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ARTICLE INFO ABSTRACT

Keywords: TiO, films were deposited by ALD on Si and glass substrates. FTIR analysis reveals an incomplete process for

TiO, deposition temperatures below 160 °C. The transition from the amorphous to the crystallized anatase phase is

SLID abili observed during the variation of the deposition temperature. Films were uniform and homogeneous, with a
olarizability

Growth Model

1. Introduction

crystallization threshold temperature depending on the substrate’s nature. This delay in crystallization tem-
perature was highlighted by many characterization techniques and found higher by about 50 °C on glass
compared to Si substrate. We have also identified the determining role of the deposition temperature and the
thickness in the crystallization process and we propose a growth model, independently of the substrate’s nature,
using different structural analyses. TiO2 refractive index (n) and extinction coefficient (k) were studied at various
deposition temperature. The evolution of the TiO2 polarizability (aq) with material density was determined
from n values, showing a large variation of polarizability as a function of material density, in agreement and
complementary with other studies. The investigation of the dielectric properties at low frequency shows that the
losses and relaxation in TiOy decrease with deposition temperature, reaching at 300 °C a high and frequency-
independent dielectric constant, close to the one reported for polycrystalline anatase.

bandgap for the anatase phase, and the rutile phase has a direct bandgap
of 3.0 eV, whereas the amorphous phase of between 3.3 and 3.5 eV

Titanium dioxide (TiO2) thin films are produced by atomic layer
deposition (ALD) since the beginning of the 90’s [1]. TiO5 films can have
an amorphous or crystalline structure with anatase or rutile phases, both
tetragonal. They are of great interest since their structural, optical, and
electrical properties offer flexibility driven by the existence of various
specific crystalline phases. TiO; can also be found in hexagonal brookite
phase, however, it is unstable at atmospheric pressure [2,3], and thus it
is not considered here.

The stoichiometric compound, TiOy is a wide bandgap semi-
conductor with interesting optical properties for photoconductivity [4],
photocatalysis [5-7], or photovoltaic devices [8], with a 3.2 eV indirect

[7,9-13]. In addition, TiOy shows high refractive indexes at 1.95 eV
(635.8 nm), between 2.10 and 2.45 for amorphous TiO; with increasing
density [11,14], 2.49 for anatase [14], and around 2.80 for rutile
[15,16], making this material suitable for waveguides [17] and Bragg
mirrors for optical filters [18,19].

Then, TiO structural stability and electrochemical properties make
it a promising candidate for electrochemical devices, such as Li-ion
batteries (LIBs) [20,21]. Its high dielectric constant k, between 80 and
110 in the rutile phase [22-25] or between 40 and 55 in anatase phase
[26,27], makes TiO> a suitable material for multilayers devices based on
high-x gate dielectric [28]. TiOy has also interesting semiconducting
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properties in the anatase phase for photovoltaic [29] or photocatalitic
[6,30] applications. Then, the combined optical and electrical properties
of anatase TiO, lead to promising functionalities such as transparent
conductive oxides (TCO) (doped with Nb or Ta for instance) [31,32].

The TiO;y film growth has been developed by many deposition
techniques: Pulsed Laser Deposition (PLD) [33,34], magnetron sputter-
ing [35,361, sol-gel [36,37], or CVD [38,39]. It is accepted that Atomic
Layer Deposition (ALD) technique is suitable to deposit numerous ma-
terials with a very good layer uniformity, conformality and controllable
thicknesses over large area for industrial applications [31,40]. Several
precursors with various oxidant agents can be used to produce TiO». The
most common ones are TiCly and Ti(NMey)4, respectively [31,41-43].
Another one, titanium isopropoxide (Ti(OiPr)4), commonly shortened as
TTIP is also studied [31,44], and it is chosen in this study due to its ease
of use, its low price, chemical stability, ease of maintenance, safety of
use and low deposition temperature range (between 150 °C and 300 °C),
allowing desired technological processes flexibility [31,45,46].

Among these studies, different substrates are used. One of the most
studied is the single crystalline Si substrate because of its well estab-
lished fabrication method and its extensive use in the microelectronics
industry (integrated circuits and transistors) [47,48]. However, depo-
sition on a substrate like glass, having high optical transparency in the
visible range, can be required for optical applications including photo-
electrochemical cells [49] and TiOy-based transparent conducting ox-
ides (TCO) [50] devices. While Indium-Tin-Oxide (ITO) is the most used
TCO in the microelectronic industry, Nb-doped TiO; is a suitable sub-
stitute because of its comparable electrical conductivity and trans-
parency [31,50,51]. Furthermore, it was reported that nanolaminate
materials containing undoped TiO, such as Al,03/TiO2 [23,52,53], or
ZnO/TiOy [54,55] can be used for photocatalytic applications [53],
solar cells devices [52,54,56], and transparent thermoelectric devices
[55], respectively.

It is generally accepted that it is critical to control the crystalline
phase of TiO; films in the as-deposited state as well as after postgrowth
annealing. Indeed, depending on the growth conditions and the sub-
strate used, amorphous or crystallized (anatase or rutile) TiO; films can
be selectively obtained [2,3]. Typically, the TiO5 anatase phase domi-
nates for films deposited at lower growth temperatures, although the
TiO rutile phase becomes stable when the growth temperature exceeds
above ~ 600 °C [10]. However most of the studies focus on the struc-
tural properties [57-60], and among them only a few describe a growth
model [59,60]. Then we propose here to first investigate these structural
properties of TiO thin films deposited by ALD on both Si and glass,
which has been already studied but with other precursors [8,61], to
finally conclude on a schematic representation of the growth mechanism
of TiO, thin films via two different deposition parameters, and inde-
pendently of the substrate’s nature. Secondly, which is less common [8],
the consequences of this growth mechanism on the optical and electrical
properties behaviors are investigated. Then, it is proposed to see the
evolution of the refractive index, the gap energy, the extinction coeffi-
cient, the polarizability and the relative permittivity, which can confirm
and support the first part.

