 for DM-APTMS, y = 1.9x, R? = 0.99 for APTMS, y =
0.9x, R? = 0.99 for TMOS} and (b) growth per cycle (GPC) comparison
for DE-AMTMS, DM-APTMS, APTMS and TMOS for 1:1 MLD : ALD
process. (c—f) In situ quadrupole mass spectroscopy (MS) for M/ALD
film deposition. Methanol signal (m/z = 32) shown for silane step (P1),
H,O after silane step (P2), TiCl, step (P3) and H,O after TiCly step (P4)
for (c) DM-APTMS, (d) APTMS, (e) TMOS and (f) DE-AMTMS. Processes
performed at 85 °C (stack-bar graph presentation).

efficient for retaining protons at the surface, and possibly
yielding the higher GPC value.

Catalytic ALD was previously reported for lowering in the
deposition temperature of SiO, by ALD by the addition of
ammonia vapor as Lewis base catalyst.* Furthermore, self-
catalytic ALD of SiO, using an embedded amine functionality
was reported by Julien Bachmann et al., where (3-aminopropyl)
trimethoxysilane was used for film growth.'® It was demon-
strated that the Lewis base function as catalyst in the process,
however the report could not determine if the main mode of
catalysis is of inter- or intra-molecular nature. Our results
suggest that the inter-molecular path is dominant for DE-
AMTMS. Furthermore, MLD alone, without ALD process of
TiCl, and water under the same conditions resulted in a thin
layer with approximately constant thickness of 14 A, 13 A and
3.5 A for DM-APTMS, APTMS, and DE-AMTMS respectively,
regardless of the number of MLD cycles applied. The constant
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thickness and lack of linear film growth with number of cycles
for MLD-only process suggest that the reactivity of DM-APTMS/
APTMS/DE-AMTMS and H,O alone is not sufficient for film
growth under these conditions and that the acidic HCI evolved
in the ALD step catalyze the synthesis, establishing the acid-
base catalysis mechanism. This result is in agreement with the
solution phase the hydrolysis and condensation of silanes
which does not go to completion even with addition of an acidic
catalyst.** Similarly, it is reasonable to assume that for the vapor
phase process some fraction of the methoxy groups of the
alkoxy silane precursor is hydrolyzed leaving some non-
hydrolyzed groups when exposed to the water vapor. Such
partial hydrolysis reactions result in lower GPC values since the
silane precursor having non-hydrolyzed methoxy groups result
in non-active surface sites that cannot contribute to the overall
growth of the film.

The CT-M/ALD process was further characterized by in situ
quadrupole mass spectroscopy (MS) by monitoring the meth-
anol fragment (m/z = 32) signal during the CT-M/ALD processes
indicative of the hydrolysis of the methoxy-Si functionality used
as the siloxane precursors. In situ MS data was collected for
multiple consecutive repetitions of the CT-M/ALD cycles
showing consistent profile for each (Fig. 7c-f). For DM-APTMS,
APTMS and TMOS low levels of methanol obtained in the first
exposure step, P1, (silane exposure) (Fig. 7c-e) attributed to
residual hydrolysis of the methoxy groups by hydroxylated
species at the surface. In the following step, P2, the exposure of
H,0 resulted in increased methanol level indicating further
hydrolysis during the film growth in this step. Traces of meth-
anol were observed following the TiCl, exposure, P3, suggesting
that the protons (HCI) released from the hydrolysis of Ti-Cl
contribute to the catalytic hydrolysis and condensation reac-
tions as expected for acid catalysis. In the last step, P4, the
exposure of H,O significant methanol signal is obtained which
referred to the hydrolysis of the silane methoxy groups
following the adsorption of protons resulting in the overall
acid-base catalysis. In all deposition steps the increasing in
methanol signal trend followed TMOS, APTMS and DM-APTMS
suggesting that the amine functionality assist in film growth by
acting both as a Lewis base in the MLD step and as a proton
sponge in the ALD step. In contrast, M/ALD supercycle with DE-
AMTMS resulted with a different fingerprint of the methanol
signal for P1-P4 process steps. The highest methanol levels
were measured at P1 with significantly lower levels for P2-P4.
Hence, most of the hydrolysis occurs at the MLD step when at
P1 most of the methoxy groups hydrolyzed. This result suggests
a different reaction profile for M/ALD using DE-AMTMS
compared to the other amine alkoxysilane precursors where
the amine is linked with a longer molecular chain pointing at
the roles of inter- vs. intra-Lewis-base catalysis promoted by the
amine functionality.

