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ABSTRACT

Titanium oxide-based nanomaterials are nowadays of great interest in various application fields such as optics,
sensing, photocatalysis, and solar cells. Tuning their physical properties by tailoring the geometry or combining
them with different materials further expands their applicability and even allows for the generation of new
functionalities. The materials’ crystalline phase also determines its properties and the crystallization behavior
can be modified by doping or multilayering thin films with various materials. For instance, the combination of
TiOy with silicon dioxide (SiO;) renders these composites ideal candidates for coatings applied in harsh envi-
ronments based on the high chemical and mechanical stability of both materials. Applying such coatings in
optics, sensing, or photocatalysis require accurate prediction of the evolution of their properties and crystalline
phase during heat treatments within the fabrication and application. Herein, we present the fabrication of SiO»-
incorporated TiO3 thin films by supercycle atomic layer deposition (ALD). Specifically, TiO2-SiO2 multilayers
with varying material ratios, TiOg thicknesses, and individual layer numbers as well as SiOy-doped TiO; thin
films are prepared. Their crystallization behavior is studied by in situ X-ray diffraction during thermal annealing.
The structural properties of the composite materials are assessed by X-ray reflectivity, spectroscopic ellipsometry,
and transmission electron microscopy before and after annealing. TiO2-SiO, multilayers show increasing crys-
tallization temperatures from amorphous TiO; to anatase with decreasing TiOg layer thickness from 50 nm to 4
nm and with increasing number of TiO, layers. Their layered structure is retained during annealing while the
interfaces roughen slightly. SiO2-doped TiO3 thin films demonstrate increasing crystallization temperatures with
increasing SiO» contents up to 10 %. The refractive index of these doped structures is tailored by the SiOa
content. Detailed characterization of ALD deposited SiOz-containing TiO» thin films could further expand their
application in the future by precisely adjusting the fabrication process for the desired material properties and
target application.

1. Introduction

and the film’s electronic structure, band gap, and crystallographic phase
transition behavior change depending on the thickness [2,4-7]. The

Nanomaterials have gained significant attention over the past de-
cades due to their unique and tunable properties, which find application
in various technological fields [1,2]. Among these materials, titanium
dioxide (titania, TiO) is a very versatile and promising semiconductor
based on its optical, electronic, and photocatalytic properties [2-4].
TiO4 thin films with layer thicknesses on the nanometer scale feature
increased surface area-to-volume ratios whereby quantum effects occur

crystallographic phase of TiO, — predominantly amorphous, anatase,
rutile, or brookite — determines the materials’ structural and functional
properties, such as mechanical strength, optical properties, and thermal
stability [8,9]. Hence, precise control over the crystallinity is crucial to
tailor the properties of TiOy thin films for the desired application.
Depending on the synthesis method, as-prepared TiO, thin films are
crystalline or amorphous. The latter ones can be transformed into
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crystalline films by post-processing such as thermal annealing. Struc-
tural stabilization of TiO5 thin films upon heat treatments and thus,
modification of the crystallization behavior can be achieved by doping
or multilayering the films with various materials. The incorporation of
foreign atoms locally changes the structure of the TiO thin films and
therefore alters the crystallization process. For instance, doping of TiOy
is reported to shift the crystallization temperature to higher tempera-
tures [10-20]. Moreover, such approach influences the phase transition
dynamics and can, e.g., suppress the phase transition from anatase to
rutile depending on the dopant material and concentration [15-17,20].
Furthermore, the deposition of multilayered structures, where TiO is
alternated with layers of other metal oxides creates interfaces influ-
encing nucleation and growth dynamics [8,11,12,19,21-29]. These
multilayers can control phase transformation processes, promote the
formation of specific crystalline phases such as anatase or rutile, and
tailor microstructural characteristics [8,11,19,22,24,27].