In this context, we compare here the TiO, thin films deposited on a
crystalline (Si) and an amorphous substrate (glass) under the same
deposition conditions. The effect of the deposition temperature (Tp) and
the film thickness on the TiO, properties are investigated, enabling to
get a full overview of the properties of amorphous and anatase TiO5 thin
films and to determine the polarizability evolution versus material
density of this material on a broad range. A growth model of TiO; is
suggested according to the evolution of the T and deposited thickness.

2. Materials and methods
Depositions were performed with a Picosun® 200 Advanced ALD

system. Titanium isopropoxide (TTIP, 98 %, STREM) was used as the
titanium precursor and was kept at 75 °C. TTIP was chosen due to its

ease of maintenance and safety of use compared to other precursors such
as TDMATi or TiCly (see respective safety data sheets and [46]). The
oxygen precursor was deionized water at room temperature. The TTIP
and H,0 pulses were 0.9 s and 4 s,respectively, separated by 5 s of N3 gas
purge. A typical deposition process involved 250, 500, or 1000 cycles at
deposition temperatures (Tp) between 100 °C and 300 °C. The substrates
used were Neyco 2 in. (100) oriented p-type Si wafers and 10 mm x 20
mm D263 Schott glass.

The film thickness, refractive index (n), extinction coefficient (k),
and the bandgap (Eg) were determined with a Horiba Jobin-Yvon UVI-
SEL 2 spectroscopic ellipsometer. The experimental ellipsometer func-
tion Ic and Is, deriving from classical function A and v, were recorded
with an angle of incidence of 70° and in an energy range of 1.5 to 6 eV
(206.6 nm to 826.6 nm, UV-vis-NIR spectral range) with 0.01 eV energy
step. The spectroscopic ellipsometry (SE) angles were analyzed with the
DeltaPsi2 software with a structural model composed of the substrate
surmounted by a TiO, layer, topped by a rough layer (if necessary)
composed of the material layers and air voids and the whole structure is
surrounded by air. The single oscillator Tauc-Lorentz dispersion model
was used for the TiO, layer while Bruggeman’s effective medium
approximation was used for the rough layer.

The structural properties of the samples were characterized by X-ray
Diffraction (XRD) with a Bruker D8 Discover diffractometer operating
with a monochromatic Cu Kal radiation (A = 1.5406 A).

For transmission electron microscopy (TEM) observations, thin foils
were prepared by a focused ion beam (FIB) setup (Dual-beam FEI Helios
nanolab 660) with an electron imaging resolution of 0.6 nm at 15 kV
(FEG gun), and a FIB resolution of 2.54 nm at 30 kV. TEM experiments
were performed using a double corrected cold FEG JEOL ARM 200F
microscope, operated at 200 kV. Chemical analyses were carried out
with an energy dispersive X-ray JEOL CENTURIO spectrometer and a
high angle annular dark-field (HAADF) detector. Combined with a
scanning electron system, Z contrast imaging (STEM HAADF with a
theoretical spatial resolution of 0.78 A) as well as chemical mapping
(STEM EDX), were obtained at a nanometer scale.

The compositions of the samples were also investigated using
Rutherford Backscattering Spectroscopy (RBS) at the Edwards Acceler-
ator Laboratory of Ohio University using a 4.5MV tandem accelerator.
Samples, oriented at an angle of 7.5° away from the beam direction,
were irradiated with a 2.2 MeV “He ion beam. The energy resolution
obtained on the sample was 20-30 keV, depending on the depth at
which the analysis was performed. The elemental concentrations were
calculated by fitting the data using the RUMP simulation software. The
density was estimated from the elemental concentration in at./cm?
divided by the thickness, and the Avogadro number to get the concen-
tration in mol/cm?®, and then each elemental concentration was multi-
plied by its molar mass and added.

The surfaces of the samples were analyzed by atomic force spec-
troscopy (AFM) in tapping mode using a Nanoscope III device from
Digital Instruments. The RMS roughness was calculated from AFM
digitized images with a scan area of 4 ym? after images were corrected
for flatness using the Nanoscope software.

The thin films structural properties were investigated by Raman
spectroscopy using a Jobin Yvon — Horiba Labram HR evolution 300
system equipped with a confocal microscope with a magnification of
100x, and a laser source at 532 nm and a 600 grooves/mm grating
resulting in a spectral resolution of 1.7 cm™!. Measurements were
recorded at five arbitrary selected positions on the film’s surface to
statistically minimize mismeasurements caused by the manual focal
length adjustment. Although the laser source was non-resonant, a spe-
cial attention was paid to not anneal the samples in situ under the laser
beam, employing a low power density of 0.52 MW.cm ™2,

Transmission MID-FTIR and FAR-FTIR measurements of films
deposited on Si were carried out using a Nicolet™ iS50 FTIR spec-
trometer at normal and 70° incidence, under a continuous Ny
atmosphere.


http://MW.cm

The dielectric properties of the films on Si were measured using an
Agilent 4284A precision LCR meter in the 102 - 10° Hz frequency range.
The leakage current was measured using a Keithley Model 4200 Semi-
conductor Characterization System (4200-SCS). Both measurements
were carried out by capacitor structures with an area of 250 x 250 ym?
created by optical lithography with the lift-off method. The top elec-
trode was Ag, deposited by thermal evaporation with a thickness of
around 100 nm, whereas the Si substrate served as the bottom electrode.