3.8 Deposition characteristics of Si-Ti LO films for m : n M/
ALD super cycles

Films were deposited for various super-cycle sequences by
varying the number of MLD cycles (m) and ALD cycles (n) during

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the growth of the film. Linear increase in film thickness depo-
sition was obtained for various ratios of MLD : ALD (m : n) using
DM-APTMS, TiCl, and water in the range of 4:1 to 1:5 for
m : n, respectively (Fig. 8a). The catalytic tandem M/ALD process
can be used to control the nanocomposite films composition
and properties as demonstrated by further characterization by
XPS surface analysis. Analysis of the incremental GPC change
with number of ALD cycles (n) and number of MLD cycles (),
gave linear trends for all super-cycle processes (Fig. 8b). The
linear increment reflects the relative growth of each of the oxide
phases, TiO,, and SiO,, corresponding to the ALD and MLD
cycle repetition within the process super-cycle. GPC increment
(GPC difference obtained for the process when increasing n to n
+ 1) for TiO, of 0.65 A per cycle is in good agreement with
previously reported values of 0.40 to 0.70 A per cycle at substrate
temperatures of 150-400 °C for purely TiO, ALD results ob-
tained under similar conditions. The GPC increment obtained
for SiO, (GPC difference obtained for the process when
increasing m to m + 1) of 0.48 A per cycles slightly lower than the
pure SiO, GPC reported values (0.6-0.8 A per cycle).'®*45

X-ray photoelectron spectroscopy (XPS) was used to quantify
the atomic composition of the films as a function of various
MLD : ALD (m : n) process parameters (Table S21). N1s XPS
spectra showed two peaks centered at 399.9 and 401.9-402.5 eV
corresponding to non-protonated (free base) and protonated
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Fig.8 Si—TiLO CT-M/ALD form : n processes. (a) Thickness vs. cycles
and (b) growth per cycle (GPC) vs. m cycles of MLD, n cycles of ALD for
M/ALD processes in the range of 4:1to 1:5 (m:n) and for m =
0 (only ALD of TiO,). Marker size represent error limit {y = 0.65x + 1.70,
R? = 0.95 for Ti increment; y = 0.48x + 1.69, R? = 0.97 for Si incre-
ment}. (c) Atomic ratios of Ti and Si species for Si—Ti LO films obtained
by XPS analysis {y = x, R = 0.85 for 1; n; y = 0.05x, R? = 0.93 for m : 1}.
(d) Atomic ratios obtained by XPS for the specified species for Si—Ti LO
films for varying ALD cycles (n) and constant MLD cycle (m = 1).
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amine functionality, with stoichiometric ratio of ~3:7. This
result further supports the role of the embedded amine func-
tionality in retaining the acidic protons evolving as side-
products in the ALD step (Table S2 and Fig. S3i, jf). C1s XPS
spectra showed several peaks with BE corresponding to chem-
ical species of C-O around 286.3 eV and C-H around 285.0 eV
which correspond to the carbon present in the methoxy and the
propyl functionalities of DM-APTMS precursor, respectively.
Additional small peak at 288.4-288.8 eV corresponding to O-
C=0 was also observed, possibly due to extrinsic carbon
contamination in the XPS chamber. O1s XPS spectra showed
three peaks centered at 530.0 and 531.2-531.5 and 532.2 eV
corresponding to TiO,, Si-O-Ti and SiO, species, respectively.
The Si-O-Ti species at the two phases interface act as ‘cross-
linking’ bridges between TiO, and the SiO, phases (Fig. S37).
This assignment is in agreement with G. M. Ingo et al., for SiO,~
TiO, systems obtained by sol-gel using TEOS and Ti(OPr').*
Ti2ps/, XPS spectra showed two peaks at 457.4 and 459.0 eV
corresponding to TiO, and TiO, species, respectively with the
Ti** and Ti"* oxidation states with the former found as a minor
component. This assignment of the Ti2p;/, spectra is in good
agreement with Thomas Leichtweiss et al. who studied amor-
phous and highly non-stoichiometric titania (TiO,) thin films.*”
Si2p XPS spectra for all M/ALD ratios were symmetric centered
around 102.7 eV (Fig. S3g and h). This BE is between the typical
literature value for SiO, (103.1 eV) and that of Si O4_(R), (101.8
eV) values corresponding to Si(O),R; species*” and similar to
the BE of poly dimethylsiloxane (PDMS) reported by M. R.
Alexander et al.*® Incrementing the ALD cycle (1) component
within the M/ALD super-cycle gave linear increase in Ti/Si
atomic ratios (Fig. 8c). In contrast, only slight growth of the
SiO, film is obtained for incrementing MLD cycles (m), with
minor Si/Ti increment of only 5% based on atomic ratios
determined by XPS. This result may reflect the lack of available
protons released at the ALD step, required for promoting the
acid catalysis for the complete hydrolysis of the silane and for
attaining high yield film deposition. Varying the composition of
Si-Ti LO films by incrementing the ALD cycles (n) resulted in
a consistent stoichiometric ratio of 2:1 for O1s(TiO,)/
Ti2p(TiO,). Increasing ALD cycles, n, resulted in an increase in
O1s(Si—O-Ti)/Si2p(Si(O);R) ratio from ~1.6 for n = 1 to ~2.4 for
n = 5 (Fig. 8d). These results suggest that increasing the ALD
repeats within the super-cycle sequence afford effective depo-
sition of TiO, layer and an increase in Si-O-Ti bonds at the
interface of the TiO, and SiO, phases. This trend may be related
to the increase in protonation owing to the amine functionality
which promote the hydrolysis of the silane precursor. In addi-
tion, films with 1 : 1 MLD : ALD resulted in stoichiometric ratio
of ~3:2 for O1s(Si0,)/Si2p(Si(O);R). Incrementing the ALD
cycles (n) in this case resulted in a sharp decrease to ~0.5 for 2
ALD cycles following a monotonic increase of O1s(SiO,)/
Si2p(Si(O);R) stoichiometry to ~1 for 5 ALD cycles. The initial
decrease of O1s(Si0,)/Si2p(Si(O);R) stoichiometry suggest the
possibility of siloxane bond cleavage when exposed to the HCI
vapor evolving in the ALD step. The moderate, yet monotonic
increase in the ratio that follows may be related to hydroxyl-
ation, and possibly full hydrolysis of siloxane and Si-OMe
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species in the acidic vapor environment obtained by the
repeating ALD sequence, and evolving HCIL. In addition, the
thicker TiO, layer may act as a passivation layer stabilizing the
film from etching yet promote formation of siloxane bonds by
acid catalysis. To further study this aspects, tandem M/ALD
process was studied by omitting H,O exposure steps and
analyzing the GPC trends obtained (see details in ESI, Fig. S1
and S21).