This combinatorial approach of doping and multilayering offers a
versatile platform to further extend and customize the properties of TiOy
thin films to suit the intended application [3]. For example, SiO is an
interesting material featuring a low refractive index at similar high
chemical and mechanical stability as TiOy [14]. Thus, multilayers of
TiO5 and SiO can be utilized in different fields such as optics, sensing,
thermal barrier coatings, or photocatalysis, to name a few [8,19,21,22,
24,25,30-32]. Previous reports about TiO2-SiOy multilayers observed a
thickness dependence of the crystallization temperature on the TiO5 film
thickness ranging from 4 nm to several hundred nanometers [19,21-26].
This correlation arises from the increasing influence of the surface and
interface energies onto the crystallographic phase transition with
increasing surface area-to-volume ratio of the TiO, films, ie., with
decreasing film thickness [19,22]. These studies utilized ex situ char-
acterization techniques after annealing the structures at varying tem-
peratures to investigate the crystallization behavior. To precisely
determine the crystallization onset, in situ characterization during the
thermal annealing would be required but was not reported so far for
TiO2-SiO2 multilayer thin films. Apart from TiO»-SiOy multilayers,
doping of TiO, with SiO, presents another possibility to tune the
temperature-dependent structural properties. Homogeneously doped
films containing TiO, and SiO, showed composition-dependent crys-
tallization behavior [13-18]. The increase of the TiO, crystallization
temperature with increasing SiO» content can be explained by raised
activation energies for the crystallization because additional Si atoms
interact strongly with the TiO, lattice [14,16,18]. However, both types
of SiOy-incorporated TiO; films, i.e., TiO2-SiO2 multilayers and SiOg--
doped TiO,, were prepared by sputtering, sol-gel chemistry, chemical
vapor deposition, physical vapor deposition, or wet-chemical synthesis.
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These deposition techniques face limitations regarding coating con-
formality on complex-shaped substrates and/or precision of the film
thickness control.

To overcome these limitations, atomic layer deposition (ALD) is
utilized in this work to produce TiO,-SiO, multilayers and SiO3-doped
TiOs thin films. ALD is a gas phase deposition technique that allows for
precise thickness control of deposited films on the Angstrém scale
through sequential self-limiting reactions between gaseous precursors
and solid surfaces [33,34]. Thus, three-dimensional or complex-shaped
substrates can also be conformally coated by ALD. Furthermore, the
combination of different materials in one ALD deposition process can be
easily realized by supercycles [34,35]. These supercycles consist of
pre-defined numbers of ALD cycles for the different materials carried out
consecutively as schematically shown in Fig. 1(a). The desired film
thickness per material is obtained by tuning the ALD cycle numbers
within the supercycle. In this way, tailored multilayers can be produced
by alternating the deposition processes for the different materials. On
the other hand, doping of materials is possible by periodically intro-
ducing single ALD cycles of the dopant material into the ALD process of
the host material [36]. Hence, the properties of the deposited material
can be precisely tailored by applying supercycle ALD processes.

Herein, we report on the fabrication of TiO»-SiO, multilayers and
SiOy-doped TiOy thin films via supercycle ALD. The crystallization
behavior of the nanometer thin TiO, films is investigated by in situ and
ex situ X-ray diffraction (XRD) during thermal annealing of the struc-
tures. Specifically, shifting of the TiOy crystallization to higher tem-
peratures with decreasing layer thickness and increasing number of
material interfaces is studied in TiO2-SiOy multilayers. Composition-
dependent crystallization properties are also observed in SiO2-doped
TiOg thin films. In addition, the structural appearance of the composite
materials is characterized by X-ray reflectivity (XRR) measurements
before and after the annealing. Furthermore, cross-section transmission
electron microscopy (TEM) images of TiO2-SiO3 multilayers reveal that
the layered structure is retained but roughened after thermal annealing.
Spectroscopic ellipsometry of SiOs-doped TiO» thin films was used to
investigate the change of the refractive index upon annealing.