3. Results and discussion
3.1. Structural properties

The thicknesses on the Si substrate, measured by SE, are shown in
Fig. 1 a) for different Tp values and numbers of ALD cycles. For 250
cycles, the films have an average thickness of 8.74 nm with a standard
deviation of 0.77 nm. For 500 cycles, the average thickness is equal to
19.20 nm with a standard deviation of 2.79. For 1000 cycles and for Tp
below 225 °C, the average thickness is equal to 35.82 nm, with a stan-
dard deviation of 2.31 nm, while for Tp over 225 °C (250 °C and 300 °C),
higher thicknesses are observed. This is mainly caused by the presence of
a rough surface layer, in contrast to all other films, which is determined
by fitting the SE measurements.

The film thicknesses are found to be almost similar for both sub-
strates whatever the number of cycles at a Tp of 200 °C, as well as for all
other Tp until 1000 cycles. Fig. 1 inset shows the thicknesses for layers
grown on both substrates Tp = 200 °C and the corresponding growth per
cycle (GPC) parameter (given by the ratio of the thickness vs the number
of cycles). The GPC on both substrates are close, however, for the lowest
cycle numbers (250 and 500), the GPC values are slightly lower for films
deposited on Si (0.38 ;\/cycle at 250 and 500 cycles) as compared to the
glass substrate (0.48 A/cycle at 250 cycles and 0.42 A/cycle at 500
cycles). Note that a GPC around 0.3 A/cycle is common for TiOy
deposited by thermal ALD with TTIP and H,0 [31,46,62,63]. This means
that the growth seems to be slower in the case of Si substrate compared
to the glass substrate in the first deposition cycles [64,65]. For a larger
number of cycles, the deposition rate becomes independent of the sub-
strate nature, leading to a similar GPC of 0.30 A/cycle between 1000
cycles and 2000 cycles on Si and glass.

An RBS analysis has been performed for films deposited on Si at
different Tp to determine their chemical composition and density. Fig. 2
(a) shows a typical RBS spectrum corresponding to the 1000-cycles film
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Fig. 1. Thickness of TiO; films at various Tp values and for different numbers
of cycles on Si(100) (standard deviation error bar is included on the top of each
column). The inset shows the thickness evolution with the numbers of cycles at
Tp = 200 °C on Si (100) and glass and the average GPC in A/cycle. Note that
the deposition at 2000 cycles was only done at 200 °C.
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Fig. 2. a) Typical RBS profile of TiO thin film deposited on a silicon wafer
with 1000 ALD cycles at 200 °C, and b) corresponding density at different
deposition temperatures obtained with RBS data.

deposited at 200 °C along with and the fit curve. It exhibits well-defined
peaks of Ti and O above the Si wafer contribution [8,66] and no carbon
is detected. The fitting of the experimental data indicates that TiO5 films
deposited at all Tp are stoichiometric. Furthermore, based on the RBS
results, the resulting density has been calculated and Fig. 2 (b) shows its
behavior as a function of Tp. The density increases with increasing Tp,
and reaches 3.59 g.cnf3 ata Tp of 300 °C, which remains lower than the
bulk TiO, anatase phase material density of 3.79 g.cm™ [2] probably
due to the crystallization that is not as advanced as for bulk material.
This is could reveal a film’s densification with increasing Tp, which
could be explained by a transition from amorphous to crystallized TiO,.
This point need more characterizations developed below. Please note
that due to the composition of the borososilicate glass substrate, which
can provide confusing results for the O element content, the RBS mea-
surements for TiO5 on glass was not conducted.

Fig. 3 shows two sets of STEM EDX and STEM HAADF images of TiO2
thin films, deposited at 250 °C, on Si (a-d) and glass (e-h) substrates,
respectively. The cross sections were observed such that the electron
beam was parallel to the film/substrate interface. For both films, the
spatial elemental distribution of Ti, O, and Si are represented. Whatever
the substrate nature, the distributions are uniform within the whole
films suggesting a homogeneous composition of films. There are no
elemental composition gradients or segregations at the interface
observed, nor a diffusion into the substrates.

A Fourier Transformed IR spectroscopy investigation has been done
to get information on films’ quality and structure. Fig. 4 (a) presents the
Far-FTIR spectra under a normal incidence angle, normalized by the
thickness in far-infrared for films on Si substrate. Note that the FTIR
analysis of films on the glass substrate is not possible due to the high
absorption of the substrate. In Fig. 4 (a), a sharp peak appears at 440
em™! for Tp above 225 °C, which corresponds to the TiO, anatase
transverse optical phonon mode TO3 [67,68]. It depicts also the TO; and
TO, modes of anatase at 260 and 340 cm ™}, respectively, appearing only
at the Tp value of 225 °C and above. Fig. 4 (b) shows Mid-FTIR spectra
for samples tilted with a 70° angle in mid-infrared, enabling activation
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Fig. 3. (a,e) STEM EDX and (b-d) STEM HAADF image of TiO, deposited at 250 °C with the corresponding Ti (b,f), O (c,g) and Si (d,h) on Si (100) and glass

substrates, respectively.

of the longitudinal optical modes. Thus, the LO3 peaks at 855 cm ™! are
detected, as well as a shoulder around 750 cm ™! assigned to the LO»
modes (both peaks are signatures of the anatase phase). Please note that
for this Fig. 4 (b), spectra were normalized with respect to the TO3 peak
at 440 cm ™, to highlight the increase of the LO3 peak intensities with
increasing Tp and the redshift of 5 cm™!, which would indicate a
densification coming from a higher crystalline degree in the structure
[68,69]. These results support the observed density increase with Tp
shown in Fig. 2 (b).