4. Conclusions

The synthesis of layer-by-layer Si-Ti LO thin films using catalytic
tandem M/ALD methodology was introduced. The layered oxide
films are transformed by post-deposition thermal processing to
the respective nanocomposite oxides while fine tuning the
electronic structure and phase composition. As-deposited Si-Ti
LO films show tunable optical properties with refractive indices
in the range of 1.75 to 2.13 at 650 nm. The refractive index
correlated linearly with the contribution of the low- and high-
refractive index, SiO, and TiO, phases, respectively, in the
nanocomposite oxide film. Thermal treatment of Si-Ti LO films
resulted in conductive films spanning over several orders of
magnitude showing higher conductivity compared with
calcined TiO,, Ti-EG and TiEG,,—1(TiO,),—5 films for all calci-
nation temperatures studied. Raman analysis showed the
presence of D and G bands which indicate disordered carbon
(D) and graphite (G) phases incorporated in the films. In addi-
tion, the low wave-number Raman spectra region exhibited the
presence of conductive Magnéli phase TisO, for all calcined Si-
Ti LO films. The optical and electronic properties of Si-Ti LO
films and films following thermal processing at a range of
temperatures were studied applying both macroscopic (whole-
sample) absorption spectra, four-point SR, and local-probe
(STS, C-AFM) techniques, revealing co-existence of various
phases, including gap-less metallic-like regions and regions
with band-gaps of 1.8 and 3.2 eV. XPS analyses support our
findings showing sub-stoichiometric TiO, that evolved with
post-deposition processing temperature and exhibit Si-O-Ti
species. X-ray diffractograms demonstrated the presence of
a Magnéli phase TigO;; for high calcination temperatures, as
well as the typical peaks for anatase and rutile TiO, phases. We
suggest that the higher conductivities obtained at relatively low
temperatures, such as at 550 °C, is due to the layer structure in
M/ALD Si-Ti LO films that facilitate the Magnéli phase forma-
tion by local Red-Ox reactions taking place between the SiO,—
TiO, phases. Collectively, this work presents catalytic tandem
M/ALD process for the formation of hybrid organic inorganic
Si-Ti LO film with optical and electrical properties tuned by
composition and Si-Ti oxide layer interface engineering. This
work demonstrates the concept of embedding a meta-stable
organic motif by MLD step to facilitate transformation of an
oxide phase by taking advantage of precise layer-by-layer depo-
sition of alternating phases enabled by M/ALD.
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