2. Experimental section
2.1. Materials

P-doped silicon wafers with native SiO, layers (thickness 1.4-1.7
nm) were supplied by Siegert Wafer (Germany). Titanium tetraiso-

propoxide (TTIP, CAS 546-68-9), tris(dimethlamino)silane (TDMAS,
CAS 15,112-89-7), acetone (CAS 67-4-1), and isopropyl alcohol (IPA,
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Fig. 1. (a) Schematic structure of a supercycle ALD process. The first material (TiO,) forms by reactions of TTIP and Os. The cycles are repeated a times until the
desired thickness is reached. The second material (SiO,) is deposited in b cycles of TDMAS and Os. Both cycles are repeated n times as a supercycle. (b) Composition
of alternating TiO,-SiO, multilayers and the respective cycle numbers a, b, and the supercycle numbers n applied for the samples presented in this publication. (c)
SiO,-doped TiO, thin films are prepared by introducing single SiO- deposition cycles between varying amounts of TiO cycles to achieve different doping ratios. The
process parameters are presented, and the structure of the films on top of a Al,O3-coated substrate is depicted.
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CAS 67-63-0) were purchased from Sigma Aldrich (Germany). Trime-
thylaluminum (TMA, CAS 75-24-1) was supplied by Strem Chemicals
(France). Milli-Q water (> 16 MQ cm, H,0) was used as deionized water
(DI-H20). Oxygen (5.0) and nitrogen (6.0) were received from Westfalen
Gas and SOL, respectively.

2.2. Fabrication

Ti09-SiO2 multilayers and SiO3-doped TiO; films were prepared by
supercycle ALD processes (Fig. 1a). Silicon wafer pieces were cleaned in
acetone and IPA followed by drying under N steam for both sample sets.
TiO4 and SiO2 ALD processes were conducted in a GEMStar XT™ system
(Arradiance, USA) under stop-flow conditions. Both materials were
deposited at 150 °C in a constant Ny flow of 30 sccm. Ozone (O3)
generated by an R-Lab 112 ozone generator (Pacific Ozone, USA) was
utilized as oxygen precursor for both processes. TTIP heated to 80 °C and
TDMAS at 40 °C were used as titanium and silicon precursor, respec-
tively. The pulse, exposure, and purge times of the individual ALD half-
cycle during the TiO2 process were as following: 0.1 s, 10 s, and 30 s for
TTIP and 2 s, 10 s, and 30 s for Os. SiO5 deposition was conducted with
pulse, exposure, and purge times of 0.05 s, 15 s, and 30 s for TDMAS and
2's,40s, and 30 s for O3. The growth per cycle (GPC) was 0.3 A for TiO
and 0.84 A for SiO, deposition in agreement with existing literature
[37-40]. TiO,-SiO, multilayers were deposited on cleaned Si wafers.
The TiO2:SiO, ratio and individual layer thicknesses were tuned by
varying the TiO, and SiO2 deposition cycles (a and b) as well as the
supercycle number (n). All supercycle processes were designed to
receive a total coating thickness of 100 nm. Note, the individual cycle
and supercycle numbers of the samples investigated are summarized in
Fig. 1b. Two different TiO5:SiO5 ratios are deposited to test their effect
on the crystallization behavior based on the different surface
area-to-volume ratio in the layers. A 45 nm pure TiO; thin film was
prepared on a clean Si wafer by applying 1500 TiOy ALD cycles.

SiO9-doped TiOs thin films are fabricated on Si wafer pieces which
were previously coated with 100 nm Al;O3 by ALD as diffusion barrier to
prevent unintended Si-doping of the TiO film by the substrate [41,42].
The alumina ALD process was performed in a home-built ALD system
under stop-flow conditions at 150 °C. TMA and DI-H,0 were used as
precursors with pulse, exposure, and purge times for both of 0.05s, 5 s,
and 45, respectively. 625 cycles were applied to obtain a film thickness
of 100 nm. Deposition of SiO,-doped TiO5 was conducted in the Arra-
diance GEMStar system under the same process conditions as described
above for the multilayer structures. One SiO; cycle was applied within
one supercycle to fabricate SiOy-doped TiOs. To ensure a constant base
layer, 20 cycles of TiO, were applied before starting the supercycle
process. The TiO2:SiO; ratio and number of supercycles were varied to
tailor the SiO, percentage while keeping the total film thickness con-
stant at 30 nm. The process parameters are shown in Fig. lc.