Fig. 4 (c) shows the Mid-FTIR spectra in normal incidence normal-
ized by the film thickness at higher wavenumbers. At lower Tp values
(here 100 °C and 140 °C), the presence of hydroxyl group (H—O band) is
shown between 3000 and 2900 cm™!, whereas at Tp values above
160 °C, this group disappears [68,70-72]. This hydroxyl group comes
either from the water reactant or from the titanium precursor used in the
deposition process [44]. Besides, this water content can be at the origin
of the lower density observed at lower Tp. Thus, these spectra reveal that
a Tp above 160 °C is necessary to obtain a proper ALD cycle without
remaining water. For completeness, no organic bands are observed
whatever Tp in our work. Such bands were, however already observed in
films deposited by ALD with TTIP and water at a lower temperature
(90 °C) [73], and are explained by the partial incorporation of the car-
bon based TTIP ligand residual in the films. These carbon impurities in
films can lead to crystallization blocking at lower deposition tempera-
tures as reposted by Xie et al. [46]. Since we did not detect any carbon
impurities by optical method, XPS analysis was not done in this study,
but this is forecast in the future to determine the residual level of the left
carbon impurities content in films in our Tp range on both kind of
substrate.

Fig. 5 (a) and (b) display the 6-26 XRD patterns of the 1000 cycles
TiOs films for Si and glass substrates respectively, as a function of Tp. For
both substrates, no peaks are detected up to a Tp of 200 °C, indicating
that below this temperature the films are amorphous or contain a very
low crystalline content under the detection threshold of the diffrac-
tometer. A diffraction peak at 25.2° appears at Tp = 225 °C whose in-
tensity increases progressively with Tp. A second diffraction peak at
48.1°appears only at Tp = 300 °C for both substrates. These two XRD
peaks correspond to the TiO, anatase phase (space group: I4;/amd,

JCPDS: R060277). As a result, crystallization in the anatase phase starts
below 225 °C for both substrates and is promoted by increased Tp, in
agreement with the literature [60,74,75] with a higher crystalline
quality at 300 °C than at 225 °C and 250 °C. Usually, an annealing
treatment is required to get the rutile structure [1].

In the light of the XRD results in Fig. 5, and even if the films are
homogenous in chemical composition (Fig. 2), films have been investi-
gated further by HRTEM to observe the evolution of TiOy structural
properties when deposited on both substrates with increasing Tp. Fig. 6
(a) shows an HRTEM image of the TiO thin film grown at 200 °C on the
Si substrate. A 2 nm thick amorphous native silicon oxide (SiO») is seen
at the interface. Above this native silicon layer, an 18 nm thick amor-
phous film is observed. The enlargement Fig. 6 (b) and the corre-
sponding Fast Fourier Transform (FFT) Fig. 6 (¢) confirm this amorphous
structure. The Fig. 6 (d) shows an HRTEM image of the TiO film grown
at 225 °C on the Si substrate. A 2 nm thick amorphous native silicon
oxide (SiOy) is also seen at the interface. Above this native silicon layer,
there is an 18 nm thick amorphous film with a crystallite. This crystallite
is wider at the top of the film (around 20 nm) than at the interface with
the Si substrate (around 5 nm). The enlargement of this crystallite and
the corresponding FFT Fig. 6 (e) and (f) confirm the crystallization in
anatase phase (JCPDS: R060277). The Fig. 6 (g) displays an HRTEM
image of the TiO; film grown at 250 °C on the Si substrate. A 2 nm thick
amorphous native silicon oxide is once again seen at the interface. Above
this native silicon layer, the film is entirely crystallized, and a single
crystalline grain of about 50 nm wide in lateral dimension is seen and its
height corresponds to the whole film thickness (~18 nm). No particular
orientation relationship between the deposited layer and the Si substrate
has been noticed, that could be explained by the presence of the
amorphous native oxide layer at the interface, and some of these grains
reach up to 100 nm in length (Fig. 6 (j)). Fig. 6 (h) is an enlargement of
the squared region in Fig. 6 (g). It shows two sets of perpendicular lattice
planes and the FFT shown in Fig. 6 (i) is in good agreement with a [001]
projection of the anatase structure of titanium dioxide (JCPDS:
R060277). This confirms the crystallization in anatase up to 225 °C
observed in Fig. 5 and is consistent with previous results found in
literature [8,31].

On the glass substrate and at the same Tp, value of 250 °C (Fig. 6 (a, d,
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g, j)), a similar TEM cross-sectional observation has been carried out.
The TiOq film thickness is also homogeneous with a mean value of about
18 nm similarly to the silicon substrate (Fig. 6 (a, d, g, j)). In a similar
way as on the Si substrate at 225 °C, the thin film is here composed of
small crystallized grains (here around 30 nm) also in the anatase phase
(JCPDS: R060277) embedded in an amorphous matrix, at the top of the
film. Fig. 6 (1) and (m) display an enlarged crystalline region of the film
and its corresponding FFT pattern, respectively. This latter reveals the
presence of (011) lattice fringes of the TiO, anatase structure.

However, at Tp of 300 °C on glass (Fig. 6 (n)), the TEM images reveal
that the film is entirely crystallized in the anatase phase (JCPDS:
R060277), which is common by ALD for this precursor in this temper-
ature range [31]. The film thickness is still around 18 nm. Fig. 6 (o) and
(p) display an enlarged crystalline region of the film and its corre-
sponding FFT pattern, respectively. This latter corresponds to a [1-1-1]
projection of the anatase structure.