2.3. Characterization

TiO2-SiO2 multilayers and SiOy-doped TiO; films were structurally
characterized by in situ X-ray diffraction (XRD) during thermal anneal-
ing. A Bruker (USA) D8 discover X-ray diffractometer equipped with a
home-built annealing chamber (Ghent University) was utilized. Copper
Ko radiation was applied, and the samples were annealed in ambient air
at a heating rate of 10 °C/min up to 900 °C. In situ XRD scans in the range
of 20° to 40° were taken with an integration time of 15 s. Data pro-
cessing of the in situ data emphasizes signals with low intensities in order
to be able to distinguish them from the background in the color maps.
Occasionally, this processing causes signals at the measuring range’s
edge to be overly amplified. Note, artefacts do not appear in the ex situ
measurements, which serve as control. Before and after the annealing, a
full angle ex situ scan from 15° to 65° with a resolution of 0.05°, an offset
of 5°, and 4 s integration time was taken for each sample. X-ray reflec-
tivity (XRR) patterns of TiO,-SiOy multilayers and SiOp-doped TiO2
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films were measured before and after annealing in a Bruker D8 discover
system employing Cu Ka radiation. XRR measurements were recorded
from 0.2° to 4.0° with a step size of 0.01° and an integration time of 1 s
per step. Transmission electron microscopy (TEM) images of TiO2-SiO;
multilayer cross-sections were acquired with a Thermo Fisher (Ger-
many) Talos F200X in BF and HAADF-Mode. Sample preparation was
done with a Thermo Fisher Helios G3UC Focused Ion Beam (FIB) using a
standard in situ lift-out technique of the FIB lamellae. Spectroscopic
ellipsometry characterization for the SiOy-doped TiO thin films are
carried out with a SENpro ellipsometer by SENTECH (Germany). Spe-
cifically, Cauchy models have been used to analyze Al,O3 as substrate
coating material and SiO2-doped TiO3 films. Atomic force microscopy
(AFM) measurements of SiOs-doped TiOs films were conducted with a
Dimension 3100 Atomic Force Microscope (Bruker, USA).

3. Results and discussion
3.1. TiO,-SiOy multilayers

The crystallization temperature of ALD-deposited TiOs thin films can
be tailored by incorporating SiO; either as TiO,-SiOy multilayer struc-
tures or by SiOs-doping. All films are amorphous after deposition and
annealing is necessary to induce crystallization. Crystallization from the
amorphous TiO, phase into polycrystalline anatase films is observed by
in situ XRD measurements for layer thicknesses between 4 nm and 50 nm
(Fig. 2, left column). Note, silica remains amorphous for all heat
treatments performed in this study in agreement with the literature [21,
43]. For the multilayers, the crystallization temperature T, of TiO2 in-
creases with decreasing thickness of the individual TiO; layers within
the stack. Note, TiO2 layers in both investigated TiO5:SiOy thickness
ratios of 1:1 and 1:4 with varying individual layer thicknesses transform
into anatase. While a crystallization temperature of 405 °C is observed
for the 50 nm TiO, film, it increases up to 475 °C for a TiO,-SiO;
multilayer with 4 nm individual TiO layer thickness as summarized in
Fig. 3. The anatase (101) peak at 25.7° is visible in the in situ XRD plots
at temperatures above the crystallization temperature. The T, is deno-
ted above each plot and marked by a grey line for each sample’s plot.
Increasing the supercycle number n with a fixed total film thicknesses
result in two aspects that affect the crystallization temperature:

First, the individual TiO, thickness per layer is decreasing. Conse-
quently, the interface area-to-volume ratio in these thin films is
increasing whereby the influence of the interfaces becomes more
prominent for the layer’s properties [19,22]. Such a reduction in film
thickness also restricts the crystallite sizes. Hence, it leads to a broad-
ening of the peaks which is particularly visible in the ex situ XRD mea-
surements [7]. By utilizing the peaks’ full width at half maximum
(FWHM), crystallite sizes were estimated from the anatase (101) peak by
the Scherrer equation using a shape factor of 0.9 [44]. The results are
summarized in Table 1 and reveal that crystallite sizes are in the range of
the film thicknesses for layers thinner than 20 nm. The 50 nm thick TiO,
film consists of crystallites with an average size of 25.2 nm. This
observation indicates that for thicker layers (> 25 nm) the crystallite
size upon annealing in our experimental setup is not influenced anymore
by the confinement.

Second, the number of TiO5-SiO interfaces raises which further
enhances the influence of the interfaces onto the properties of the overall
structure [22]. Based on the different interface energies of amorphous
TiO4 and crystalline TiO with amorphous SiO5, Durante et al. calculated
that the crystalline TiO, interface is energetically less favorable [22].
Note, T, for the 2 nm thick TiO, layers could not be clearly determined
from the in situ data and is thus not included in Fig. 3. However, the ex
situ data after the thermal annealing (Fig. 2g) shows a broad peak with
low intensity at 25.8° indicating the anatase (101) peak. Note that the in
situ measured intensity for this peak is below the detection limit of the
XRD setup for such, only a few nanometers thin, film. Follow-up ex-
periments can utilize synchrotron radiation to further quantify the
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Fig. 2. Insitu (left) and ex situ (right) XRD patterns of TiO,-SiO, multilayers. In (a) the XRD patterns of a pure 45 nm TiO,, film as reference are shown. The TiO2:SiO,
ratio is varied between 1:1 (b-d) and 1:4 (e-g) while the total film thickness is kept constant. The TiO, layers crystallize in anatase phase and the crystallization
temperature (marked by the grey line in the in situ patterns) increases with decreasing TiO film thickness. Peak positions for anatase ‘A’ (COD 1,010,942) are shown
in the ex situ patterns in the right column. TiO, layer thicknesses of (b) 50 nm, (¢) 10 nm, (d) 5 nm, (e) 20 nm, (f) 4 nm, and (g) 2 nm are investigated.
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Fig. 3. The crystallization temperature T, of TiO; layers in TiO»-SiO multi-
layers increases with decreasing TiO, layer thickness.

Table 1
Crystallite sizes in the TiO, layers are calculated from the anatase (101) peak
utilizing the Scherrer equation.

TiO; layer thickness /nm FWHM /° 20 /° Crystallite size /nm
4 1.90 25.39 4.7

5 1.52 25.39 5.9

10 0.84 25.50 10.6

20 0.46 25.50 19.3

50 0.35 25.54 25.2

presence of anatase phase in TiO5 layers below 4 nm.

As a control, the pure TiO; layer (Fig. 2a) shows a crystallization
onset at 380 °C. This temperature is even below the measured value for a
50 nm TiO; thin film in a bilayer structure (405 °C). We conclude that
any overcoating of TiO, by SiO affects the crystallization behavior of
TiOs. As explained above, the additional interface energy effectively
hinders the crystallization of the TiO; layer. Hence, the phase transition
in such TiO»-SiO, bilayers needs more energy than in an uncovered TiO5
resulting in a higher T,,.