Thus, despite the presence of the amorphous native oxide on the top
of the crystalline Si substrate, and a slightly lower GPC value for low
numbers of growth cycles, the Si wafer seems to favor crystallization by
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Fig. 5. XRD patterns of 1000 cycles TiO, thin films deposited a) on Si (100)
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comparison with an amorphous substrate such as glass. This observation
is confirmed by Aarik et al. [43] and Mitchell et al. [76] who reported
that crystallization happens immediately on Si substrate without a
native oxide layer and, even with a native oxide layer, crystallization
starts at a critical thickness of the deposited film. The value of this
critical thickness depends on the thickness of the native oxide layer: the
thinner the native oxide, the smaller the critical layer thickness [31]. So
the observed delay in crystallization of our TiOs films deposited on glass
compared to the ones deposited on Si is in full agreement with the latter
literature reports: films are completely crystallized on Si at a Tp value of
250 °C whereas crystallization is incomplete on glass and fully achieved
only at a Tp value of 300 °C.

A Raman spectroscopy study has been done on films deposited on Si
and glass substrates with a different number of cycles and Tp values.
Fig. 7 (a) displays the evolution of the Raman spectra of 500 and 1000-
cycles films deposited on Si. Films deposited at Tp = 200 °C show no
Raman peak coming from TiO,. According to the irreducible represen-
tation of the optical lattice vibrations of anatase TiO», films deposited
above 225 °C for 1000 cycles and 250 °C for 500 cycles, present peaks of
anatase: Eg(l), Eg(z), and Eg(g), and Blg(l) [77,78].

On glass, for 1000 cycles films (Fig. 7 (b)), no substrate-related peaks
are present. At a Tp value of 200 °C, no film-related peaks are observed,
while films deposited at higher Tp (225 °C, 250 °C, and 300 °C) present
all the previously cited peaks of anatase: Eg(1), Eg(2) Eg(3), B1g1) [77,78],
plus the Byg(o) and A that were hidden by the Si substrate contribution
in Fig. 7 (a).

Fig. 8 presents the evolution of the Eg(1) peak divided by the film’s
thickness on Si (left hand panels) and glass (right hand panels) for 500
and 1000 cycles. The 1000-cycles films show anatase Raman vibration
modes when deposited above 225 °C on both substrates and which gain
in intensity with Tp on Si. For 500 cycles, peaks appear only above
250 °C on Si and at 300 °C on glass. Therefore, the film crystallization
starts below 225 °C as observed in FTIR spectra (Fig. 4) and in XRD



Fig. 6. (a) High-resolution TEM image of a TiO thin film grown by ALD at 200 °C on a Si (1 00) substrate with native amorphous silica at the interface between Si
and TiO,; (b) enlarged region showing an amorphous structure and (i) Fast Fourier Transform (FFT) consistent with an amorphous of TiO». (d) HRTEM image of a
TiO, thin film grown by ALD at 225 °C on a Si (100) substrate with native amorphous silica at the interface between Si and TiO, and a crystallite surrounded by
amorphous TiOy; (e) enlarged region showing lattice planes of the crystallite and (i) Fast Fourier Transform (FFT) consistent with a [-1-11] projection of the anatase
structure of TiO,, (g) High-resolution TEM image of a TiO, thin film grown by ALD at 250 °C on a Si (100) substrate with native amorphous silica at the interface
between Si and TiOy; (h) enlarged region showing two sets of perpendicular lattice planes and (i) Fast Fourier Transform (FFT) consistent with a [001] projection of
the anatase structure of TiO,. (j) same sample as (g) but enlarged picture with a 100 nm length crystallite. (k) HRTEM image of a TiO thin film grown by ALD at
250 °C on a glass substrate; (1) enlarged region showing two sets of perpendicular lattice planes and (m) corresponding FFT with the presence of (01 1) lattice fringes
of the TiO, anatase structure. (n) HRTEM image of a TiO, thin film grown by ALD at 300 °C on a glass substrate, (the step at the interface is due to the glass’ surface);
(o) enlarged region showing two sets of perpendicular lattice planes and (p) corresponding FFT with a [1-1-1] projection of the anatase structure of TiO,.

diagrams (Fig. 5) and is promoted by the film’s thickness. Furthermore,
for the 1000-cycles films, the Eg(1) peak is less intense on glass than on
silicon for the same temperatures, meaning that crystallization is sen-
sitive to the substrate nature and there is a need for a higher thermal
budget on glass, an amorphous substrate, than on silicon, a single
crystalline substrate. This was already observed by the TEM analysis in
Fig. 6. Therefore, crystallization is promoted not only by the Tp, via the
nature of the substrate but also by the increase in thickness, as already
observed in the literature [43,60,75]. Thus, these results highlight a
delay effect in crystallization on glass compared to the one on Si: the Tp
value has to reach 300 °C for 500 cycles and 250 °C for 1000 cycles to
have the Eg4(;) peak on glass, whereas it is 250 °C and 225 °C on Si,
respectively. Then, this Eg() peak is at 141 cm ! instead of 144 cm ™ in
the literature for bulk anatase [77,78], this shift in position can be linked
to the crystallization that is not as advanced as for bulk material as seen
in the density estimated from RBS analysis Fig. 2 (b).