In general, the TiO2-SiO5 multilayers are structurally stable upon
thermal annealing. The film thicknesses, surface roughnesses, and
interface roughnesses change only slightly after annealing the TiO2-SiO5
stack structures as revealed by the XRR patterns (Fig. 4). The observed
minor modifications are caused by the TiO, phase transition and the
corresponding rearrangement of atoms [17]. For better comparison,

(@) 107
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2104 [\
210° WMA
L] N M A
£ 10%} WA AR
1 01 1 1 ! L L L L

1:1, after annealing
1 cycle
——5cycles

10 cycles

05 10 15 20 25 3.0 35 4.0
28/°

Surfaces and Interfaces 57 (2025) 105696

XRR patterns before and after annealing for each sample are shown in
Fig. S1. The individual XRR plots were not fitted quantitatively due to
the large number of individual layers, which led to a huge dimension-
ality of fit parameters, but the data is compared qualitatively. Oscillation
periodicities increase slightly corresponding to decreasing film thick-
nesses caused by the densification and crystallization of the TiO, layers
into the anatase phase [17]. Minor reductions of the oscillation ampli-
tude after annealing suggest that the interfaces roughen slightly [45].
These results are corroborated by TEM analyses before and after thermal
annealing (Fig. 5) revealing also the thickness decrease and indicating
an increase in the surface roughness.

Specifically, the cross-section TEM images (Fig. 5) demonstrate that
the TiO,-SiOy multilayers retain their layered structure upon annealing.
Analysis of the individual layer thicknesses was performed by using the
software Fiji[46] and the results are summarized in Table 2. Individual
layer thicknesses decrease by below 1 nm after the annealing up to 900
°C and the total film thicknesses reduce between 1.5 nm and 9.7 nm
depending on the TiO2:SiO; thickness ratio and the supercycle numbers.
Furthermore, the TEM analysis supports the ex situ XRD measurements
showing that TiOy and SiO» layers are amorphous before annealing. In
contrast, after the thermal annealing, TiO, layers consist of crystalline
grains with different orientation of the crystal lattices (Fig. 5b). This
again is in good agreement with the multiple anatase peaks observed by
ex situ XRD measurements (Fig. 2).

3.2. SiOy-doped TiO; thin films

It was previously reported that utilization of aluminum-doped TiO,
layers stabilizes the 1D and 3D photonic structures while simultaneously
maintaining the high refractive index of the TiO3 layers [10,11]. This
prework motivated us to study the crystallization properties of super-
cyclic deposited SiO3-doped TiOy thin films. Silica doping of TiO» films
is obtained by applying single SiO2 ALD cycles after a certain number of
TiO4 cycles in supercycle processes. Based on the cyclic nature of the
ALD process, the dopant material SiOs is introduced as sub-monolayers
in between TiO5 layers. Hence, the structure resembles a delta-doped
material characterized by the layered arrangment of host and dopant
material with multiple regions of high dopant concentration within
narrow profiles along the cross-section [47]. When the total film
thickness is kept constant for the ALD process, the SiO, content raises
with the total number of SiO5 cycles within the ALD process. Each SiO,
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Fig. 4. XRR patterns of TiO,-SiO, multilayers before and after annealing demonstrate that the film thicknesses, surface roughnesses, and interface roughnesses
change only slightly. Multilayers fabricated with different ALD supercycle numbers are depicted for TiO5:SiO, ratios of 1:1 (a) and 1:4 (b). Direct qualitative
comparison of the same multilayer before and after annealing is presented in Fig. S1.
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(a) 1:1, 1 cycle (b) 1:4, 5 cycles (c) 1:1, 10 cycles
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after annealing
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= ————

Fig. 5. Cross-sectional TEM images of different TiO,-SiO5 multilayers before and after thermal annealing. TEM micrographs before and after annealing (large images
of a,b and c¢) were taken with an HAADF detector in STEM-mode. Here, TiO, is displayed in light grey while the SiO, layers are dark grey. The TEM images in higher
magnification in (b) are HRTEM-images revealing an amorphous TiO; layer before annealing and showing lattice planes in the TiO, layer after annealing. The TiO,
and SiO, layers are marked in green and blue on the right side of each image, respectively. Note, the thin bottom SiO, layers are native silicon dioxide layers of

the substrate.

Table 2

Film thicknesses of the individual layers in TiO»-SiO, multilayers analyzed by cross-section TEM images.

Sample TiO, layer thickness /nm

SiO,, layer thickness /nm Total film thickness /nm

before annealing after annealing

before annealing

after annealing before annealing after annealing

Ti02:Si0; 1:1, 1 supercycle 51.4 + 0.5 50.5 + 0.5 43.8 + 0.5 43.2 £ 0.5 95.2 +£ 0.5 93.7 £ 0.5
TiO2:Si0; 1:4, 5 supercycles 4.9+ 0.5 4.3+ 0.4 14.6 £ 0.3 14.5 + 0.4 96.0 + 0.5 94.1 £ 0.5
Ti0,:8i0; 1:1, 10 supercycles 55+0.2 5.3 +0.42 4.8+0.2 4.0+ 0.4 102.6 + 0.5 929+ 0.5

cycle alters the local bonding environment of titanium and oxygen in the
TiO, film by creating material defects. As discussed above, the intro-
duction of such additional material defects hinders the crystallization of
the TiOs film during the thermal annealing. Note, an ALD-grown Al,O3
layer was deposited as diffusion barrier between the Si substrate and the
SiOs-doped TiOs thin film to prevent unintended Si-doping from the
substrate [41,42]. Increasing the SiO5 content in SiOy-doped TiO; thin
films leads to a rise of the crystallization temperature as shown in Fig. 6.
T, to the anatase phase increases with the SiO; content from 420 °C for
0 % doping until 485 °C for a SiO, content of 10 %. Ex situ XRD analysis,
exemplarily displayed for 7.5 % SiOy (Fig. 6g) proves that only the
anatase phase is detected and no traces for rutile or brookite can be
identified. The ex situ XRD data of the other samples are depicted in
Fig. S2. The observed linear trend between 1 % and 10 % SiO, content
(Fig. 6h) is in good agreement with a previous study by Waleczek et al.
on the influence of Al,O3 doping by supercycle ALD on T, of TiO5 films
[10].

The high refractive index of TiO, is a key feature, which is mitigated
by excessive doping with a lower refractive index material. We used
spectroscopic ellipsometry data (Fig. 7a) to determine the refractive
index as a function of SiO; content as-prepared and upon annealing.
Note, by employing the supercycle approach, the refractive index can be
precisely tailored because the amount of SiO5 can be finely adjusted.
Refractive indices presented in Fig. 7a are measured at SiO,-doped TiO4
samples featuring the same SiO, contents but prepared directly on sili-
con wafers without the Al,O3 diffusion barrier to reduce the number of
fitting parameters for the analysis. Upon annealing at temperatures
above the crystallization, an increase of the refractive index of the SiO»-

doped TiO5 films is observed. Such an increase in refractive index is
expected due to the TiO, film crystallization into the anatase phase [8,
9]. Spectroscopic ellipsometry results of the samples with Al,O3 barrier
layer are depicted in Fig. S3 and reveal a similar behavior. The XRR
measurements of the samples are very similar before and after thermal
annealing (Fig. 7b-d and Fig. S4). We therefore conclude, that the film
thicknesses of SiOs-doped TiO, films remain almost constant after
annealing. However, the reflected intensity decays faster after the
annealing. Such behavior could be related to an increase of the surface
roughness of the SiOz-doped TiO; films as confirmed by atomic force
microscopy measurements (Table 3 and Fig. S5) [8,45]. Note, a signif-
icant difference in crystallization temperature is identified when
comparing the reference sample containing 0 % doping with the results
of the pure TiO, sample (shown in Fig. 2a). We attribute this mismatch
to the different substrates.