To complete the structural investigation, the films have been
analyzed by AFM at different Tp values and for various ALD numbers of
cycles. The AFM images for the films deposited at 250, 500, and 1000
cycles on silicon and on glass are presented in Fig. 9 a) and b), respec-
tively. The Root Mean Square (RMS) roughness estimated from the AFM
images is displayed in Fig. 10. Specifically, for films on Si deposited with
250 cycles, all films present smooth surfaces with an RMS roughness of
0.5 nm independent of the Tp (Fig. 9 (a)). For the two larger cycle
numbers, at 180 °C, the RMS roughness does not changed significantly,
confirming the smooth surface, but from 200 °C to 225 °C especially for
the 1000 cycles number, the roughness increases considerably up to
2-2.5 nm, with grains appearing at the film’s surface. Finally, at 250 °C
and 300 °C, the roughness increases respectively up to 4 and 5.5 nm.
This behavior is consistent with the SE analysis shown in Fig. 1. Con-
cerning the glass substrate (Fig. 9 (b)), the behavior is similar to on Si,
but the roughness remains on the whole lower and exceeds 1 nm only up
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different Tp values divided by the films’ thickness.

to 225 °C.

Consequently, the RMS roughness increases independently of the
substrate with increasing the Tp and the number of cycles, i.e. the
thickness. At the same time, we observed that the film roughness in-
creases slower on glass than on Si substrate when the Tp or the thickness
change. Therefore, a delay in the observation of the roughness depends
on the Tp and the thickness. Such surface behaviors can be linked to the
TiO, phase changing between the amorphous and anatase phases,
already observed by XRD, TEM, and Raman analysis. Indeed, we have
observed that this crystallization occurs irrespective of the substrate and
is accentuated by increased film thickness, but with a delay effect in
complete film crystallization for a glass substrate with the Tp increase.
Thus, the TiO, film surface properties seem to reflect the crystalline
ordering of the thin films, with a slightly enhanced crystallization
temperature for the films on glass.

However, at 1000 cycles on Si substrate the film’s grain size is
increasing with Tp between 200 °C and 250 °C (Fig. 9 (a), reaching
grains of 0.3 pm at 250 °C), and then decreasing at 300 °C (0.1 um). This
decreasing in grain size between 250 °C and 300 °C has already been

observed by Lee et al. [59] and is explained by a lower surface nucleated
density at low Tp (<250 °C) than at higher Tp (>300 °C). Indeed, at low
Tp (<250 °C) the nucleation sites are far from each other, and grains can
expand freely laterally, whereas at high Tp (>300 °C) there are more
nucleation sites, so growing grains are surrounded by other growing
grains and the crystal growth mechanism is dominated by Ostwald
ripening.

Then, the crystallization depends on three factors:

i) The deposition temperature: Tp value has a strong influence on the
crystallization, with an anatase crystallized film at 250 °C on Si, and at
300 °C on glass. The TiO; crystallization in the anatase phase at a Tp
value as low as 250 °C has already been observed in earlier studies
[60,74,75]. However, the structural analysis shows that crystallization
on Si is of higher quality at Tp = 300 °C than at 250 °C (FTIR Fig. 4 and
XRD Fig. 5). Furthermore, the higher the Tp, the more nucleation sites
there are, leading to smaller crystallites at high temperature than at
lower temperature (but still high enough to allow crystallization) as
each crystallite hinders the growth of the others [59].

ii) The deposited film'’s thickness: the increase of thickness promotes
crystallization [59,60], with the existence of a critical thickness above
which crystallization can occur. This is due to the fact that the interface
or surface energy of amorphous TiO is lower than the one of crystallized
TiO4 and vice versa for the bulk Gibbs free energy. When the critical
thickness is reached, the difference between crystallized and amorphous
bulk Gibbs free energy can compensate the difference between surface
energies and thus allowing crystallization, as explained more in details
by Nie et al. [79] for a similar growth with HfO,.

iii) The nature of the substrate: a shift in Tp regarding the crystalli-
zation on glass substrate has been observed compared to the Si substrate
for the same thickness (constant number of cycles). As the film deposi-
tion using ALD is considered as steady-state, it means that it is the sur-
face energy of Si and glass substrates that is responsible for this observed
shift [31].

These results are in accordance with the literature for TiO, deposited
by ALD [31,60] and are now confirmed for TiO, deposited on different
substrates (crystallized vs amorphous), showing the necessity of a higher
Tp for TiO2 on amorphous substrates to obtain the same material’s
crystalline quality [31,43,76].

The characterizations of this study explicitly demonstrates that the
crystallization is triggered by a specific growth mechanism already
proposed for anatase TiO; in the literature [43,60,75,76]. The pictorial
summary of these growth mechanisms is shown in Fig. 11 whatever the
substrate. In the early growth stages all deposited TiO, films are amor-
phous. Then, when a certain thickness is reached, some nucleation sites
are formed at the film’s surface, as seen in AFM images (see Fig. 9).
These nucleation sites grow with the newly deposited matter, also with
the surrounding amorphous host evolution (see TEM image Fig. 6 (d)
and (k)). In the final step, the TiO; film becomes entirely crystallized as
seen in Fig. 6 (g) for Si substrate or Fig. 6 (n) for glass substrate. In the
same way, the nucleation process is also promoted by the Tp, increase.

3.2. Optical properties

An optical properties characterization of the films has also been
carried out, starting with SE measurements for the determination of the
refractive index n and the extinction coefficient k. Fig. 12 shows the
evolution of n and k between 1.5 and 6 eV for two samples deposited
with 500 cycles on Si, at a Tp value of 200 °C (amorphous films), and at
250 °C and 300 °C (crystallized film in anatase phase). n and k of the two
crystallized samples merge with the estimated uncertainties but they are
well distinguishable from the amorphous ones considering the associ-
ated uncertainties range. At energies below the TiO, anatase band gap of
3.2 eV [7], the crystallized TiO, presents a higher n than that of the
amorphous one. This observation is different for energies higher than
4.5 eV, where n of the anatase film falls below the one of the amorphous
film. On the other hand, k of anatase is always higher than the one of
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Fig. 10. AFM RMS roughness of TiO, deposited on a silicon substrate from
180 °C to 300 °C for various number of ALD cycles.

amorphous TiO; in the energy range studied here (1.5 to 6 eV). This
observation has to be nuanced by the fact that for energies higher than 5
eV, the curves and their uncertainties are not well distinguishable from
each other.