3.3. Influence of the substrate surface

The annealing results of the reference substrates for both types of
samples, i.e., multilayers and doped TiO, thin films differ. This obser-
vation obviously demonstrates that also the utilized substrate affects the
crystallization behavior besides multilayering or doping of TiOs. For the
mutlilayer samples, cleaned silicon wafer pieces with 1.7 nm native SiOz
were directly used as substrates; whereas the SiO2-doped TiO3 structures
were fabricated on silicon wafer pieces previously coated with 100 nm
aluminum oxide (Aly03) by ALD. Although the pure TiO; film prepared
on the Al,Os-coated substrates, i.e., 0 % SiO, content in TiO,, has a
thickness of 30 nm, its crystallization temperature of 420 °C (Fig. 6a)
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Fig. 6. XRD studies of SiO,-doped TiO, thin films with varied SiO, content. (a-f) In situ XRD patterns of SiO, contents 0 %, 1 %, 2.5 %, 5 %, 7.5 %, and 10 %. The
crystallization temperature of anatase formation is inidcated by the grey line. (g) Ex situ XRD measurement of the TiO, film containing 7.5 % SiO before and after
annealing showing the crystallization into anatase phase (‘A’, COD 1,010,942). (h) The crystallization temperature increases with increasing SiO, content.

exceeding the values from the thickness dependence observed for the
Ti02-SiO5 multilayers (405 °C, Fig. 3) and for 45 nm pure TiO, (380 °C,
Fig. 2a). Since different materials are utilized as substrate layers in direct
contact with the TiO, thin film, the interface energies differ. Durante et
al. reported on a higher interface energy for TiO in contact with Al,O3
than with SiO5 [22]. As a consequence, more energy is required for the
phase transition from amorphous TiOs to anatase when an Al,Os--
functionalized substrate is used resulting in a higher T, as observed in
our experiments.

4. Conclusion

The crystallization temperature of ALD-deposited TiO, from the
amorphous to the anatase phase depends on the incorporation of SiO5 in
the form of a multilayer structure or as delta-doping. Specifically, T,
increases with decreasing thickness of individual TiO; layers embedded
in SiO5 layers. In both cases, the influence of material interfaces between
TiO3 and SiO; layers becomes more dominant for the phase transition. In
accordance with this, T, increases when the SiO5 content is raised in
SiOy-doped TiO; films. Both, TiO2-SiO; multilayers and SiOs-doped
TiO films retain their structural properties after thermal annealing.
Minor changes of thicknesses, surface roughnesses, and interface

roughnesses can be attributed to the rearrangement of atoms caused by
the TiO5 phase transition.

The systematic study of the crystallization temperature in SiOy
containing TiO films allows for precise adjustment of annealing tem-
peratures to obtain or to prevent the crystallization of nanometer thin
TiO films. By controlling the delta-doping of SiOs, the refractive index
in SiOz-doped TiO» thin films can be tailored. Speaking in terms of
generality, fabricating such multilayered or doped structures by ALD
enables their application to a wide range of templates not accessible
with other deposition techniques such as highly porous structures or
three-dimensional complex-shaped templates. On the one hand, the very
precise thickness control of ALD processes might pave the way for
further reduction of the individual layer thicknesses and hence, for a
further increase of the TiO, crystallization temperature. On the other
hand, such doped materials can, for example, be utilized in photo-
catalysis because they decrease the optical bandgap of TiO; and ease the
charge carrier generation [15,16]. In this context, precise knowledge of
the increased crystallization temperature is essential as the crystalline
anatase phase has a higher photocatalytic activity than amorphous TiO5
and hence, anatase is desired to be obtained by thermal annealing
[48-50].
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Table 3
Surface roughness of SiOz-doped TiO, thin films measured by atomic force
microscopy.

SiO, content Surface roughness /nm

Before anneling After annealing

0 0.41 0.91
1 0.19 1.15
2.5 0.36 2.43
5 0.42 2.18
7.5 0.44 2.35
10 0.26 3.27
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