A closer look at n and k for films deposited on Si and glass is given in
Fig. 13, which shows the behavior of n (Fig. 13 (a)) and k (Fig. 13 (b)) as
a function of the Tp value at 1.95 eV (low absorption range) and 4 eV
(high absorption range).

Then @ 1.95 eV are consistent, taking into account the uncertainties,
with the literature of thin films, that gives about 2.25 for amorphous
films deposited at 100 °C and 2.49 for anatase films deposited at 300 °C
[80,81]. n seems to reach a plateau after a Tp value of 250 °C on Si at
both energies. This increase of n with Tp and the plateau after crystal-
lization was observed by J. Aarik et al. [80], L. Aarik et al. [81], and M.
H. Suhail et al. [82]. This effect is explained by the increasing density of
TiO, films with increasing Tp agrees well with RBS (Fig. 2)
[74,80,83,84]. For the glass substrate, n is also increasing with Tp, even
after 250 °C, until it reaches the value of 2.40 at 300 °C, close to the one
on Si substrate. At all lower Tp values, n for Si is always higher than the
one for glass at both energies. This systematic difference in the n values
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Fig. 11. Schematic representation of TiO, film growth mechanism driven by the deposition temperature Tp, and the thickness.
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Fig. 12. Refractive index n and extinction coefficient k measured by ellips-
ometry for a Si substrate with 500 cycles number, for an amorphous and
anatase TiO, phase, respectively at T, values of 200 °C and 300 °C, in an energy
range of 1.5 to 6 eV (206.6 nm to 826.6 nm, UV-vis-NIR spectral range). The n
and k uncertainties are symbolized by the bands.

between the two substrates can be linked to the delay in crystallization
observed and discussed above. At 300 °C, films are fully crystallized in
anatase for both substrates and both n converge logically towards the
same value.

The k value (Figs. 12 and 13) is low (near zero) before the band gap
at 1.95 eV, and increases with Tp at 4 eV, independently of the phase and
the substrate nature. This increase is characteristic of the crystallization
in anatase phase [82]. The k values increase remains less pronounced for
glass than for Si, probably highlighting the delay of crystallization be-
tween Si and glass substrates. Note that, at 300 °C, k values for Si and
glass remain different whereas n trends are similar, even if one considers
that the values of k and their associated uncertainties for both substrates
are coming together.

The band-gap energies E; obtained by SE on Si and glass substrates
are represented in Fig. 14 using the Tauc-Lorentz dispersion formula. A
quasi-identical band gap energy behavior with Tp is visible for both
substrates. E, values for Si substrate are decreasing with Tp from 3.5 eV
(value close to the ones of amorphous TiOy ranging from 3.3 to 3.5 eV
[11-13]) down to 3.2 eV at 300 °C (value commonly assigned to the
indirect band-gap of TiO, anatase in the literature [7]). For glass sub-
strate, Eg values are decreasing from 3.7 down to 3.4 at 300 °C, reaching
the same value as for Si at 250 °C, thus illustrating the delay of crys-
tallization for glass. This difference in gaps at 300 °C between Si and

n - refractive index
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k - extinction coefficient
o
[6,]
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Fig. 13. a) Refractive index n and b) extinction coefficient k at 1.95 eV (636
nm) and 4 eV (310 nm) for Si and glass substrates from 100 °C to 300 °C.
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Fig. 14. Energy bandgap vs Tp temperatures for TiO, films deposited for 1000
cycles on Si and glass substrates determined from spectroscopic ellipsometry
(SE) measurements.



glass substrates is due to the fact that k are also different at this T, value
whereas n is the same. So, even if the structural analyses (XRD in Fig. 5
(b), TEM in Fig. 6 (n)), are indicating an anatase TiO,, the crystallization
process is less advanced in the case of glass at the same Tp value, as seen
by Raman spectroscopy (Fig. 8). The similar evolution of Eg for different
substrates (silicon and glass) implies that TiO5 thin films deposited by
ALD on both substrates converges towards similar electronic, and
therefore optical properties with Tp [13]. The decrease of E; with
increasing Tp was reported before and is usually explained by the pro-
gressive organization of the amorphous structure obtained at the lowest
temperatures towards a crystallized one with increasing Tp, and this is
consistent with the fact that amorphous TiO2 has a wider energy band
gap than anatase TiOy [80].

The polarizability describes the response to how matter, subjected to
an electric field, acquires an electric dipole moment proportional to that
applied field. Such response is directly at the origin for a material’s
dielectric constant (i.e. refractive index) and is therefore specific for
each material. The molecular optical polarizability a,p of the samples
can be determined from the Lorentz-Lorenz equation [85,86]:

3 MT[OZ nz -1
4 pNy n? +2

QAopt = (1)

where Mripz is the molar mass of TiOy (79.865 g/mol), p is the
density determined by RBS (Fig. 2 (b)), and n@2.26 eV (550 nm) of the
films deposited at different Tp at values. a,p is depicted in red as a
function of Tp in Fig. 15 (a) and as a function of the density in Fig. 15 (b).
For comparison, agp from Piercy et al. [85] who also studied mixed
amorphous/anatase and anatase films produced by ALD but using TiCly
precursor and water are also plotted. Fig. 15 (a) shows, in the present
work, that a,,; decreases from 6.8.102* cm™3 t0 5.6.10"%* cm ™3 with Tp
increasing from 140 °C to 200 °C. Then, one can see that the crystalli-
zation effect occurring between 200 °C and 300 °C is correlated with the
polarization becoming rather constant at 5.6.102* cm . Concerning the
polarizability behavior with density (Fig. 15 (b)), it monotonously de-
creases with material’s density increase. The estimated polarizability
values are similar to the one reported by Piercy et al., except that they
were shifted in Tp (Fig. 15 (a)). This can be explained by the difference
between the precursors (TiCls instead of TTIP) and a different ALD
apparatus. Whatever the experimental reasons, the two evolutions of
aop: With the density, a parameter that is not set-up dependent, (Fig. 15
(b)) are consistent and complement each other. Therefore, the polariz-
abilities calculated in this work are matching well the literature [85,86]
and depict that optical polarizability can be tuned with the material’s
density.
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Fig. 15. Optical molecular polarizabilities at 550 nm of TiO, deposited be-
tween 140 °C and 300 °C on Si substrate (this work in red), and by ALD with
TiCl4 and water between 100 °C and 150 °C (Piercy et al. [85] in blue). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.3. Electrical properties

The relative permittivity (¢;) and the dielectric losses (tan §) of TiO,
deposited on Si with 1000 cycles at various Tp values are shown in
Fig. 16(a) and 16(b). Note that the electrical analysis does not allow
measurements for the film deposited on glass because the substrate is
used as an electrode and so has to be conductive. The relative permit-
tivity & is Tp dependent, thus increasing with it (Fig. 16(a)). It is seen
that for the amorphous film deposited Tp equals to 200 °C, the ¢, is
decreasing with increasing frequency from 10.6 @102 Hz to 1.8 @10°
Hz. For the film deposited at a Tp of 250 °C, already being crystallized in
anatase phase, the same behavior is observed between 32 @10% Hz to 11
@10° Hz, however the ¢, value is noticeable higher. Only the TiO5 film
in anatase phase deposited at Tp of 300 °C a relative permittivity &, is
almost independent from the frequency between 62 @102 Hz to 55 @
10° Hz, and its values is close to the one of bulk anatase [27]. These
values of ¢, are close to the ones found elsewhere i.e. about 10 and 33 for
amorphous TiO; and between 70 and 80 for anatase [61,86]. The fre-
quency behavior indicates some dielectric relaxation in the films
deposited at 200 and 250 °C, while the film at 300 °C shows the typical
independent frequency behavior expected for a high-quality TiO2 film
[871].

The loss tan & value (Fig. 16(b)) is decreasing with increasing Tp,
confirming the existence of relaxation for the films deposited at lower
Tp. However, it remains stable for all Tp under 0.5, indicating a low
density of defects in TiO2 and is consistent with values for other TiO3 in
the litterature [87-90]. At 200 °C, tan § increases from 0.26 @102 Hz
and 0.45 @8.10° Hz and decreases slightly down to 0.37 @10° Hz. At
250 °C, tan & increases from 0.13 @10 Hz to 0.31 @10° Hz. At 300 °C,
tan & starts by decreasing from 0.21 @102 Hz to 0.03 @6.10° Hz and
then increases until 0.09 @10° Hz.

The dielectric properties presented in Fig. 16 show that the Tp in-
crease induces lower losses and a relaxation in TiOg, reaching a high and
frequency-independent dielectric constant at 300 °C close to the one of
polycrystalline anatase [27]. This can be related to the high crystalline
quality observed by other techniques, like the good chemical stoichi-
ometry of the films also observed by RBS analysis (Fig. 2). The lower
losses and so the lower defect density at Tp = 300 °C on Si substrate
means that the film is of higher crystalline quality at this Tp, thus con-
firming the structural analysis by FTIR spectroscopy and XRD (Fig. 4 and
Fig. 5 respectively).

4. Conclusion
The growth of TiO; thin films grown on silicon (1 00) substrate and

D263 glass by ALD from TTIP and water was studied. According to TEM,
XRD, AFM, FTIR, and Raman analyses, the films start their
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Fig. 16. a) Relative permittivity and b) loss of 1000 ALD cycles of TiO, at
200 °C, 250 °C, and 300 °C deposited on Si.



crystallization process between 200 °C and 225 °C in the anatase phase.
Randomly orientated grains grow with increasing Tp resulting in an
increase of the film density and roughness. Film growth follows then
known successive stages that are fully evidenced in this work: amor-
phous films are formed in the early growth stage, then crystallized nuclei
appear at the top surface, and finally the growth of these nuclei towards
the deposited matter, until the entire crystallization of the film occurred.
This crystallization process is enhanced by increasing Tp and the film’s
thickness (i.e. number of cycles), whatever the substrate nature. How-
ever, the Si crystallized substrate promotes crystallization compared to
an amorphous one such as glass. We have highlighted a delay effect in
crystallization with the Tp increase of almost 50 °C on glass compared to
the one on Si and investigated by many different characterizations. The
optical characterizations are showing a band gap of 3.2 eV when the
films are fully crystallized, consistent with the one reported for bulk
anatase. Furthermore, the optical molecular polarizability of the films
was calculated from RBS densities and refractive indices, using the
Lorentz-Lorenz relation. The obtained polarizabilities are consistent
with the values found in the literature and gave a further inside into the
polarizability versus density evolution. At last, TiO» deposited at 300 °C
has good dielectric properties in terms of dielectric constant (~60) and
losses (~0.03) without relaxation.
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